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Abstract

The pathogeneses of the 2 major forms of diabetes, type 1 and type 2, differ with respect to their major molecular insults (loss of immune
tolerance and onset of tissue insulin resistance, respectively). However, evidence suggests that dysfunction and/or death of insulin-producing
B-cells is common to virtually all forms of diabetes. Although the mechanisms underlying B-cell dysfunction remain incompletely
characterized, recent years have witnessed major advances in our understanding of the molecular pathways that contribute to the demise of
the B-cell. Cellular and environmental factors contribute to B-cell dysfunction/loss through the activation of molecular pathways that
exacerbate endoplasmic reticulum stress, the integrated stress response, oxidative stress, and impaired autophagy. Whereas many of these
stress responsive pathways are interconnected, their individual contributions to glucose homeostasis and p-cell health have been elucidated
through the development and interrogation of animal models. In these studies, genetic models and pharmacological compounds have
enabled the identification of genes and proteins specifically involved in B-cell dysfunction during diabetes pathogenesis. Here, we review the
critical stress response pathways that are activated in B cells in the context of the animal models.
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Abbreviations: 12-L0X, 12-lipoxygenase; ATF6, activating transcription factor 6; CHOP, C/EBP-homologous protein; DHPS, deoxyhypusine synthase; ER,
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LC3, light chain 3; mRNA, messenger RNA; mTORC1, mammalian target of rapamycin complex 1; NF-«B, nuclear factor-xB; NOD, nonobese diabetic;
NQ-01, NAD(P)G: quinone oxidoreductase 1; NRF2, nuclear factor-erythroid factor 2-related factor 2; PERK, PKR-like endoplasmic reticulum kinase; PKR,
protein kinase R; ROS, reactive oxygen species; SOD, superoxide dismutase; STAT, signal transducer and activator of transcription; STZ, streptozotocin;
T1D, type 1 diabetes; T2D, type 2 diabetes; tRNA, transfer RNA; TUDCA, tauroursodeoxycholic acid; TXNIP, thioredoxin interacting protein; UPR, unfolded

protein response; XBP1, X-box-binding protein 1.

Diabetes is a syndromic disorder characterized by hypergly-
cemia that includes manifestations of dyslipidemia,
neuropathy, and microvascular and macrovascular complica-
tions. Worldwide, diabetes has increased to epidemic propor-
tions, afflicting hundreds of millions of individuals (1). The
traditional classification of the disorder as either type 1
(T1D) (B-cell autoimmunity-mediated) or type 2 (T2D) (insu-
lin resistance and B-cell dysfunction-mediated) belies a more
heterogeneous pathophysiology that, in some individuals, ex-
hibit features of more than one type. For example, a recent
study showed that up to 41% of individuals with T2D exhibit
evidence of autoimmunity (islet B-cell-specific T-cell reactiv-
ity) with higher frequency of B-cell dysfunction (2).
Conversely, in individuals with T1D, postmortem studies
show that less than 24% of T1D individuals have any detect-
able pathologic evidence of insulitis (3). Other studies show a
striking persistence of proinsulin secretion even in long-
standing T1D (4), reflecting preservation of B cells in a dis-
order thought to be defined by their complete absence (5).

These and other studies describe an overall picture wherein
“endotypes” of T1D, T2D, and other, less common forms
(eg, secondary diabetes, monogenic diabetes, gestational dia-
betes, ketosis-prone diabetes) represent disorders along a
phenotypic and pathologic spectrum with an underlying fea-
ture being the loss or dysfunction of insulin-producing B cells.

As a central focus of disease, B cells must maintain regulated
insulin release despite the prevalence of “stressors” (proin-
flammatory cytokines, free fatty acids, elevated glucose) that
are characteristic of the disease process. The nature of the
B-cell response to these diabetogenic stressors is arguably the
single most crucial factor in the progression to disease since
it dictates the robustness of insulin release as well as produc-
tion of antigens that trigger the immune response. In this mini-
review, we discuss key molecular pathways and processes
triggered by diabetogenic stressors—endoplasmic reticulum
(ER) stress, the integrated stress response (ISR), the oxidative
stress response, autophagy, and cellular senescence—and how
these processes or their dysregulation contribute to B-cell
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dysfunction. Particular attention is paid to the animal models
that are used to study these pathways and processes.

Endoplasmic Reticulum Stress in p-Cell
Dysfunction

ER stress occurs when the demand for protein folding exceeds
the ER folding capacity (6). As specialized secretory cells,
B cells have a well-developed ER and several mechanisms in
place to handle the enormous demand for insulin protein fold-
ing (7). Normally, B cells respond to alterations in blood glu-
cose levels with a proportional synthesis and secretion of
insulin. However, increased insulin demands during insulin
resistance or the loss of B-cell mass from autoimmune attack
creates an increased synthetic demand on residual B cells,
thereby triggering ER stress. Studies both in mice and humans
have explored the role of ER stress in diabetes (8, 9). ER stress
may exacerbate or trigger T1D in mice, as evidenced by both
the activation of ER stress-related genes and the expansion of
ER in B cells (10, 11). Likewise, ER stress markers are elevated
in B cells from pancreatic tissues of donors with T1D (12).
Similar evidence has been presented in the context of T2D
and has been well-reviewed previously (13). In the setting of
ER stress, misfolded proteins are often the target of new post-
translational modifications, which serve as neoantigens that
activate the immune response in T1D (14).

