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Type 2 diabetes mellitus (T2DM) is a metabolic disorder that is characterized by func-
tional defects in glucose metabolism and insulin secretion. Its complex etiology and 
multifaceted nature have made it difficult to design effective therapies for early diagnosis 
and treatment. Several lines of evidence indicate that aberrant activation of the unfolded 
protein response (UPR) in response to endoplasmic reticulum (ER) stress impairs the 
β cell’s ability to respond to glucose and promotes apoptosis. Elucidating the molec-
ular mechanisms that govern β cell dysfunction and cell death can help investigators 
design therapies to halt or prevent the development of T2DM. Early diagnosis of T2DM, 
however, warrants additionally the identification of potential biomarkers. MicroRNAs 
(miRNAs) are key regulators of transcriptional processes that modulate various features 
of insulin signaling, such as insulin sensitivity, glucose tolerance, and insulin secretion. 
A deeper understanding of how changes in patterns of expression of miRNAs correlate 
with altered glucose metabolism can enable investigators to develop methods for the 
early diagnosis and treatment of T2DM. The first part of this review examines how altered 
expression of specific UPR pathway proteins disrupts ER function and causes β cell dys-
function, while the second part discusses the potential role of miRNAs in the diagnostic 
and treatment of T2DM.
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iNTRODUCTiON

Diabetes mellitus is a chronic, progressive disorder that results from the body’s inability to either 
produce sufficient insulin or utilize it efficiently (1). The key feature of the disease is chronic 
hyperglycemia—chronically elevated blood glucose—which facilitates the development of glucose 
intolerance and insulin resistance, and impairs the pancreas’ ability to respond to changes in blood 
glucose concentration (2). Owing to its complex, multifactorial nature, diabetes affects more than 
just pancreatic function—neuropathy, nephropathy, and retinopathy are common problems that 
arise as the disease progresses (3, 4).

A rise in the prevalence of diabetes and its associated rate of mortality are an increasing source 
of concern for health agencies around the world. According to WHO statistics, the global preva-
lence of diabetes among adults in 2014 was nearly double of what it was in 1980, due, in part, to 
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increasing obesity, sedentary lifestyles, and unhealthy diet (5). 
The absolute number of people having diabetes nearly quadru-
pled during this time, so that by 2014, an estimated 422 million 
people were living with it (5). In 2012, diabetes accounted for the 
death of 1.5 million people worldwide, with another 2.2 million 
deaths being the result of complications of high blood glucose 
(5). Perhaps what is most troubling is that a large proportion 
of people with diabetes do not even know they have it—India 
alone had an estimated 70 million diabetics in 2015, of which 
36 million went undiagnosed (1).

These staggering figures not only reflect the impact that 
diabetes has on the global population, but also speak to a dire 
need for better prevention to reduce this impact. Having effective 
preventative measures is particularly important in the context of 
diabetes as 90% diabetics have type 2 diabetes mellitus (T2DM), 
which, in a large proportion of cases, is preventable (6). T2DM 
is a metabolic disorder—as opposed to Type 1 diabetes, which 
has a strong autoimmune, inflammatory component (7)—which 
develops as a result of either insufficient insulin secretion from 
pancreatic β cells, or insulin resistance in insulin-sensitive tissues 
such as liver, adipose tissue, and skeletal muscle (8–10). Already 
there is evidence to suggest that simple lifestyle changes such 
as eating healthy, maintaining an appropriate body mass index, 
and engaging in physical activity can reduce the risk of T2DM 
(1). And, investigators are currently researching ways to further 
reduce susceptibility to this disease by altering genetic and epige-
netic factors involved in its pathogenesis.

In recent years, endoplasmic reticulum (ER) stress has emerged 
as a key regulator of transcriptional and translational responses 
in T2DM. Because proper protein folding is crucial for protein 
homeostasis and cell survival, the ER maintains an environment 
that favors it; this process, however, is particularly sensitive 
and even small changes in the cellular environment can cause 
proteins to misfold (11, 12). Accumulation of misfolded proteins 
in the ER disrupts protein homeostasis and causes ER stress. 
Unresolved ER stress has been implicated in various diseases 
such as Alzheimer’s disease (13), chronic kidney disease (14), 
and hepatocellular carcinoma (HCC) (15) because it has a pro-
found impact on cellular function and activates pro-apoptotic 
pathways inside the cell. An immense demand for insulin makes 
pancreatic β cells particularly susceptible to ER stress, as a result 
of which numerous studies have implicated chronic ER stress in 
β cell dysfunction and cell death in T2DM. The current model 
for ER stress-mediated development of T2DM proposes that 
dysregulation of ER stress signaling pathways in β cells inhibits 
insulin secretion and makes them susceptible to glucotoxicity. By 
understanding the factors that modulate the interaction between 
ER stress pathways and insulin signaling, investigators hope to 
find diagnose to therapeutic targets in T2DM.

The pressing need for early diagnosis of T2DM has also 
drawn the attention of investigators’ in the field to microRNAs 
(miRNAs). It has been known for some time that although 
90% of the human genome is transcribed, only a small fraction 
of the transcripts is translated into proteins; the remainder is 
non-coding RNA (ncRNA) (16). Of the two broad classes of 
ncRNAs—infrastructural and regulatory—the set of regula-
tory ncRNAs is crucial for the regulation of gene expression. 

miRNAs are small, single-stranded ncRNAs that are typically 
22 nucleotides in length (17). They regulate gene expression by 
either cleaving specific mRNAs or repressing their translation. 
But, they are only one of many types of regulatory ncRNAs; the 
others include, but are not limited to, small interfering RNAs 
(siRNAs), Piwi-interacting RNAs, and long non-coding RNAs 
(17). Because they can modulate over 60% of the protein-coding 
genes in the human genome, miRNAs have a profound impact 
on key cellular processes, including differentiation, proliferation, 
growth, and apoptosis (3, 4). Previous studies have implicated 
aberrant miRNA regulation in several cardiovascular disease 
pathologies (18) including hypertension, ischemic heart disease, 
and heart failure, and various neurological disorders (19), such 
as Alzheimer’s disease, Parkinson’s disease, and schizophrenia. 
Several types of cancer—lymphocytic leukemia, HCC, and 
glioma—are also associated with differential expression of miR-
NAs (20).

A similar association has emerged between patterns of miRNA 
expression and T2DM. A wealth of evidence now suggests that 
levels of miRNAs in insulin-sensitive tissues change with the 
development of T2DM (21–23). In obese mice, for example, 
miR-103 and miR-107 are upregulated in the liver and adipose 
tissue; this upregulation impairs the ability of those tissues to 
metabolize glucose normally (24). Silencing of both miRNAs, 
however, restores glucose homeostasis by improving glucose 
tolerance and insulin sensitivity. In addition to insulin sensitiv-
ity, changes in miRNA expression also modulate pancreatic 
development, islet morphology, and glucose-stimulated insulin 
secretion (GSIS) in β cells (25). By analyzing trends of miRNA 
expression in healthy individuals and type 2 diabetics, investiga-
tors may be able to use changes that occur at earlier stages of the 
disease as biomarkers, and design therapies that can prevent the 
onset of T2DM (25, 26).

ADAPTive AND PRO-APOPTOTiC 
ReSPONSeS iN CeLLS UNDeR eR 
STReSS

Endoplasmic reticulum stress is the result of accumulation of 
unfolded or misfolded proteins within the ER (16). It typically 
occurs when an increased demand for proteins overloads the ER’s 
protein folding mechanism, which causes unfolded proteins to 
build up in the lumen. In addition to protein overload, exposure 
to environmental toxins, viral infections, or mutant proteins also 
induce ER stress, although it may develop simply because of aging 
(27). But while several factors influence the development of ER 
stress, they each trigger the unfolded protein response (UPR)—an 
adaptive response that works to mitigate ER stress and maintain 
protein homeostasis.