Unfolded Protein Response Is a Homeostatic
Mechanism to Mitigate Endoplasmic Reticulum
Stress

To alleviate ER stress and regain ER homeostasis, cells acti-
vate the unfolded protein response (UPR) pathway that (a)
slows global protein synthesis; (b) upregulates chaperones
that aid in protein folding; and (c) activates ER-associated
degradation to degrade irreparably misfolded proteins (135).
This response is activated by 3 UPR stress sensors: inositol re-
quiring enzymela (IREla), activating transcription factor 6
(ATF6), and PKR-like endoplasmic reticulum kinase (PERK)
(Fig. 1). Under normal conditions, the UPR sensors bind to
a chaperone, binding immunoglobulin protein (BiP or
GRP78) (16). Under ER stress conditions, BiP changes con-
formation and dissociates from the UPR sensors. BiP then
binds to misfolded proteins and shuttles them from the ER lu-
men to the cytoplasm for proteasomal degradation (17).
Deletion of any of the UPR sensors (IRE-l1a, ATF6, or
PERK) in mice induces diabetes, decreases p-cell mass, and im-
pairs glucose metabolism (18-21).

Three “Arms” of the Unfolded Protein Response Are
Essential for Endoplasmic Reticulum Homeostasis
in g Cells

When activated by ER stress, IRE1a uses its endoribonuclease
domain to splice Xbp1 messenger RNA (mRNA) to ensure en-
coding of mature X-box-binding protein 1 (XBP1) (22). XBP1
is a transcription factor that promotes expression of chaper-
ones and ER-associated degradation proteins (eg, the
Sel1L-Hrd1 complex) (23). B-cell-specific deletion of SellL,
which is a cofactor of Hrd1, impairs ER-associated degrad-
ation and results in loss of B-cell identity (13). Conditional,
B-cell-specific deletion of the gene encoding IREla (Ernl) in
mice impairs glycemic control, decreases insulin secretion,
and decreases folding of proinsulin (19). Similarly, B-cell-
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specific deletion of Xbp1 in mice decreases insulin secretion
and results in hyperglycemia (24). The IRE1la pathway could
help delay T1D development.

The second arm of the UPR, ATF6, has an autocatalytic site
that is cleaved by site 1/2 proteases (S1P and S2P) in the Golgi
(25, 26). Cleaved ATF6 acts as a transcription factor to
activate genes encoding chaperones and ER-associated
degradation proteins (27). ATF6 protects against viral
infection-induced T1D in mice on administration of taurour-
sodeoxycholic acid (TUDCA) to enhance protein folding.
These effects were not seen in animals with B-cell-specific
Atf6 deletion, suggesting that TUDCA exerts its effects
through the ATF6 arm of the UPR pathway (10). However,
more studies need to be conducted to assess the role of
ATF6 in T1D.

The third arm of the UPR, PERK, phosphorylates eukaryot-
ic translation initiation factor 2 subunit 1 (EIF2S1 also known
as elF2a), which inhibits global mRNA translation (28). As
expected, PERK-deficient mice show decreased elF2a phos-
phorylation, enhanced global mRNA translation, and in-
creased ER stress, which is accompanied by loss of B cells
(21, 29). Germline deletion of the gene encoding PERK
(Eif2ak3) results in neonatal diabetes (30), and its postnatal
deletion results in a pleiotropic response in B cells with in-
creased proliferation, and accumulation of proinsulin preced-
ing increased cell death (31). With chronic ER stress, PERK
promotes translation of the gene encoding activating tran-
scription factor 4 (ATF4), which activates the gene encoding
C/EBP-homologous protein (CHOP) to promote apoptosis
(32). Thus, deletion of CHOP in C57BL/6 mice expands
B-cell mass, alleviates ER stress, and improves glycemic con-
trol (33, 34). Although whole-body deletion of CHOP in non-
obese diabetic (NOD) mice (a mouse model of T1D) has no
effect on diabetes incidence, apoptosis, or insulitis, it reduces
the early production of insulin autoantibodies (35). Studies
suggest that the UPR and PERK pathway also play a role in
human T1D. These studies report a strikingly similar trend
of increased CHOP and BiP expression in islets isolated
both from mice and human donors with T1D (11, 12). In add-
ition, islets from donors with T1D have decreased expression
of genes involved in the adaptation to ER stress (36).
Collectively, these studies demonstrate that B-cell ER stress
is activated during the pathogenesis of T1D and may contrib-
ute to B-cell dysfunction.

It should be noted that other proteins can affect the ER
stress response indirectly, either by altering ER calcium
homeostasis or altering transcription of genes that are re-
quired for ER homeostasis. For example, sarcoendoplasmic
reticulum Ca®* ATPase 2 (SERCA2) maintains a 3-fold higher
concentration of Ca** within the ER, relative to the cytosol, to
ensure proper functioning of ER-resident chaperones and pro-
tein folding machinery (37). Mice haploinsufficient for the
gene encoding SERCA2 show elevated ER stress as well as im-
paired glucose tolerance in B cells after high-fat diet feeding
(38). Similarly, deletion or deficiency of the gene encoding
Wolframin (Wfs1), another protein required for ER calcium
loading, results in ER stress, impaired glucose tolerance, and
B-cell death (39). In humans, mutations in the WES1 gene re-
sult in Wolfram syndrome, which includes B-cell loss (with
juvenile-onset diabetes), sensorineural hearing loss, and optic
atrophy (40). Thus, both direct and indirect causes of ER
stress can lead to T1D. Collectively, the literature on B-cell
ER stress supports the notion that the UPR and ER stress
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Figure 1. Integrated stress response (ISR) and unfolded protein response (UPR): The ISR (left side of figure) is a cellular response to extracellular stress
signals that leads to activation of distinct kinases (PERK, HRI, GCN2, PKR). All 4 kinases phosphorylate elF2a, which inhibits global protein translation
and rescues the cell from stress. The UPR (right side of figure) is triggered by the presence of unfolded proteins in the endoplasmic reticulum (ER) and
leads to the activation of 3 separate arms (PERK, IRE1a, ATF6). The PERK arm is shared with the ISR. The collective effect of the UPR is to delimit

protein synthesis and activate chaperones to aid in protein folding.

function as homeostatic mechanisms that allow the cell to re-
cover from stresses that enhance protein demands, but that
this adaptive mechanism can become maladaptive in the set-
ting of prolonged stress and lead to eventual impairment

and death of B cells.

Integrated Stress Response

The PERK pathway of the UPR is also a branch of the ISR. The
ISR is a cytoprotective response to stresses such as viral infec-
tions, inflammation, and changes in gut microbiota and nutri-
ent availability. These stresses are sensed by at least 1 of 4
specialized protein kinases: PERK, general control nondere-
pressible 2 (GCN2), protein kinase R (PKR), or
heme-regulated inhibitor (HRI) (41). Each activated kinase
phosphorylates elF20, which represses global translation
and simultaneously promotes translation of mRNAs that miti-
gate stress (28) (see Fig. 1). The ISR, like the UPR, is an adap-
tive response whose activation is designed to relieve cellular
stress and promote survival. However, when ISR activation
is chronic and stress persists, the ISR can promote cellular
apoptosis (42). In pancreatic B cells, this chronic activation
of the ISR is now being investigated, as it may contribute to
diabetes pathogenesis. Each of the 4 e[F2a kinases is activated
on its dimerization and autophosphorylation. Although their
catalytic domains share homology, their regulatory domains
differ substantially so that each kinase can respond to distinct
stress signals (43, 44). As noted previously, PERK is activated
by ER stress. We next discuss the remaining 3 elF2a kinases in

greater depth. We also review the existing studies on B-cell
function and diabetes pathogenesis that display hallmarks of
ISR activation.

elF2a Kinases of the Integrated Stress Response

The ISR kinase GCN2 senses cellular amino acid levels (21).
During amino acid starvation, there is an increase in the levels
of uncharged transfer RNAs (tRNAs) (45). These uncharged
tRNAs bind to the histidyl-tRNA synthetase-related domain
of GCN2, which activates the GCN2 kinase domain through
autophosphorylation. Once activated, GCN2 phosphorylates
elF2a (46). Global deletion of the gene encoding GCN2
(Eif2ak4) in mice results in no overt phenotype. However,
on high-fat diet feeding, Eif2ak4—/— mice exhibit impaired
glucose tolerance and reduced B-cell mass (47). A role for
GCN2 in the context of T1D pathogenesis has not yet been
reported.

PKR is activated predominantly by double-stranded RNA
in response to viral infection (48, 49). When its C-terminal
kinase domains dimerize, PKR becomes autophosphorylated
at T446 and subsequently activated (50). Activated PKR
phosphorylates elF2a to inhibit viral and host protein synthe-
sis. In addition to double-stranded RNA, PKR can be acti-
vated by oxidative and ER stress, growth factor deprivation,
cytokines, bacterial infection, ribotoxic stress, stress granules,
and heparin (as reviewed in Pakos-Zebrucka et al) (41). Viral
infections, which activate PKR, have been implicated as early
triggers of T1D, and islets from T1D donors show higher ex-
pression of PKR (51). PKR has also recently been
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demonstrated to be activated in human islets following infec-
tion by the SARS-CoV-2 virus, and its subsequent signaling
cascade may lead to B-cell dysfunction in the setting of
COVID-19 (52). In a mouse study, inhibiting PKR protected
against streptozotocin (STZ)-induced diabetes by downregu-
lating the c-Jun N-terminal kinase (JNK) pathway (53).
Hence, PKR may play a role in T1D development after viral
infections as well as intracellular stresses.

HRI kinase is also activated on dimerization and autophos-
phorylation of its kinase domain. Its kinase activity is regu-
lated by 2 heme-binding domains at the N-terminus and the
kinase insertion domain. Heme inhibits HRI kinase activity
by promoting disulfide bonds that lock HRI in an inactive
dimer (54). Conversely, when heme is absent, noncovalent in-
teractions form between HRI molecules, resulting in an active
HRI dimer. Besides heme absence, other known activators of
HRI include oxidative stress, nitric oxide, and 26S prote-
asome inhibition (55-57). The mechanisms of HRI activation
by these stressors are unknown. To date, most studies of HRI
have been performed in erythroid cells owing to the higher ex-
pression of HRI in erythrocytes. However, heme-independent
HRI activators, such as oxidative stress and nitric oxide (syn-
thesized in inflammation), are active in B cells during the initi-
ation and progression of diabetes. Currently, no studies link
prolonged activation of HRI to B-cell dysfunction.

As mentioned, all 4 kinases phosphorylate elF2a (41).
EIF2a is the critical regulatory subunit of the elF2 complex
(also consisting of elF2B and elF2y), which plays a central
role in initiating mRNA translation. When elF2a is phos-
phorylated, it blocks elF2B-mediated exchange of GDP for
GTP, which is needed to deliver initiator methionyl-tRNA
to the preinitiation complex. As a result, phosphorylated
elF2a globally reduces mRNA translation. However, a select
set of mRNAs become preferentially translated that relieve
cell stress and reinitiate translation (58).

Another outcome of ISR activation is the formation of non-
membranous stress granules that consist of translationally re-
pressed mRNA and associated RNA-binding proteins (59).
Because stress granules can also be released as extracellular ves-
icle contents (60-62), their contents could serve as a means of
B-cell-to-immune cell communication in T1D (63). Under nor-
mal conditions, stress granule formation is reversible. However,
under chronic stress or pathological conditions, stress granules
accumulate, either due to increased stress granule formation or
decreased stress granule clearance (64). In human islets, inhib-
iting the ISR reduced stress granule formation after inflamma-
tory cytokine treatment and increased production of the
immunosuppressive protein PD-L1 (65). A key player in stress
granule assembly is Ras GTPase-activating protein-binding
protein 1 (G3BP1); deleting G3BP1 in neurons resulted in fewer
stress granules (66). Another player in stress granule assembly is
deoxyhypusine synthase (DHPS), an enzyme required for the
posttranslational modification (hypusination) of eukaryotic
translation initiation factor 5SA (elF5A). Knockdown of
DHPS results in significant inhibition of oxidative-stress in-
duced stress granule formation (67-69), and systemic DHPS in-
hibition in NOD mice reduces ER stress and incidence of
autoimmune diabetes (70, 71). Interestingly, another study sug-
gests that the hypusine circuit can also promote ER stress and
the IRE-1a pathway of the UPR (72). Together, these studies
suggest that inhibition of stress granule assembly, perhaps
through the manipulation of the ISR, could play a role in poten-
tially delaying autoimmune diabetes incidence.