The UPR can counteract the effects of ER stress on the cell in 
three distinct ways (27, 28). It firstly upregulates the transcrip-
tion of genes encoding molecular chaperones such as foldases, 
which promote protein folding and reduce protein aggrega-
tion. Upregulation of the ER-associated degradation (ERAD) 
pathway additionally contributes to the clearance of unfolded 
proteins from the ER. But while ER stress signaling increases 
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FigURe 1 | Adaptive unfolded protein response (UPR) signaling under acute endoplasmic reticulum (ER) stress. Accumulation of unfolded protein triggers UPR by 
activation of (A) inositol-requiring 1, (B) PERK, and (C) activating transcription factor 6. This leads to upregulation of ER-associated degradation protein and folding 
chaperons to mitigate ER stress and maintain homeostasis.
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the expression of cellular factors modulating protein folding 
and degradation, it attenuates the translation of other cellular 
proteins to prevent them from aggregating in the ER. Three 
proteins—inositol-requiring 1 (IRE1), PKR-like Kinase (PERK), 
and activating transcription factor 6 (ATF6)—mediate the 
actions of UPR by acting as sensors for the presence of unfolded 
proteins (2, 27). When activated, each protein initiates a cascade 
of downstream effects that alters the transcription, translation, 
and post-translational modification of cellular proteins.

Inositol-requiring 1 is a type I ER transmembrane kinase that 
dimerizes and autophosphorylates in the presence of unfolded 
proteins to become active (27). It also has endoribonuclease activ-
ity that, following activation, allows it to splice X-box-binding 
protein 1 (XBP1) mRNA, which translocates to the nucleus 
and upregulates the expression of UPR target genes to increase 
protein folding and degradation (13, 29) (Figure 1A). Another 
type I transmembrane kinase, PERK, upon activation phospho-
rylates eukaryotic initiation factor 2 (eIF2) to inhibit protein 
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translation (13, 30). By inhibiting the formation of ribosomal 
initiation complexes and recognition of start codons, PERK 
activation results in a decrease in overall translation in the cell, 
which consequently reduces the load on the ER (27) (Figure 1B). 
ATF6, a type II ER transmembrane transcription factor, responds 
to ER stress by translocating to the Golgi, where cleavage by SP1 
and SP2 proteases produces an active form of the transcription 
factor (13, 27). Activated ATF6 can then selectively increase the 
expression of genes encoding molecular chaperones and ERAD 
proteins, as well as XBP1, which further amplifies this response 
(31, 32) (Figure 1C).

Activation of one or more branches of the UPR is typically 
sufficient to alleviate acute ER stress in a cell; if, however, the UPR 
is dysfunctional or the cell is exposed to chronic stress, it can 
cause the cell to undergo apoptosis (27, 33). Of the several ways 
in which the UPR can induce apoptosis, PERK-mediated produc-
tion of C/EBP homologous protein (CHOP) is perhaps the best 
understood. It occurs because of increased eIF2 phosphorylation 
by PERK, which leads to the activation of the transcription factor 
ATF4 (16, 29). Translocation of ATF4 to the nucleus increases 
the expression of genes encoding apoptotic signaling molecules, 
including CHOP (34). While it is currently unclear how CHOP 
induces apoptosis in a cell with irreversible ER stress, several 
studies suggest that altered expression of the principal regula-
tors of apoptotic signaling, Bax and Bcl-2, and upregulation of 
Death Receptor 5 and Bim contribute to this effect (13, 16, 35) 
(Figure 2A).

In addition to PERK, IRE1α can induce apoptosis by activating 
apoptosis signal-regulating kinase 1 (ASK1) through its interac-
tion with TNF receptor-associated factor 2 (TRAF2) (2, 16). 
Subsequent activation of Jun-terminal kinase (JNK) increases the 
activity of pro-apoptotic factors Bid and Bax, which initiates the 
release of cytochrome C into the cytosol through the formation 
of membrane channels in the mitochondrial membrane (36). By 
activating two key enzymes of the apoptotic pathway—caspase-9 
and caspase-3—cytochrome C triggers a signaling cascade that 
results in cell death (37). In addition to increasing the activity of 
pro-apoptotic factors, such as Bid and Bax, JNK also contributes 
to apoptosis by inhibiting anti-apoptotic factors, such as Bcl-2, 
which inhibit the release of cytochrome C (36) (Figure 2B).

Another model of ER stress-mediated apoptosis proposes that 
ER stress triggers apoptosis through an inflammatory pathway. 
The interaction of IRE1α with TRAF2 activates the IKK complex, 
which can disinhibit NF-κB by inducing the phosphorylation 
and degradation of Inhibitory κB (38) Migration of NF-κB to 
the nucleus subsequently triggers pro-inflammatory responses 
and cell death (39). The decrease in overall translation in the cell 
secondary to PERK activation further contributes to increased 
levels of NF-κB as it decreases the translation of IκB mRNA 
(38) (Figure 3). In addition to NF-κB activation, IRE1α can also 
trigger inflammation and apoptosis through XBP-1s, which has 
been shown to increase the production of pro-inflammatory 
cytokines, such as TNFα and IL6 (40) (Figure 3A). ATF4, which 
is a product of PERK activation, also contributes to pro-apoptotic 
signaling by increasing the production of pro-inflammatory fac-
tors (40) (Figure  3B). While the precise mechanism by which 
ER stress induces apoptosis remains to be investigated, it is clear 

that differential activation of the three key regulators of the 
UPR—IRE1, PERK, and ATF6—determines the cell’s response to 
ER stress. Activation of the UPR in response to acute stress facili-
tates an anti-apoptotic response aimed at alleviating that stress, 
whereas prolonged activation of the UPR favors pro-apoptotic 
pathways that produce not only pro-apoptotic factors, such as 
CHOP and ASK1, but also inflammation (33, 36, 38). Because 
chronic activation of the UPR can give way to inflammation and 
cell death, it has now been implicated in inflammatory, autoim-
mune diseases, including diabetes.

eR STReSS FACiLiTATeS THe 
DeveLOPMeNT OF T2DM BY 
PROMOTiNg DYSFUNCTiON  
AND APOPTOSiS iN β CeLLS

Pancreatic β cells are unique in their ability to detect changes 
in blood glucose concentration and respond by altering insulin 
secretion. To counteract sharp increases in glucose concentra-
tion, which occur commonly after a meal, they increase insulin 
production nearly 25-fold; a response that overloads the ER and 
compromises its protein folding ability (2). And as the demand 
for insulin increases, so does the proportion of proinsulin that 
is misfolded. This misfolded proinsulin then accumulates in the 
ER and triggers ER stress (12). Under physiological conditions, 
this ER stress is transient; it occurs due to the sudden increase 
in blood glucose, and relieves once the glucose levels normal-
ize (27, 41). In diabetics, however, insulin resistance and β cell 
dysfunction come together to induce chronic ER stress, which 
eventually results in cell death (2). Several lines of evidence 
indicate that insulin resistance alone does not, usually, cause 
type 2 diabetes; most insulin-resistant individuals have various 
compensatory mechanisms to meet the body’s requirement of 
insulin, which include an increase in both β cell proliferation and 
insulin secretion (41–43). In insulin-resistant individuals who do 
go on to develop T2DM, these compensatory mechanisms are 
still intact during the early phase of the disease—they lead to an 
increase, rather than a decrease, in serum insulin levels. As the 
disease progresses, the increasingly high demand for protein fold-
ing makes the β cells particularly susceptible to ER stress, which 
results in both an increase in misfolded proinsulin and a decrease 
in insulin production (12, 27). And with progressively more and 
more proinsulin misfolding and accumulating in the ER, the ER 
experiences even greater stress, which favors a further reduction 
in insulin production; this positive feedback loop results in the 
development of a full-fledged T2DM phenotype.

The most compelling evidence for the role of ER stress in the 
development of T2DM comes from mutant INS-gene-induced 
diabetes of youth (MIDY), a syndrome characterized by genetic 
mutations in the insulin gene that cause it to misfold (12). 
Although as many as 30 mutations can cause MIDY, one mis-
sense mutation, in particular, in Akita model mice has been used 
to study the pathology of the disease. These mice have a C96Y 
mutation in one copy of Ins2, but in spite of two WT Ins1 alleles 
and one functional Ins2 allele, their β cells undergo ER stress-
mediated apoptosis secondary to accumulation of misfolded 
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FigURe 2 | Pro-apoptotic unfolded protein response (UPR) response under chronic endoplasmic reticulum (ER) stress. When UPR is dysfunctional, cell undergoes 
apoptosis by (A) PERK mediated production of CHOP and (B) inositol-requiring 1 α-induced activation of ASK1. This leads to cytochrome c (cyt c) release and 
eventual apoptosis.
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proinsulin in the ER (16). The apoptosis is dependent at least 
partially on CHOP, as a homozygous disruption in the Chop gene 
rescues the β cells from apoptosis and delays the onset of diabetes 
by 8–10 weeks (33).