Endocrinology, 2023, Vol. 164, No. 1

Additional studies suggest that a prolonged ISR contributes
to T1D pathogenesis. Recent evidence points toward dysregu-
lation of the ISR in pancreata of pre-T1D autoantibody-
positive (AAb+) donors owing to repression of ISR kinase
gene expression (PERK, GCN2, PKR) (73). However, there
was elevated expression of the ISR genes in T1D donor pan-
creata, suggesting a chronic activation of ISR. Notably, there
is an increase in EIF2AK3 (PERK) in T1D donor pancreata,
consistent with activation of the ER stress arm of the ISR
(73). As such, these data suggest that attenuating the ISR path-
way may protect against diabetes. Indeed, during SARS-CoV2
infection of B cells, which can suppress insulin secretion and
worsen diabetes, inhibiting the ISR allowed for recovery of
B-cell function and reversed markers of cellular dedifferenti-
ation (52). Further studies are needed to clarify the timing,
magnitude, and duration of the ISR during diabetes pathogen-
esis as new ISR-targeting therapies are investigated.
Collectively, emerging data on the ISR indicate that phosphor-
ylation of elF2a may be a mechanism to attenuate mRNA
translation that is not restricted simply to the PERK arm of
the ER stress cascade, and that other factors not directly re-
lated to ER stress (eg, viral infection or nutrient depravation)
may be contributing factors in the eventual decline of B cells in
diabetes.

Oxidative Stress in B-Cell Dysfunction

Oxidative stress and ER stress pathways are closely inter-
twined, as oxidative stress can lead to protein misfolding
and ER stress, and ER stress can affect redox homeostasis
(see Cao and Kaufman for a review) (74). Oxidative stress oc-
curs when the accumulation of reactive oxygen species (ROS)
exceeds the antioxidant scavenging capacity of the cell.
Failure to resolve ROS accumulation leads to oxidative stress,
damage to cellular components, and ultimately cell death (75).
These highly reactive radicals are produced by mechanisms
that are both endogenous and exogenous with respect to the
B cells (Fig. 2) (76). Endogenous ROS is released as a by-
product of metabolic activity in mitochondria (77) and perox-
isomes (78, 79). Other endogenous producers of free radicals
include NADPH oxidases, nitric oxide synthases, and lipoxy-
genases (76, 80, 81). The exogenous factors that induce ROS
generation in B cells include cytokines, glucose, and free fatty
acids, as well as environmental factors such as radiation,
chemicals, carcinogens, cigarette smoke, and alcohol con-
sumption (76, 82). Hyperglycemia increases intracellular lev-
els of advanced glycation end products, glucose oxidation,
and lipid peroxidation (83), leading to ROS generation (84)
and ultimately diminishing insulin release. Studies have also
shown that hyperinsulinemia promotes the generation of
free radicals by an NADPH-dependent mechanism (85). In
addition, islets may have lower levels of antioxidant enzymes
than other tissues, making them more vulnerable to oxidative
damage (86, 87). Because P cells have an exceptionally high
protein biosynthetic load, excessive NADPH is generated
leading to elevated superoxide anion radical (O3) production
by promoting NADPH oxidase activity, rendering B cells sus-
ceptible to oxidative damage (88).

Oxidative stress damages various cellular targets, including
nucleic acids, lipids, and proteins (89). DNA oxidation results
in single-stranded breaks and formation of 8-hydroxyguano-
sine, a relatively stable oxidation product used to measure oxi-
dative DNA damage (90). DNA damage is associated with
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Figure 2. Oxidative stress promotes an antioxidant response. Exposure to different stressors generates reactive oxygen species (ROS) through the
NADPH oxidase system, mitochondria, peroxisomes, and through endogenous enzymatic reactions. Abnormal accumulation of ROS triggers the
dissociation of the master antioxidant response transcription factor NRF2 from its inhibitor KEAP1. Free NRF2 translocates to the nucleus, binds to
antioxidant response elements (ARE), and promotes expression of anti-oxidant response genes.

cellular senescence, apoptosis, and cancer (91). Lipid oxida-
tion via lipoxygenases and cyclooxygenases can disrupt mem-
brane integrity and fluidity and increase cell permeability.
Moreover, lipid oxidation generates more radicals that can
then damage DNA and proteins (92-94). Protein oxidation
can lead to alteration of enzyme activity, loss of protein func-
tion, protein aggregation, and increased immunogenicity (95—
97). Thus, ROS can inflict widespread damage to cells.

At low levels, ROS can act as important second messengers
(98). However, when there is an accumulation of ROS, these
signaling pathways may promote diabetes pathogenesis. For
example, ROS activate mammalian target of rapamycin com-
plex 1 (mTORC1), a protein complex downstream of AKT
signaling that is growth-promoting but at chronic levels of ac-
tivation can also promote apoptosis (99). ROS can also acti-
vate mitogen-activated protein kinase, extracellularly
regulated kinase, and JNK pathways, which promote cellular
senescence and trigger apoptosis in f cells (100). Importantly,
ROS can induce inflammation through nuclear factor-xB
(NF-xB), thereby promoting the production of proinflamma-
tory cytokines tumor necrosis factor-o and interleukin-6
(101, 102), suggesting an active role for ROS in the inflamma-
tory conditions of T1D.

The cellular response to ROS is controlled by the master
antioxidant transcription factor nuclear factor-erythroid fac-
tor 2-related factor 2 (NRF2) (Fig. 2). NRF2 activity is tightly
regulated by Kelch-like ECH-associated protein 1 (Keapl),
which binds to NRF2 in the cytosol and targets it for ubiquitin-
mediated degradation. However, under oxidative stress, bind-
ing of Keap1 to NRF2 is disrupted, so NRF2 can translocate to
the nucleus and activate transcription of a host of antioxidant
genes (103). In mice, deletion of the NRF2 gene leads to im-
paired glucose tolerance and exacerbated hyperglycemia in
chemically induced STZ or alloxan models of T1D (104,

105). Notably, the plasma of individuals with early T1D ex-
hibits an increase in oxidative stress but no increase in antioxi-
dant activity, implying a failed antioxidant response system
(106). In support of this finding, induction of NRF2 in the
NOD murine model of autoimmune diabetes represses the on-
set of hyperglycemia (107). In further support, hypomorphs or
deletions of Keap1 in NOD mice activate NRF2, reduce T-cell
infiltrates into the islet, and protect against hyperglycemia
(107). Collectively, these studies confirm the importance of
the antioxidant system in maintaining B-cell health.

Some of the antioxidant genes that NRF2 upregulates in-
clude those encoding catalase, superoxide dismutase (SOD),
glutathione peroxidase (GPX), NAD(P)G: quinone oxidore-
ductase 1 (NQ-O1), and glutathione-S-transferase (GST)
(108). These enzymes convert ROS to nontoxic metabolites,
thereby protecting the cells from damage. Catalase is a peroxi-
somal enzyme that reduces hydrogen peroxide and helps re-
move islet amyloid fibrils, which are formed from misfolded
islet amyloid polypeptide and impair B-cell function (109).
Cat—/— mice have impaired glucose tolerance (110). SODs
are superoxide scavengers located on the mitochondrial and
extracellular matrix (111). Deficiency of extracellular SOD
exacerbates PB-cell damage on alloxan-induced diabetes
(112). Similarly, deficiency of Cu, Zn superoxide dismutase
(SOD1) in mice increases blood glucose, impairs
glucose-stimulated insulin secretion, and downregulates
PDX1 signaling (113). GPXs are located in the cytoplasm
and mitochondria and reduce hydrogen peroxide and perox-
ide radicals (114). GPX1-deficient mice have a similar but
less pronounced phenotype as SOD1-deficient mice (113).
However, mouse deficiency of both SOD1 and GPX1 does
not exacerbate either individual phenotype, suggesting that
superoxide-mediated oxidative stress is primarily responsible
for diabetes outcomes (113). NQ-O1 detoxifies quinones
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(115). Deficiency of NQ-O1 worsens STZ-induced p-cell
death and accelerates hyperglycemia (116). Last, GSTs inacti-
vate secondary metabolites, such as unsaturated aldehydes,
epoxides, and hydroperoxides (117). In mice, deficiency of
GSTP (pi isoform) does not affect fasting blood insulin or glu-
cose levels but impairs glucose tolerance, which was reversed
by inhibiting JNK (118). This suggests that the glucose intoler-
ance with GSTP deletion is mediated through activation of the
JNK pathway.

In addition to the major antioxidant enzymes, other proteins
regulate oxidative stress through NRF2 signaling, including
thioredoxin (119), thioredoxin interacting protein (TXNIP)
(120, 121), thioredoxin reductase 1, and 12-lipoxygenase
(12-LOX) (122~126). Inhibition of 12-LOX or thioredoxin re-
ductase 1 in islets results in upregulation of the antioxidant re-
sponse through NRF2 (124, 127). Also, 12-LOX plays a role
both in myeloid cells (macrophages) and B cells, as
tissue-specific removal of 12-LOX in either cell type in NOD
mice (65, 128) protects against autoimmune diabetes. Loss
of 12-LOX in B cells in a model of T2D protects against
obesity-induced dysglycemia (126). Similarly, overexpression
of thioredoxin in B cells of NOD mice delays the development
of autoimmune diabetes (119). By contrast, loss of TXNIP (an
inhibitor of thioredoxin) in mice leads to increased p-cell mass
and resistance to STZ-induced diabetes development (129).
Finally, it was demonstrated that TXNIP induces the produc-
tion of islet amyloid polypeptide in B cells, suggesting that ac-
tivity of TXNIP may promote production of islet amyloid
polypeptide-induced B-cell dysfunction in T2D (130).
Together, these studies suggest that identification of targets
in the antioxidant response pathway would yield more thera-
peutic possibilities both for T1D and T2D.

Mouse and human studies suggest that oxidative stress plays a
role in T1D pathogenesis. In prediabetic NOD mice, oxidative
stress—induced damage is elevated in islets and vascular tissues
(131). This oxidative stress in  cells is amplified by the aberrant
cytokine production of infiltrating immune cells (132). In hu-
mans with T1D, markers of oxidative stress such as lipid perox-
ides are elevated, whereas levels of antioxidants like SOD and
GPX are reduced (133). Recently, a study found that serum lev-
els of derivatives of reactive oxygen metabolites were significant-
ly increased in youth with T1D, consistent with an increase in
systemic oxidative stress in T1D (134). Longitudinal profiling
of plasma proteins during T1D progression consistently shows
increased expression of oxidative stress markers and a spike in
antioxidant enzymes that immediately precedes conversion to is-
let autoimmunity (135). In concordance, another study found
that SOD antioxidant activity is elevated in the erythrocytes of
children at the onset of T1D, followed by a decline in antioxi-
dant defense over time (136). Predictably, individuals with her-
editary catalase deficiency (known as acatalasemia) have higher
prevalence of diabetes (137).

Taken together, the aforementioned studies implicate a crit-
ical role for oxidative species in altering protein structure and
function in the B cell. Given their relatively low native antioxi-
dant response, B cells function in a precarious environment
where prolonged alterations in oxidative species or redox
states can have a profound effect on function and survival.