Innumerable studies have documented that Ca2+ is one of 
the key intracellular regulators of insulin secretion and altered 
Ca2+ homeostasis affecting β-cell function and survival (44–47). 
Previous reports have identified that downregulation of calcium 
binding protein sorcin (SRI) and associated increased expression 

of glucose 6-phosphatase C2 in high-fat feeding mice and human 
islets exposed to palmitate impairs GSIS and reduces glucose toler-
ance (48, 49). The type 2 ryanodine receptor (RyR2) is yet another 
Ca2+-related protein playing a crucial role in the regulation of 
insulin secretion and glucose homeostasis. RyR2 forms channel 
and is involved in transport of Ca2+ in multiple cells, including 
cardiomyocytes and pancreatic β cells. Transgenic mice exhibit-
ing mutations resulting in “leaky” RyR2 channel show intracellular 
Ca2+ leak, activated ER stress response, mitochondrial dysfunction, 
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FigURe 3 | Inflammatory unfolded protein response (UPR) response under chronic endoplasmic reticulum (ER) stress. ER stress triggers apoptosis through 
activation of inflammation. This can be achieved (A) inositol-requiring 1 α-mediated stimulation of IKK complex or XBP1s and (B) PERK-mediated activating 
transcription factor 4 activation. These induce release of pro-inflammatory factors which enhances cell death.
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decreased insulin release, and impaired glucose homeostasis in 
pancreatic islets and β cells (50). Aberrant glucagon in mice with 
obese liver activates ER calcium channel, inositol 1,4,5-trispho-
sphate receptor (IP3R) and results in excessive calcium release 
into the cytoplasm. This promotes activation of a calcium-
sensitive kinase, calcium/calmodulin-dependent protein kinase 
II (CaMKII). CaMKII activates p38 and MAPKAPK2 (MK2) in 
hepatocytes initiating CaMKII–p38–MK2 pathway. This mediates 

increased glucose production by regulating expression of G6pc 
(glucose-6-phosphatase) and Pck1 (phosphoenolpyruvate car-
boxykinase) via FOXO1 induction. Also, CaMKII represses Atf6 
leading to defective insulin signaling (51). Interestingly, cor-
roborative evidence for the severe consequences of ER stress on 
β cell functioning and survival comes from studies in the mouse 
model of the Wolfram Syndrome, a rare autosomal recessive 
disease (16). People with this syndrome have mutations in the 
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WFS1 gene, which encodes Wolframin, an ER transmembrane 
protein that modulates Ca2+ signaling during ER stress (52). By 
inhibiting UPR hyperactivity, Wolframin forms an integral part 
of the feedback loop that maintains glucose homeostasis; muta-
tions in the WFS1 gene, however, eliminate this response and 
allow the UPR to continue unchecked (16, 53). Dysregulation 
of UPR signaling in the Wolfram Syndrome affects multiple cell 
types and leads to childhood-onset of diabetes mellitus, optic 
atrophy, and deafness (27). Studies in mice with a heterozygous 
WFS1 deletion demonstrate that diabetes develops in those mice 
as a result of disruption in ER stress signaling (54).

Disruption of even one branch of the UPR can have disastrous 
consequences on β cell function and survival. The Wolcott–
Rallison Syndrome is an autosomal recessive disorder that 
occurs due to loss-of-function mutations in EIF2AK3—the gene 
that encodes PERK (27). Patients with this syndrome develop 
diabetes in infancy as well as musculoskeletal impairments, due 
to multiple epiphyseal dysplasia (16). Without PERK to phospho-
rylate it, eIF2α is unable to attenuate protein translation in the 
cell, which leads to a build-up of proinsulin and subsequent ER 
stress-mediated apoptosis of β cells (30). Several studies in animal 
models have reported the same phenomenon. Mice with PERK 
knocked out show all the classic symptoms of Wolcott–Rallison 
Syndrome, including the onset of diabetes within a few weeks 
of birth due to progressive loss of β cells (55). A heterozygous 
mutation in the phosphorylation site of eIF2α also produces a 
similar phenotype—these mice become obese when given a high 
fat diet and develop diabetes as a consequence of disrupted PERK 
signaling (56). Lack of eIF2α phosphorylation, in addition, leads 
to overproduction of proinsulin and induces ER stress in mice 
with a homozygous S51A mutation in eIF2α (30). Unlike PERK 
knockout mice, these mutant mice exhibit β cell dysfunction in late 
embryonic stages and die shortly after birth due to hypoglycemia. 
Taken together, these results demonstrate that dysfunction in the 
PERK-eIF2α signaling pathway disrupts protein homeostasis in β 
cells and leads to cell death.

CHRONiC HYPeRgLYCeMiA iNDUCeS eR 
STReSS iN β CeLLS

Dysregulated translation due to ER stress is at the core of β cell 
dysfunction and apoptosis in T2DM. It is primarily the product 
of chronic exposure to high glucose, which facilitates the develop-
ment of glucotoxicity and insulin resistance, and ultimately leads 
to the death of β cells (2). While β cells are well-equipped to tackle 
intermittent increases in blood glucose concentration, chronic 
high glucose induces long-standing ER stress that activates 
apoptotic pathways in the cells (57). Corroborative evidence for 
this phenomenon comes from studies on pancreatic islet sections 
from patients with T2DM, whose β cells show two classic signs 
of ER stress pathway activation—an increase in mRNA levels of 
ER stress markers, including the pro-apoptotic factors, ATF3 
and CHOP, and expansion of the ER due to accumulation of 
proinsulin (58).

Findings from studies using Akita mice with a C96Y mutation 
in Ins2 also support this model (16, 33). These mice develop pro-
gressive hyperglycemia because of a conformational change in insulin 

that causes it to misfold and accumulate in the ER. Despite an ini-
tial increase in the levels of insulin mRNA in homozygous mice at 
3 weeks of age, the levels quickly fall off so that by 9 weeks of age, 
the homozygous mutants have significantly lesser insulin mRNA 
than control mice. Because these changes mimic fluctuations in 
the levels of CHOP mRNA, the study attributes the decrease in 
insulin mRNA to β cell apoptosis (33). The finding that over-
expression of mutant Ins2 in Min6 cells also induces apoptosis 
lends further support to this hypothesis (33). One model of PERK 
activation aims to explain the effects of high glucose on β cells, 
including the initial increase in insulin mRNA levels. It hinges 
on the antagonistic effects of PERK and protein phosphatase 1 
(PP1) on eIF2α and global translation within the cell (59). On one 
hand, an initial spike in glucose levels after feeding activates PP1, 
which dephosphorylates eIF2α; the subsequent increase in global 
translation upregulates the production of insulin to offset the 
increase in blood glucose concentration (60). On the other hand, 
chronic exposure to glucose leads to sustained activation of the 
UPR, which facilitates PERK-mediated phosphorylation of eIF2α 
(30). Under physiological conditions, the subsequent decrease in 
global translation serves to alleviate ER stress produced by the 
accumulation of proinsulin in the ER—a negative feedback loop 
that ensures translation in the cell remains balanced (61). But, 
the combination of chronic hyperglycemia and sustained ER 
stress in T2DM skews this balance in favor of overactivation of 
the PERK pathway, which leads to excessive phosphorylation of 
eIF2α. Chronic activity of eIF2α subsequently represses transla-
tion of not only insulin but also other key proteins necessary for 
survival (62). A decrease in the levels of IκB, for example, leads 
to an increase in the expression of NF-κB; subsequent activation 
of inflammatory pathways drives apoptosis in the β cell (63). 
Apoptosis in β cells exposed to salubrinal, an inhibitor of eIF2α 
dephosphorylation, further supports loss of translational control 
as the mechanism of glucotoxicity in T2DM (62).