Autophagy in Diabetes

Autophagy is an evolutionarily conserved degradation and re-
cycling process that is triggered by viral infections, ER stress,
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oxidative stress, viral infections, or nutrient starvation (138).
Different forms of autophagy are activated under different
contexts. In macroautophagy, a host of autophagy-related
genes (Azg) (139) work through a series of well-orchestrated
steps to sequester substrates in double-membraned vesicles
called phagophores. Eventually, the microtubule-associated
protein 1 light chain 3 (LC3) conjugation system (made up
of LC3, ATG7, and ATG3) causes LC3 to become lipidated,
which helps expand phagophores into autophagosomes. The
autophagosome cargo is obtained directly from the cytoplasm
or brought to the phagophore by adapter proteins such as p62
(selective autophagy). Autophagosomes then fuse with the ly-
sosomes, and enzymes in the acidic lysosomal lumen degrade
and recycle cargo into building blocks that the cell can use to
regain homeostasis (140). In chaperone-mediated autophagy,
proteins containing a “KFERQ” motif are targeted for deg-
radation and chaperoned to the lysosomes where they are ul-
timately degraded (141). In microautophagy, proteins and
organelles directly invaginate the lysosomes for degradation
and recycling (142). A schematic of the autophagy process
and the different types of autophagy is presented in Fig. 3.

Many genes involved in selective autophagy contain T1D
susceptibility loci (143). Thus, there has been a lot of interest
in understanding the role of autophagy in T1D. Dysfunctional
autophagy is detrimental to B-cell health and reduces insulin
secretion (144, 145). Additionally, inhibiting autophagy re-
sults in chronic ER stress and B-cell apoptosis (146).
Organelle-specific autophagy—such as mitophagy (degrades
mitochondria), crinophagy (degrades insulin granules), and
lipophagy (degrades lipid droplets)—also regulates B-cell
function (145). The roles of different types of autophagy in
B cells have been reviewed in depth (147). Here, we focus on
models that have been used to study B-cell autophagy in dia-
betes, as well as other autophagy models that could be applied
to P cells.

Molecular Mechanisms of Autophagy and Their
Role in B-Cell Health and Disease

The first step in autophagosome membrane formation in-
volves a complex of proteins, one of which is Beclin
1. Constitutively active mutant Beclin 1 mice (and therefore
constitutively active autophagy) have improved insulin sensi-
tivity but impaired insulin secretion resulting in glucose in-
tolerance on a high-fat diet (148). In selective autophagy,
the adapter proteins have LC3 interacting regions, which
help tether substrates to LC3 on the autophagosomal mem-
brane. One of these adapter proteins is p62. LC3 and p62,
as autophagosome markers, are used to detect impaired au-
tophagy when they accumulate. LC3 has been shown to accu-
mulate in insulin-positive cells in autoantibody-positive
donors (149) and both LC3 and p62 in T2D human islets
(150, 151). However, deletion of the gene encoding p62 in
B cells displays no overt phenotype, suggesting that p62 is dis-
pensable during normal B-cell function (152). Global and
B-cell-specific deletions of Parkin, a protein involved in mito-
chondrial degradation, show contrasting effects. Whereas glo-
bal deletion impairs glucose tolerance (153), B-cell-specific
deletion has no apparent effect on glucose tolerance and insu-
lin secretion (154). These studies highlight the importance of
focusing on B-cell-specific deletions to elucidate the functional
roles for autophagy-related genes in B-cell health. Genetic
models of autophagy in the context of diabetes have been
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Figure 3. Autophagy promotes B-cell survival. Autophagy is a cellular nutrient sensing mechanism that is also activated under different stress
conditions. The top panel shows the stages of autophagy and key proteins involved in the process. Phosphatidylethanolamine (PE) is a lipid moiety that
is added to the protein LC3 during the autophagosome elongation and maturation stage and is used as a marker for autophagosomes. The bottom panel
shows the types of autophagy and how the cargo is carried to the lysosomes for degradation. Macroautophagy: autophagosome and its cargo are
degraded in lysosomes. In selective macroautophagy, cargo is tethered by adapter proteins (AP) and brought to autophagosomes for degradation in
lysosomes. Microautophagy: Proteins directly fuse with lysosomes. Crinophagy: Insulin granules directly fuse with lysosomes. Vesicophagy: Insulin
granules are engulfed in autophagosomes, which then fuse with lysosomes. Chaperone-mediated autophagy: Proteins are translocated to lysosomes

with the help of cytosolic and lysosomal chaperones.

previously reviewed (145). Briefly, pancreas-specific deletion
of Clec16a—encoding an E3 ubiquitin ligase and T1D risk
gene that functions in mitophagy (155)—impairs glucose tol-
erance, glucose-stimulated insulin secretion, and mitochon-
drial respiration. Similarly, B-cell-specific deletion of Miro1,
a mitophagy-related gene whose encoded protein prevents
translocation of Parkin to mitochondria, impairs insulin secre-
tion, and disrupts mitochondrial function (156).

All types of autophagy end with lysosomal degradation.
Lysosomes must maintain a low pH to activate proteolytic
cathepsin enzymes. The lysosomal lumen is acidified by a large
multimeric vacuolar H + ATPase complex consisting of 2 func-
tional domains (v1 and v0), each containing about 6 to 8 sub-
units. In mice, B-cell-specific deletion of a gene encoding one of
the subunits, Atp6ap2, leads to impaired insulin secretion and
accumulation of vacuolar structures (157). Global deletion of
the T1D-risk gene Ctsh, a lysosomal cysteine protease, disrupts
insulin secretion and raises fasting blood glucose, further em-
phasizing the role of autophagy in maintaining p-cell homeo-
stasis (158).

Although early autophagy has been studied in diabetes,
there is little information on the role of lysosomes. Notably,
both in T1D and T2D, there is possible dysfunction at the final
clearance step by the lysosomes. Therefore, studies on lyso-
some biogenesis (eg, the role of lysosome transcription factor
EB), acidification, and function (eg, the role of different cath-
epsins) will inform us on how to target this process in  cells to
prevent diabetes progression. Additionally, the idea that

microautophagy and chaperone-mediated autophagy main-
tain B-cell homeostasis has been understudied. Therefore,
studies targeting each type of autophagy will reveal new tar-
gets that promote B-cell survival under stress conditions,
both in T1D and T2D.