Another model of ER stress-mediated glucotoxicity attributes 
loss of translational control to errant activity of IRE1α. It proposes 
that differential activity of IRE1α in response to different concen-
trations of glucose initiates changes in translation that the β cell 
cannot tolerate, and in doing so, promotes apoptosis (12, 16, 64).  
The initial response of IRE1α to high glucose, according to this 
model, is to act as a positive regulator of insulin production and 
secretion. Previous studies have shown that IRE1α activation 
increases insulin secretion in insulinoma cells exposed to high 
concentrations of glucose, while inhibiting its phosphorylation 
using siRNAs has the opposite effect (65). The current model 
suggests a possible explanation—it argues that although it is acti-
vated as part of the cell’s physiological response to high glucose, 
IRE1α, in this context, stays bound to BiP and so does not splice 
XBP1 mRNA. But if a high concentration of glucose persists, it 
promotes hyperphosphorylation of IRE1α, which, in trying to 
restore protein homeostasis, decreases insulin synthesis by cleav-
ing Ins1 and Ins2 transcripts (64). In a typical β cell, this IRE1α 
activity alleviates ER stress and ensures that insulin production 
remains proportional to the concentration of glucose.

Because IRE1α’s endoribonuclease action requires it to dis-
sociate from BiP, exposure to high concentrations of glucose 
increases the levels of both BiP and XBP1. The result of a study 
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with diabetic and nondiabetic patients supports this hypothesis— 
it found that islets of T2DM patients have higher levels of BiP 
and XBP1 when exposed to high glucose, as compared to islets 
of nondiabetics (57). There was, however, no significant differ-
ence in the expression of these ER stress markers between the 
two groups in the presence of low glucose, which confirms that 
IRE1α activation is specific to a hyperglycemic state (57). This 
IRE1α-mediated regulation of insulin production in response 
to changes in glucose concentration is what occurs in a typi-
cal β cell. In T2DM, however, chronic activation of IRE1α due 
to prolonged ER stress leads to excessive cleavage of insulin 
mRNA and a substantial decrease in insulin production (65). 
With no insulin to counteract it, glucose levels remain elevated, 
and initiate a cycle of cellular events that promote ER stress 
and glucotoxicity. And as the expression of insulin continues to 
decrease, the β cell, after a point, cannot recover from the trans-
lation repression, and undergoes apoptosis. While the precise 
mechanism of β cell dysfunction and apoptosis remains to be 
elucidated, it is apparent that loosely regulated translation is the 
cornerstone of inefficient UPR signaling in T2DM. In addition 
to directly activating pro-apoptotic pathways, both IRE1α and 
PERK influence patterns of translation of key proteins in the ER 
stress and insulin signaling pathways to induce cell death (30, 55, 
59, 64). The combination of chronic hyperglycemia, low glucose 
sensitivity, and insulin resistance in T2DM creates a cellular 
environment that exacerbates this response, and ultimately leads 
to glucotoxicity in the β cells.

CHANgeS iN PATTeRNS OF miRNA 
eXPReSSiON ARe LiNKeD TO THe 
DeveLOPMeNT AND PROgReSSiON  
OF T2DM

The development of a disease phenotype in T2DM does not 
depend solely on dysregulation of translation of key proteins—it  
is subject to changes in transcription that favor glucose intolerance 
and impair insulin secretion. Over the past few years, miRNAs 
have emerged as the focus of several studies investigating the 
genetic basis of T2DM (66–68). Perhaps, the strongest evidence 
of importance of miRNAs in the regulation β cell function comes 
from a study on mice that have a β cell-specific disruption of 
Dicer1 (69). Owing to the lack of Dicer1, an endoribonuclease 
necessary for miRNA biosynthesis, these mice are unable to cor-
rectly process and generate β cell-specific miRNAs. The result is 
decreased insulin gene expression and impaired insulin secre-
tion. Over time, the disruption in insulin signaling gives way 
to chronic hyperglycemia and, eventually, full-blown T2DM. 
Dicer1 mutant mice also display morphological changes—they 
have altered islet architecture and reduced β cell mass—that 
correspond with the development of the disease phenotype (69). 
These results demonstrate that impaired miRNA processing 
can have a profound impact on the development of T2DM. The 
opposite also holds true—diabetics show a tissue-specific reduc-
tion in the expression of Dicer1, which supports the argument 
that miRNA processing and development of disease pathology is 
a two-way street (70).

Following these studies on Dicer1, investigators have been 
able to pinpoint specific miRNAs that are differentially expressed 
in T2DM patients as compared to healthy non-diabetics. Of the 
many miRNAs that have been found to regulate β cell function, 
miR-375 is one of the first, and probably the best, characterized. 
On one hand, it is found to be upregulated in pancreatic tissue 
from T2DM patients, where its overexpression leads to a decrease 
in GSIS, β cell mass, and β cell proliferation (71). Profiling of 
primary human islets and enriched β cell preparations has also 
established that this miRNA is overexpressed in these tissues (66).  
On the other hand, a miR-375 knockout produces hyperglycemia 
in mice and increases both glucose biosynthesis and blood glu-
cose concentration (72). Leptin-deficient ob/ob mice—the mouse 
model for obesity-related diabetes—with miR-375 knocked out 
also experience a reduction in β cell mass that leads to diabetes 
(72). While further investigation is necessary to establish the role 
of miR-375 in regulation of β cell function, these results, taken 
together, suggest that dysregulation of miR-375 contributes to the 
development of diabetes. Like miR-375, a study found that miR-7 
is also highly overexpressed in pancreatic islets as compared to 
the adrenal glands (73). When overexpressed in decompensating 
BKS db/db mice—these mice are leptin receptor-deficient and 
cannot increase insulin secretion to compensate for insulin resist-
ance (74)—the increased expression of miR-7a leads to chronic 
hyperglycemia and impaired insulin secretion. miR-7 overexpres-
sion, however, does not affect β cell proliferation and apoptosis. 
Results of the same study with mice lacking miR-7a2, a precursor 
for miR-7, also suggest a role for this miRNA in regulating glucose 
homeostasis (73). By regulating genes in the insulin secretory 
pathway—specifically those coordinating fusion of insulin 
granules with the plasma membrane—the miR-7a2 knockout 
improves glucose tolerance by increasing insulin secretion (73). 
The overall effect of decreased miR-7 on the diabetic phenotype is 
still unclear, but its positive effect on glucose tolerance and insulin 
secretion makes it a valuable therapeutic option to treat T2DM.

Several lines of evidence also converge on miR-124 as a 
modulator of insulin secretion and glucose metabolism. Not 
only is it more highly expressed in islets of T2DM patients in 
comparison to healthy donors but its overexpression in Min6 
cells also impairs GSIS significantly when the glucose concentra-
tion is high (75). Silencing miR-124, conversely, promotes the 
expression of genes that regulate β cell function including Mtpn, 
the gene encoding myotrophin, NeuroD1, a transcription factor 
that regulates insulin gene expression, and Akt3, a kinase in the 
anti-apoptotic pathway (75). Another target of miR-124 is FoxA2, 
a transcription factor that mediates pancreatic development, β 
cell differentiation, glucose metabolism and insulin secretion 
(76). The levels of FoxA2 correlate inversely with those of miR-
124—when miR-124 is overexpressed, it leads to decreased 
expression of FoxA2 and its downstream targets, which impairs 
both insulin biosynthesis and secretion. The effects of miR-124 
overexpression on insulin secretion are not, however, clear cut. 
Greater expression of this miRNA typically leads to an increase 
in the expression of Snap25, synapsin-1, and Rab3A—all of which 
are genes encoding proteins in the exocytotic pathway—while 
reducing the expression of Rab27A and the gene encoding its 
effector protein, Noc2 (17). Because miR-124 can upregulate or 
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downregulate different components of the exocytotic pathway 
independently, it is difficult to predict its overall effect on insulin 
secretion. One model of miRNA-mediated regulation of insulin 
secretion proposes that the net effect depends on the metabolic 
context (17). When glucose levels are low, higher expression of 
miR-124 in Min6 cells causes an increase in insulin secretion; 
this trend, however, reverses when the glucose levels get too high. 
Even though miR-124-mediated regulation of insulin function is 
not clearly understood, these results implicate miR-124 as a key 
modulator of insulin signaling pathways involved in T2DM.

Apart from miR-375, miR-7, and miR-124, numerous other 
miRNAs have been reported to be upregulated in islets of T2DM 
patients as compared to their non-diabetic counterparts (21, 66,  
77, 78). A recent study, however, has identified miR-155, a 
miRNA that is present in lower concentrations in the serum of 
T2DM patients (79). Overexpression of this miRNA in transgenic 
RL-m155 mice correlates with lower levels of blood glucose in 
both the fasting and the fed states and allows these mice to clear 
glucose more efficiently than their control littermates. In addi-
tion to glucose clearance, RL-m155 mice also have better insulin 
sensitivity, owing to better sensitivity in peripheral tissues such as 
liver, adipose tissue, and skeletal muscle; the same effect extends 
to RL-m155 mice kept on a high-fat diet.

A homeostatic model of assessment of insulin resistance 
(HOMA-IR) supports the finding that higher expression of 
miR-155 improves insulin sensitivity (79). The HOMA-IR index 
is a measure of insulin sensitivity—it has low values indicating 
optimal insulin sensitivity and high values corresponding to dif-
ferent degrees of insulin resistance (80). In serum samples from 
T2DM patients, it correlates negatively with the levels of miR-155, 
which strengthens the argument that higher levels of miR-155 
contribute to better insulin sensitivity (79). This correlation also 
implies the opposite—that the lower levels of miR-155 seen in 
serum samples from T2DM patients are linked to poor insulin 
resistance in those individuals. But whether downregulation of 
miR-155 in diabetics is a cause of insulin resistance or a product 
of it requires further investigation.

Even though the specific mechanisms by which miRNAs regu-
late glucose metabolism, especially in the context of T2DM, are 
currently unclear, studies exploring miRNA profiles of patients 
and healthy individuals have been instrumental in characterizing 
the pathways involved. A profiling study by Bunt et al. (66) has 
identified 366 miRNAs that are expressed in human islets, of which 
346 are expressed specifically in β cells. Comparison of miRNA 
expression in islets versus other tissues, such as skeletal muscle, 
liver, and adipose tissue, revealed that 40 of the 366 islet miRNAs 
are expressed exclusively in islets. And of these 40 miRNAs, there 
are some, such as miR-375, that are known to influence insulin 
biosynthesis and secretion, while others constitute novel finds 
whose role in T2DM pathogenesis needs further investigation.

To explore how some of these miRNAs contribute to diabetes 
pathogenesis, the investigators next analyzed genome-wide asso-
ciation data from T2DM patients and non-diabetic individuals 
(66). By studying the predicted target sites of islet miRNAs, they 
identified 6496 gene variants that overlap with variants known to 
associate with T2DM. One of these variants is in the 3′ UTR of the 
SLC30A8 locus, which encodes a zinc transporter protein involved 

in insulin secretion (81), and shows genome-wide association for 
T2DM. A similar correlation emerged when the investigators 
searched for variants that overlap with miRNA target sites within 
58 loci known to be associated with T2DM—they found 10 vari-
ants that map to 6 loci, all of which are linked to T2DM patho-
genesis (66). This finding that the relationship between miRNA 
target sites and T2DM-associated variants is bidirectional makes 
for a strong case that miRNAs have a contributory role to play in 
T2DM pathogenesis.

Findings of several other profiling studies support the hypoth-
esis that differential expression of miRNAs influences insulin 
signaling and glucose metabolism. Bolmeson et  al.’s (82) study 
of miRNA expression patterns uncovered 319 miRNAs that are 
expressed in islets from healthy donors, of which 5 have signifi-
cantly higher expression in islets than liver or skeletal muscle. The 
expression of three of these five miRNAs—miR-184, miR-375, 
and miR-127-3p—correlates positively with insulin gene expres-
sion. Because previous studies have implicated miR-375 in T2DM 
pathogenesis (66, 72, 83), it is plausible that downregulation of 
the other two miRNAs also contributes to the diabetic phenotype. 
But until investigators can ascertain the role of these miRNAs in 
T2DM, the search for potential biomarkers can benefit from stud-
ies exploring miRNA expression in islets from diabetic donors, 
instead of healthy donors alone. miRNA profiles of islets from 
prediabetic and diabetic mice suggest that the levels of certain 
miRNAs—miR-132, miR-184, and miR-388-3p—begin to change 
even before the onset of the disease (71). These initial changes 
have a positive effect on β cell function—they increase both the 
mass and activity of β cells and promote insulin secretion—but 
dysregulation of other miRNAs after onset of the disease favors 
apoptosis of those cells and worsening of the diabetic pheno-
type. miR-27a-3p and miRNA-29 family members are possible 
regulators of peripheral insulin sensitivity and are found to be 
upregulated in skeletal muscles of human type 2 diabetic patients 
than normal obese/overweight individuals (84). Plasma levels of 
miR-122, miR-99, let-7d, miR-18a, miR-18b, miR-23a, miR-27a, 
miR-28, and miR-30d show differential expression between non-
progressors with impaired glucose tolerance and subjects with 
normal glucose tolerance or T2DM (85). let-7a and let-7f involved 
in the regulation of the adiponectin pathway are significantly 
decreased in treatment-naive diabetic patients and antidiabetic 
treatment reversed this trend (86). System review approach has 
identified miR-148b, miR-223, miR-130a, miR-19a, miR-26b, 
and miR-27b as potential circulating biomarkers and miR-
146a and miR-21 as potential tissue biomarkers in T2DM (87). 
However, such unique microRNA profile can aid in predicting 
diabetic development provided these results are replicated using 
larger cohorts. miRNAs involved in associated complications of 
diabetes like, diabetic neuropathy, nephropathy, retinopathy, and 
cardiovascular complications have also been identified (88, 89). 
Patients with diabetes are predisposed to development of dia-
betic foot ulcers (DFU). However, mRNA and miRNA profiling 
between diabetic and healthy foot skin do not uncover any major 
significant change in the two groups. Although it is suggested 
that additional factors, such as neuropathy, vascular complica-
tions, or duration of DM, may changes foot skin biology making 
it susceptible for healing impairment and development of DFU 
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TABLe 1 | miRNAs implicated in T2DM and associated complications.

miRNA Status #Potential mRNA 
targets

Reference, UiD

(a) expression profile in peripheral blood/serum/plasma
miR-375, miR-9 Upregulated – (92), 29373500
miR-34a, miR-125b Upregulated – (93), 29285097
miR-7 Upregulated – (94), 28646700

(b) Pancreatic (cell dysfunction)
miR-26a Downregulated PTEN (95), 29191656
miR-199a-5p – SIRT1 (96), 28338182
miR-130a, miR130b, 
miR-152

Upregulated PDHA1, GCK (97) 28332581

miR-463-3p Upregulated ABCG4 (98), 27664094

(c) Hepatic insulin sensitivity
miR199a-5p Upregulated ATG14 (99), 29540751
miR-222 Upregulated IRS1 (100), 29364977
miR-125b Upregulated PIK3CD (101), 29319168
miR-21 Downregulated FOXO1 (102), 28627440
miR-338-3p Downregulated PP4R1 (103), 28467989

(d) Diabetic neuropathy, nephropathy, retinopathy
miR-146a Downregulated IL-1β, TNF-α, NF-κB (104), 29398906
miR-199a-3p Upregulated SerpinE2 (105), 28677735
miR-133b, miR-342, 
miR-30a

Upregulated – (106), 27470555

miR-503, miR-181d Upregulated – (107), 27770539
miR-93 Upregulated – (108), 28382439

(e) Cardiovascular complications and obesity
miR-126, miR-132 Downregulated – (109), 28065883
miR-29 Upregulated Lypla1 (110), 29374012
miR-130b Upregulated PPARγ (111), 27746169
miR-31 Upregulated GLUT4, PPARγ, 

IRS1, ACACA
(112), 29605715

#Potential mRNA targets.
ACACA, acetyl-CoA carboxylase alpha; ABCG4, ATP-binding cassette A4; ATG14, 
autophagy related 14; FAM3A, family with sequence similarity 3 member A; FOXO1, 
forkhead box O1; GLUT4, glucose transporter type 4; GCK, glucokinase; IRS1, insulin 
receptor substrate 1; IL-1β, interleukin 1 beta; Lypla1, lysophospholipase I; NF-κB, 
nuclear factor kappa B subunit 1; PPARγ, peroxisome proliferator activated receptor 
gamma; PTEN, phosphatase and tensin homolog; PIK3CD, phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit delta; PP4R1, protein phosphatase 4 
regulatory subunit 1; PDHA1, pyruvate dehydrogenase E1 alpha; SerpinE2, serpin 
family E member 2; SIRT1, sirtuin 1; TNF-α, Tumor necrosis factor α.
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(90). Additional miRNAs implicated in T2DM and its associated 
complication is listed in Table 1.