Senescence in Diabetes

When cellular stress is unmitigated, it leads to irreparable cell
damage (eg, DNA damage) that forces cells to stop dividing
and undergo senescence. Senescence causes cell cycle arrest,
apoptosis resistance, and secretion of various senescence-
associated factors that are collectively termed as
senescence-associated secretory phenotype (159). The initial
cell cycle exit is mediated by cyclin-dependent kinase inhibitors
in the p53/p21°™ and/or p16™X¥/Rb pathways. This is fol-
lowed by an increase in senescence-associated B-galactosidase
(SA-Bgal) activity and release of senescence-associated secretory
phenotypes that potentiate tissue remodeling by recruiting im-
mune cells (160). In B cells, senescence-associated cyclin-
dependent kinase inhibitors, such as p21 and p16, are activated
under stress conditions (161, 162). Mice with a transgene that
facilitates the targeted deletion of cells containing p16™*?
(INK-ATTAC mice) have improved B-cell function (162), sug-
gesting that modulation of the markers of cell cycle improves
B-cell function.

Recent evidence shows that some remnant B cells in NOD
mice and B cells in recent onset and long-standing T1D donors
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Table 1. Mouse models for studying stress-related and stress-response pathways in B cells in the context of diabetes pathogenesis

Pathway Gene Models Key findings References
ER stress Grp78  Whole body Heterozygotes; Improved glycemic levels; resistant to high-fat diet-induced (209, 210)
overproduction in f cells hyperinsulinemia
Eif2ak3 Germline deletion Neonatal diabetes (30, 31)
Atf6 B-cell-specific deletion Increased B-cell apoptosis (10)
Ernl B-cell-specific deletion Impaired glycemic control, decreased proinsulin folding, (19)
decreased insulin secretion
Xbpi B-cell-specific deletion Reduced insulin secretion and hyperglycemia (24)
Ddit3  Whole-body deletion; B-cell-specific Improved glycemic control; increased B-cell mass; decreased ER  (33-3533-335,
deletion stress; reduced production of insulin autoantibodies 211)
ISR Eif2ak4 Whole-body deletion Impaired glucose tolerance; reduced B-cell mass following (47)

high-fat diet feeding

Eif2s1  Whole-body heterozygous and
homozygous mutation (S51A)
Oxidative ~ Nfe2l2 Whole-body deletion

stress Keapl  Whole-body deletion
Sod Whole-body deletion

Severe hypoglycemia; early lethality

Impaired glucose tolerance; hyperglycemia
Delay in T1D incidence; reduction in T-cell infiltrates into islet  (107)
Increased B-cell damage on alloxan exposure; hyperglycemia and (112, 113)

(212, 213)

(104, 105)

impaired glucose-stimulated insulin secretion

Gpx1l  Whole-body deletion Reduced insulin secretion (113)

Ngol  Whole-body deletion Increased B-cell death and hyperglycemia (116)

Gstpl ~ Whole-body deletion Impaired glucose tolerance (118)
Autophagy  Atg7 B-cell-specific deletion (embryonic);  Reduced B-cell mass; reduced insulin levels; impaired glucose (144, 146, 214-

induced B-cell-specific deletion

tolerance; improved B-cell function on short-term deletion and

217214-217)

(adult) impaired B-cell function on long-term deletion during high-fat
diet
Rptor  B-cell-specific deletion (adult) Reduced B-cell mass; hyperglycemia (218)
Becnl ~ Mutant (F121A) Improved insulin sensitivity with impaired insulin secretion (148)

Sqstm1 Whole-body deletion; B-cell-specific  Insulin resistance and obesity (whole-body deletion); no apparent (152, 219)

deletion

phenotype (B-cell-specific deletion)
Prkn Whole-body deletion; B-cell-specific  Impaired glucose tolerance (whole-body deletion); normal

(153, 154)

deletion glucose tolerance (B-cell-specific deletion)
Clec16a Pancreas-specific deletion Impaired glucose tolerance; impaired glucose-stimulated insulin  (155)
secretion
Mirol  B-cell-specific deletion Impaired insulin secretion and disrupted mitochondrial function (156)
Atp6ap2 B-cell-specific deletion Impaired insulin secretion (157)
Ctsh B-cell-specific deletion Impaired insulin secretion; hyperglycemia (158)

Abbreviations: ER, endoplasmic reticulum; T1D, type 1 diabetes.

have DNA damage-associated senescence features (163, 164).
These studies suggest that DNA damage-associated senes-
cence is an early feature in the pathogenesis of T1D.
Senescent B cells of NOD mice exhibit increased expression
of p21, p16™X2 and the cell death regulator Bcl-2 and in-
creased SA-Bgal activity (163). Notably, treatment of NOD
mice with Bcl-2 inhibitors (senolytics) eliminates senescent
cells and halts autoimmune destruction of B cells (163).
Senolytics such as ABT263, which targets the Bcl-2 pathway,
also restore B-cell identity and glucose mechanism in the con-
text of T2D (162). To date, many studies have used p16™&?
genetic mouse lines to model senescence in f cells during
T2D (162). Because p21 is also elevated in senescent cells,
p21 genetic models (165) could help uncover new therapeutic
targets. Whether senescence is a driver or aftermath of ER
stress or oxidative stress is still debatable. However, recent evi-
dence points toward the UPR being a major contributor that
controls senescence hallmarks (166), suggesting that ER stress
and oxidative stress might precede a senescence phenotype.