Multiple studies have demonstrated miRNAs as possible bio-
markers but studies identifying therapeutic miRNA targets are 
limited. For instance, anti miRNA oligonucleotide (AMOs) for 
miRNAs (anti-miR-181a, anti-miR-320, etc.) adequately revert 
miRNA to normal levels and correct defected insulin signaling 
(91). However, the use of AMOs is not recommended due to resis-
tance in its uptake by the intended tissues. This indicates that more 
studies are required to explore alternate ways by which miRNAs 
can be targeted and modulated for better management of T2DM.

DiSCUSSiON AND FUTURe 
PeRSPeCTiveS

Type 2 diabetes mellitus evolves from a complex interplay between 
genetic and environmental factors, but defects in ER stress signaling  

are evidently crucial for the development of glucose intolerance 
and insulin resistance. Activation of the UPR is a key step in 
managing the effects of glucose on β cells—its adaptive, anti-
apoptotic responses allow these cells to tolerate acute changes in 
glucose concentrations, but chronic exposure to high glucose tips 
the scales in favor of maladaptive, pro-apoptotic activity that pro-
motes β cell dysfunction and cell death (27, 64). What continues 
to evade investigators is which molecular switches mediate the 
transition between these two phases of the UPR, and how this 
transition triggers apoptosis. Both ATF4 and ATF6 can regulate 
apoptosis in the cell, but findings of several studies currently 
regard the induction of CHOP as the initiator of pro-apoptotic 
activity (33, 113–115). The severe effect of a PERK knockout on 
islet morphology and function clearly indicates that interven-
tion that far upstream has disastrous consequences for the cell 
as it affects cellular processes that are essential for survival (30). 
Decreasing the expression of CHOP, however, inhibits apoptosis 
and preserves β cell function (33, 116, 117). This finding, more 
importantly, suggests a therapeutic role for inhibitors of CHOP 
induction in the treatment of T2DM.

In addition to drugs that directly inhibit CHOP, another class 
of drugs that have shown therapeutic potential is inhibitors of 
glycogen synthase kinase 3 (GSK3). UPR activation is only aspect 
of ER stress signaling, and several other pathways work in paral-
lel to influence the cell’s response to stress. One such pathway 
is the PI3K/Akt pathway, which, under physiological conditions, 
prevents apoptosis by inhibiting GSK3 and its downstream, 
pro-apoptotic target, Caspase-3 (118). Evidence of crosstalk 
between the PI3K/Akt pathway and ER stress signaling suggests 
that activation of GSK3 can also induce apoptosis by increasing 
the expression of CHOP (119). GSK3 inhibitors, conversely, 
decrease CHOP expression and protect several types of neuronal 
cells from drug-induced ER stress (118). By developing inhibitors 
that mimic the effects of PI3K/Akt activation and recapitulate this 
effect in vivo, investigators may be able to reduce the extent of β 
cell death in T2DM.

Another model of ER stress-mediated apoptosis proposes 
that hyperactivity of the IRE1α branch of the UPR can induce 
apoptosis by regulating the levels of specific miRNAs. Prolonged 
ER stress leads to sustained activation of IRE1α, whose intrin-
sic endoribonuclease activity allows it to cleave a set of 4 
miRNAs—miR-17, miR-34a, miR-96, and miR-125b—which 
typically inhibit the translation of caspase-2 (120). The result is 
an increase in the levels of caspase-2 and subsequent cell death 
(Figure 4A). What makes this finding particularly important is that 
it indicates crosstalk between the miRNAs and ER stress signaling 
pathways. Several lines of evidence support the hypothesis that 
bidirectional interactions occur between these pathways and 
influence disease phenotypes. Studies on HCC demonstrate 
that greater activity of the UPR correlates with lower levels of 
miR-122, which leads to reduced apoptosis in human hepatoma 
cells (121). The same miRNA, when overexpressed in those cells, 
inhibits UPR activation and thereby makes them susceptible 
to the effects of anti-cancer drugs. miR-214 shows a similar 
effect—it typically inhibits XBP-1 and makes hepatoma cells 
susceptible to ER stress-induced apoptosis; XBP-1 activity, in 
turn, reverses the effects of miR-214 by reducing its expression 
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FigURe 4 | Crosstalk between miRNA and inositol-requiring 1 α signalling. (A) The endoribonuclease activity of IRE1α cleaves set of pre-miRNAs (miR-17, miR-34a, 
miR-96, and miR0125b) leading to decreased expression of mature miRNAs, thereby resulting in caspase-2 upregulation and eventual cell death. (B) miR-214 binds 
to 3′-UTR (untranslated region) of XBP-1, leading to mRNA downregulation, and inhibition of IRE1α mediated adaptive unfolded protein response (UPR) response.
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(122) (Figure 4B). In human cardiomyocytes, ER stress results 
in the downregulation of miR-702, which promotes apoptosis, 
but transfection of miR-702 into those cells attenuates this 
response (123). Taken together, these results strongly indicate 
that bidirectional interactions between miRNAs and ER stress 
signaling pathways may regulate apoptosis of β cells in T2DM 
as well.

These interactions are particularly important in the context 
of diagnosis of T2DM—they suggest that changes in miRNA 

expression can be an early marker of chronic ER stress in β cells 
and, by extension, β cell dysfunction and apoptosis. Already there  
is evidence that the levels of some miRNAs begin to fluctuate even 
before the onset of the disease, and that these fluctuations can be 
easily detected in the sera of those patients (17). Both miR-23 and 
miR-126, for example, are significantly downregulated in the sera 
of type 2 diabetics in comparison to prediabetic and nondiabetic 
individuals (77, 78). But although miRNAs show promise as 
potential biomarkers of T2DM, one key question remains to be 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive


12

Berry et al. Crosstalk Between the UPR and miRNAs in Type 2 Diabetes

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 210

answered—Does a change in the expression of specific miRNAs 
cause defects in insulin signaling or is it a result of those defects? 
Many studies have drawn a correlation between the levels of miR-
NAs in healthy and diabetic individuals, and deficits in insulin 
secretion and glucose tolerance, but how those miRNAs influence 
T2DM pathogenesis is not clear-cut. Investigators have found it 
difficult to ascertain the precise relationship as miRNAs target 
many genes and often regulate the expression of those genes in 
a tissue-specific manner. Some changes in miRNA expression 
also do not correlate necessarily with a worsening of disease 
pathology. Expression of miR-132, miR-184, and miR-338-3p, 
for example, begins to change before the onset of T2DM and, 
in fact, improves β cell mass and function (71). Because it has a 
positive effect on β cells, this change in miRNA expression could 
be part of an underlying physiological mechanism to combat 
early glucose intolerance. A greater understanding of the extent 
to which changes in miRNA expression reflect the progression 
of disease pathology will likely aid in narrowing down potential 
biomarkers to detect T2DM early.

CONCLUSiON

Despite the inherent complexity of T2DM, miRNAs, and ER 
stress have emerged as key regulators of transcriptional and trans-
lational responses that control insulin signaling. Studies were 
done in animal models of T2DM and obesity strongly indicate 
a role for chronic ER stress and dysregulated UPR signaling in 
the pathogenesis of T2DM. Normalizing the activity of the UPR 
is arguably one of the most important goals of T2DM therapy, 

and further insight into the mechanisms of ER stress-mediated 
apoptosis will likely aid in the development of drugs that can 
restore protein homeostasis and prevent the death of β cells. 
Increasing prevalence of T2DM, however, warrants not only 
better treatment, but also early diagnosis to manage symptoms 
earlier and prevent the development of related pathologies. 
miRNAs are particularly promising in this regard, as changes in 
their expression frequently correlate with the spread of disease 
pathology and various aspects of β cell function. A superficial 
understanding of how those miRNAs regulate gene expression 
to influence the T2DM phenotype has, so far, limited their use 
as biomarkers. But with future investigations offering deeper 
insight into the specifics of miRNA regulation of gene expression, 
miRNAs have the capacity to revolutionize the way investigators 
diagnose and treat T2DM.

AUTHOR CONTRiBUTiONS

BB and CB conceived of the presented idea and wrote the review. 
ML contributed in writing of the final version and designed the 
figures.

ACKNOwLeDgMeNTS

We acknowledge Council of Scientific & Industrial Research 
(CSIR), India and National Science and Engineering Research 
Board (NSERB) for funding this work. The authors thank 
Dr. Beena Pillai for useful comments and suggestions on our 
manuscript.

ReFeReNCeS

1. World Health Organization. World Health Day 2016: Diabetes. New Delhi: 
SEARO. World Health Organization, South-East Asia Regional Office (2016). 
Available from: http://www.searo.who.int/india/mediacentre/events/2016/en/

2. Back SH, Kaufman RJ. Endoplasmic reticulum stress and type 2 diabetes. 
Annu Rev Biochem (2012) 81(1):767–93. doi:10.1146/annurev-biochem- 
072909-095555 

3. Natarajan R, Putta S, Kato M. MicroRNAs and diabetic complications. 
J Cardiovasc Transl Res (2012) 5(4):413–22. doi:10.1007/s12265-012-9368-5 

4. Hashimoto N, Tanaka T. Role of miRNAs in the pathogenesis and suscep-
tibility of diabetes mellitus. J Hum Genet (2017) 62(2):141–50. doi:10.1038/
jhg.2016.150 

5. World Health Organization. WHO | Diabetes. WHO (2016). Available from: 
http://www.who.int/mediacentre/factsheets/fs312/en/ (Accessed: November 
2017).

6. Type 2 Diabetes Statistics and Facts. Available from: http://www.healthline.com/
health/type-2-diabetes/statistics#1 (Accessed: February 27, 2017). Medically  
reviewed by Peggy Pletcher, Written by Adrienne Santos-Longhurst.

7. Kawasaki E. Type 1 diabetes and autoimmunity. Clin Pediatr Endocrinol 
(2014) 23(4):99–105. doi:10.1297/cpe.23.99 

8. Perry RJ, Samuel VT, Petersen KF, Shulman GI. The role of hepatic lipids in 
hepatic insulin resistance and type 2 diabetes. Nature (2014) 510(7503):84–91. 
doi:10.1038/nature13478 

9. Frayn KN. Adipose tissue and the insulin resistance syndrome. Proc Nutr Soc 
(2001) 60(3):375–80. doi:10.1079/PNS200195 

10. DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary 
defect in type 2 diabetes. Diabetes Care (2009) 32(Suppl 2):S157–63. 
doi:10.2337/dc09-S302 

11. Malhi H. MicroRNAs in ER stress: divergent roles in cell fate decisions. Curr 
Pathobiol Rep (2014) 2(3):117–22. doi:10.1007/s40139-014-0046-y 

12. Sun J, Cui J, He Q, Chen Z, Arvan P, Liu M. Proinsulin misfolding and 
endoplasmic reticulum stress during the development and progression of 
diabetes. Mol Aspects Med (2015) 42:105–18. doi:10.1016/j.mam.2015.01.001 

13. Pereira CMF. Crosstalk between endoplasmic reticulum stress and protein 
misfolding in neurodegenerative diseases. ISRN Cell Biol (2013) 2013:1–22. 
doi:10.1155/2013/256404 

14. Maekawa H, Inagi R. Stress signal network between hypoxia and ER 
stress in chronic kidney disease. Front Physiol (2017) 8:74. doi:10.3389/
fphys.2017.00074 

15. Shuda M, Kondoh N, Imazeki N, Tanaka K, Okada T, Mori K, et al. Activation 
of the ATF6, XBP1 and grp78 genes in human hepatocellular carcinoma: 
a possible involvement of the ER stress pathway in hepatocarcinogenesis. 
J Hepatol (2003) 38(5):605–14. doi:10.1016/S0168-8278(03)00029-1 

16. Eizirik DL, Cardozo AK, Cnop M. The role for endoplasmic reticulum 
stress in diabetes mellitus. Endocr Rev (2008) 29(1):42–61. doi:10.1210/
er.2007-0015 

17. Osmai M, Osmai Y, Bang-Berthelsen CH, Pallesen EMH, Vestergaard AL, 
Novotny GW, et  al. MicroRNAs as regulators of beta-cell function and 
dysfunction. Diabetes Metab Res Rev (2016) 32(4):334–49. doi:10.1002/
dmrr.2719 

18. Romaine SPR, Tomaszewski M, Condorelli G, Samani NJ. MicroRNAs 
in cardiovascular disease: an introduction for clinicians. Heart (2015) 
101(12):921–8. doi:10.1136/heartjnl-2013-305402 

19. Wang W, Kwon EJ, Tsai L-H. MicroRNAs in learning, memory, and neurolog-
ical diseases. Learn Mem (2012) 19(9):359–68. doi:10.1101/lm.026492.112 

20. Jansson MD, Lund AH. MicroRNA and cancer. Mol Oncol (2012) 6(6): 
590–610. doi:10.1146/annurev.pathol.4.110807.092222 

21. Kornfeld J-W, Baitzel C, Könner AC, Nicholls HT, Vogt MC, Herrmanns K,  
et al. Obesity-induced overexpression of miR-802 impairs glucose metabolism 
through silencing of Hnf1b. Nature (2013) 494(7435):111–5. doi:10.1038/ 
nature11793 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
http://www.searo.who.int/india/mediacentre/events/2016/en
http:///
https://doi.org/10.1146/annurev-biochem-
072909-095555
https://doi.org/10.1146/annurev-biochem-
072909-095555
https://doi.org/10.1007/s12265-012-
9368-5
https://doi.org/10.1038/jhg.2016.150
https://doi.org/10.1038/jhg.2016.150
http://www.who.int/mediacentre/factsheets/fs312/en/
http://www.healthline.com/health/type-2-diabetes/statistics#1
http://www.healthline.com/health/type-2-diabetes/statistics#1
https://doi.org/10.1297/cpe.23.99
https://doi.org/10.1038/nature13478
https://doi.org/10.1079/PNS200195
https://doi.org/10.2337/dc09-S302
https://doi.org/10.1007/s40139-014-0046-y
https://doi.org/10.1016/j.mam.2015.
01.001
https://doi.org/10.1155/2013/256404
https://doi.org/10.3389/fphys.2017.00074
https://doi.org/10.3389/fphys.2017.00074
https://doi.org/10.1016/S0168-8278(03)00029-1
https://doi.org/10.1210/er.2007-0015
https://doi.org/10.1210/er.2007-0015
https://doi.org/10.1002/dmrr.2719
https://doi.org/10.1002/dmrr.2719
https://doi.org/10.1136/heartjnl-2013-305402
https://doi.org/10.1101/lm.026492.112
https://doi.org/10.1146/annurev.pathol.4.110807.092222
https://doi.org/10.1038/
nature11793
https://doi.org/10.1038/
nature11793


13

Berry et al. Crosstalk Between the UPR and miRNAs in Type 2 Diabetes

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 210

22. Yang YM, Seo SY, Kim TH, Kim SG. Decrease of microRNA-122 causes 
hepatic insulin resistance by inducing protein tyrosine phosphatase 1B, 
which is reversed by licorice flavonoid. Hepatology (2012) 56(6):2209–20. 
doi:10.1002/hep.25912 

23. He A, Zhu L, Gupta N, Chang Y, Fang F. Overexpression of micro ribonucleic 
acid 29, highly up-regulated in diabetic rats, leads to insulin resistance in 
3T3-L1 adipocytes. Mol Endocrinol (2007) 21(11):2785–94. doi:10.1210/me. 
2007-0167 

24. Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, Zavolan M, et  al. 
MicroRNAs 103 and 107 regulate insulin sensitivity. Nature (2011) 474(7353): 
649–53. doi:10.1038/nature10112 

25. Plaisance V, Waeber G, Regazzi R, Abderrahmani A. Role of microRNAs in 
islet beta-cell compensation and failure during diabetes. J Diabetes Res (2014) 
2014. doi:10.1155/2014/618652 