Alternative Models to Study Endoplasmic
Reticulum Stress, Oxidative Stress,
Autophagy, and Senescence in Diabetes

Although mutant mouse models are ideal to study specific
genes in diabetes pathogenesis, they are often time-consuming

and laborious to develop. Additionally, because many stress
response genes are essential housekeeping genes, many are
embryonically lethal when deleted. Nevertheless, this issue
can be circumvented by using conditional deletion of genes
post maturity. This strategy can be especially challenging
with difficult-to-breed mice, such as NOD mice. Gene delivery
or knockdown techniques that use antisense oligos (167, 168),
morpholinos (169, 170), and adeno-associated virus vectors
(171) allow for targeted gene deletion or insertion without
elaborate breeding schemes. These targeted gene delivery sys-
tems can also be combined with genetic models to further val-
idate the role of the gene of interest.

Pharmacological inhibitors and activators provide add-
itional insight into the role of pathways under different stress
conditions. For example, the UPR and ER stress in f cells and
islets have been studied by exposing cells to various chemicals
(172), such as thapsigargin (SERCA inhibitor), tunicamycin
(inhibits glycosylation of nascent proteins), TUDCA (chem-
ical chaperone), and imatinib (tyrosine kinase inhibitor).
Similarly, oxidative stress in B cells has been studied with dia-
betogenic agents, such as STZ (173) and alloxan (88).
Verapamil, a calcium channel blocker that lowers the antioxi-
dant TXNIP levels, preserves B-cell function by modulating
both oxidative stress and ER stress pathways (174).

To study autophagy, chemical manipulators that target dif-
ferent steps of the degradation pathway have been used suc-
cessfully. For example, metformin targets adenosine
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5’-monophosphate-activated protein kinase (AMPK), which
inhibits mTORC1 and therefore promotes autophagy.
Rapamycin, torinl, and resveratrol also inhibit mTORCI1 to
promote autophagy (175-177). BH3 mimetics induce autoph-
agy by disrupting the interaction between Beclin 1 (a part of
the PI3K complex) and Bcl-2. On the other hand, PI3K inhib-
itors, such as wortmannin, 3-methyladenine, and spautin-1,
inhibit autophagy initiation. Similarly, ULK and ATG4B in-
hibitors prevent elongation of the phagophore (175-177).
Autophagy can also be inhibited by blocking adapter proteins,
such as p62 and optineurin, using LC3 interacting region in-
hibitors. The last stage of degradation, where autophago-
somes fuse to lysosomes and components are degraded in
the acidic lysosomal lumen, can be blocked by chloroquine,
bafilomycin A, or cystatin B (175-177).

It is difficult to replicate senescence in vitro. However, a re-
cent study using sublethal doses of etoposide showed a DNA
damage-induced senescence phenotype in B cells, thereby pav-
ing the way for more relevant studies in vitro using human is-
lets (178). Although these pharmacological strategies do not
exactly mimic physiological stress responses, they can im-
prove our understanding of the pathways involved in B-cell
homeostasis (179).

In addition to chemical modulators, zebrafish represent
tractable models for monitoring stress response systems in
vivo, considering the ease of handling and optical transpar-
ency. For example, ER stress (180-185), oxidative stress
(186-188), inflammation (189, 190), and autophagy (191)
have been extensively studied using zebrafish models.

Stress Response Pathways Converge on
Activation of Inflammation

The aforementioned stress pathways are capable of damaging
B cells themselves; however, studies show that they primarily
mediate their effects by activating local inflammation that
amplifies the damage to the cells (192-194). Inflammation is
a critical immune response that clears pathogens and damaged
cells, repairs tissue, and releases molecular mediators that
amplify or resolve inflammation (195). The inflammatory re-
sponse involves a variety of cytokines, chemokines, and pro-
teins that directly or indirectly induce IxB kinase-B (IkKp),
JNK, or signal transducer and activator of transcription
(STAT) signaling cascades. IkKp is involved in the activation
of NF-kB-mediated inflammation, wherein NF-kB upregu-
lates proinflammatory cytokines expression (196). Similarly,
JNK signaling upregulates proinflammatory and profibrotic
factors (197). Activation of different STATs by cytokines
also promotes inflammation (198). When inflammation is lim-
ited and appropriate, it prevents disease. However, maladap-
tive inflammation often triggers the development and
progression of diseases, including diabetes (199). T1D is an
autoimmune disorder in which the islets are inflamed by sub-
stantial numbers of infiltrating immune cells, a condition
known as insulitis (200). Accumulating evidence suggests
that the immune system is not only critical in T1D, but also
has a substantial role in T2D pathogenesis. T2D is character-
ized by insulin insufficiency and insulin resistance. Among the
factors contributing to T2D are oxidative stress, ER stress,
glucotoxicity, lipotoxicity, and amyloid deposition in the pan-
creas. Interestingly, each of these factors is associated with in-
flammation (201-204). As a result, T2D is increasingly being
viewed as an inflammatory condition, and immune system

dysfunction is a focus of research in T2D pathogenesis.
Because inflammation is common to both forms of diabetes,
therapies that seek to dampen the stress response pathways
could be critical for halting diabetes pathogenesis.

Conclusions

The UPR, antioxidant response, and autophagy are all acti-
vated by stress. Each of these stress response systems intersects
with one another to promote cell survival and to maintain cel-
lular homeostasis. However, prolonged activation redirects the
cellular machinery into apoptosis and senescence (205), which
both contribute to diabetes pathogenesis. In T1D and T2D,
there is evidence of increased ER stress (11, 206), oxidative
stress (131, 207), and autophagy (149, 151, 208). Although
B cells can overcome acute ER stress, when overburdened,
they fail to put the brakes on their stress mitigation systems
and redirect themselves to destruction (36). Genetic mouse
models have been key in identifying how these stress pathways
contribute to B-cell dysfunction and death. We list these models
in Table 1. Although global gene deletions provide valuable in-
formation, they do not specifically elucidate the role of the
genes in B-cell health and function. Therefore, B-cell-specific
genetic models and targeted chemical manipulations are critical
for identifying potential therapeutic targets for T1D and T2D.
Altogether, these studies highlight the need to harness strategies
that reduce stress and restore p-cell homeostasis.
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