26. Zhu H, Leung SW. Identification of microRNA biomarkers in type 2 dia-
betes: a meta-analysis of controlled profiling studies. Diabetologia (2015) 
58(5):900–11. doi:10.1007/s00125-015-3510-2 

27. Fonseca SG, Burcin M, Gromada J, Urano F. Endoplasmic reticulum stress 
in beta-cells and development of diabetes. Curr Opin Pharmacol (2009) 
9(6):763–70. doi:10.1016/j.coph.2009.07.003 

28. Pirot P, Naamane N, Libert F, Magnusson NE, Ørntoft TF, Cardozo AK, 
et  al. Global profiling of genes modified by endoplasmic reticulum stress 
in pancreatic beta cells reveals the early degradation of insulin mRNAs. 
Diabetologia (2007) 50(5):1006–14. doi:10.1007/s00125-007-0609-0 

29. Flamment M, Hajduch E, Ferré P, Foufelle F. New insights into ER stress- 
induced insulin resistance. Trends Endocrinol Metab (2012) 23(8):381–90. 
doi:10.1016/j.tem.2012.06.003 

30. Back SH, Scheuner D, Han J, Song B, Ribick M, Wang J, et al. Translation 
attenuation through eIF2alpha phosphorylation prevents oxidative stress and 
maintains the differentiated state in beta cells. Cell Metab (2009) 10(1):13–26. 
doi:10.1016/j.cmet.2009.06.002 

31. Tsuru A, Imai Y, Saito M, Kohno K. Novel mechanism of enhancing IRE1α-
XBP1 signalling via the PERK-ATF4 pathway. Sci Rep (2016) 6:24217. 
doi:10.1038/srep24217 

32. Maurel M, Chevet E. Endoplasmic reticulum stress signaling: the microRNA 
connection. Am J Physiol Cell Physiol (2013) 304(12):C1117–26. doi:10.1152/
ajpcell.00061.2013 

33. Oyadomari S, Koizumi A, Takeda K, Gotoh T, Akira S, Araki E, et al. Targeted 
disruption of the Chop gene delays endoplasmic reticulum stress-mediated 
diabetes. J Clin Invest (2002) 109(4):525–32. doi:10.1172/JCI0214550 

34. Ma Y, Brewer JW, Alan Diehl J, Hendershot LM. Two distinct stress signaling 
pathways converge upon the CHOP promoter during the mammalian 
unfolded protein response. J Mol Biol (2002) 318(5):1351–65. doi:10.1016/
S0022-2836(02)00234-6 

35. Oyadomari S, Mori M. Roles of CHOP/GADD153 in endoplasmic reticulum 
stress. Cell Death Differ (2004) 11(4):381–9. doi:10.1038/sj.cdd.4401373 

36. Dhanasekaran DN, Reddy EP. JNK signaling in apoptosis. Oncogene (2008) 
27(48):6245–51. doi:10.1038/onc.2008.301 

37. Shawgo ME, Shelton SN, Robertson JD. Caspase-mediated bak activation  
and cytochrome c release during intrinsic apoptotic cell death in jurkat cells. 
J Biol Chem (2008) 283(51):35532–8. doi:10.1074/jbc.M807656200 

38. Meyerovich K, Ortis F, Allagnat F, Cardozo AK. Endoplasmic reticulum 
stress and the unfolded protein response in pancreatic islet inflammation. 
J Mol Endocrinol (2016) 57(1):R1–17. doi:10.1530/JME-15-0306 

39. Tak PP, Firestein GS, Tak PP, Firestein GS. NF-kappaB: a key role in inflam-
matory diseases. J Clin Invest (2001) 107(1):7–11. doi:10.1172/JCI11830 

40. Gargalovic PS, Gharavi NM, Clark MJ, Pagnon J, Yang WP, He A, et al. The 
unfolded protein response is an important regulator of inflammatory genes 
in endothelial cells. Arterioscler Thromb Vasc Biol (2006) 26(11):2490–6. 
doi:10.1161/01.ATV.0000242903.41158.a1 

41. Cerf ME. Beta cell dysfunction and insulin resistance. Front Endocrinol 
(2013) 4:37. doi:10.3389/fendo.2013.00037 

42. Cavaghan MK, Ehrmann DA, Polonsky KS. Interactions between insulin 
resistance and insulin secretion in the development of glucose intolerance. 
J Clin Invest (2000) 106(3):329–33. doi:10.1172/JCI10761 

43. Ashcroft FM, Rorsman P. Diabetes mellitus and the β cell: the last ten years. 
Cell (2012) 148:1160–71. doi:10.1016/j.cell.2012.02.010 

44. Dadi PK, Vierra NC, Ustione A, Piston DW, Colbran RJ, Jacobson DA. 
Inhibition of pancreatic β-cell Ca2+/calmodulin-dependent protein kinase 

II reduces glucose-stimulated calcium influx and insulin secretion, impairing 
glucose tolerance. J Biol Chem (2014) 289(18):12435–45. doi:10.1074/jbc.
M114.562587 

45. Nolan CJ, Madiraju MS, Delghingaro-Augusto V, Peyot ML, Prentki M. 
Fatty acid signaling in the beta-cell and insulin secretion. Diabetes (2006) 55 
(Suppl 2):S16–23. doi:10.2337/db06-S003 

46. Henquin JC, Nenquin M, Stiernet P, Ahren B. In vivo and in  vitro glu-
cose-induced biphasic insulin secretion in the mouse: pattern and role of 
cytoplasmic Ca2+ and amplification signals in beta-cells. Diabetes (2006) 
55(2):441–51. doi:10.2337/diabetes.55.02.06.db05-1051 

47. Namkung Y, Skrypnyk N, Jeong MJ, Lee T, Lee MS, Kim HL, et al. Requirement  
for the L-type Ca(2+) channel alpha(1D) subunit in postnatal pancreatic beta 
cell generation. J Clin Invest (2001) 108(7):1015–22. doi:10.1172/JCI200113310 

48. Marmugi A, Parnis J, Chen X, Carmichael L, Hardy J, Mannan N, et  al. 
Sorcin links pancreatic β-cell lipotoxicity to ER Ca2+ stores. Diabetes (2016) 
65(4):1009–21. doi:10.2337/db15-1334 

49. Rutter GA, Hodson DJ, Chabosseau P, Haythorne E, Pullen TJ, Leclerc I.  
Local and regional control of calcium dynamics in the pancreatic islet. 
Diabetes Obes Metab (2017) 19(Suppl 1):30–41. doi:10.1111/dom.12990 

50. Santulli G, Pagano G, Sardu C, Xie W, Reiken S, D’Ascia SL, et al. Calcium 
release channel RyR2 regulates insulin release and glucose homeostasis. 
J Clin Invest (2015) 125(5):1968–78. doi:10.1172/JCI79273 

51. Ozcan L, Tabas I. Calcium signalling and ER stress in insulin resistance and 
atherosclerosis. J Intern Med (2016) 280(5):457–64. doi:10.1111/joim.12562 

52. WFS1 Wolframin ER Transmembrane Glycoprotein [Homo sapiens (Human)].  
Available from: https://www.ncbi.nlm.nih.gov/gene/7466 (Accessed: April 
14, 2018). Gene ID: 7466.

53. Fonseca SG, Fukuma M, Lipson KL, Nguyen LX, Allen JR, Oka Y, et  al. 
WFS1 is a novel component of the unfolded protein response and maintains 
homeostasis of the endoplasmic reticulum in pancreatic beta-cells. J Biol 
Chem (2005) 280(47):39609–15. doi:10.1074/jbc.M507426200 

54. Riggs AC, Bernal-Mizrachi E, Ohsugi M, Wasson J, Fatrai S, Welling C, 
et al. Mice conditionally lacking the Wolfram gene in pancreatic islet beta 
cells exhibit diabetes as a result of enhanced endoplasmic reticulum stress 
and apoptosis. Diabetologia (2005) 48(11):2313–21. doi:10.1007/s00125- 
005-1947-4 

55. Zhang P, McGrath B, Li S, Frank A, Zambito F, Reinert J, et al. The PERK eukary-
otic initiation factor 2 kinase is required for the development of the skeletal 
system, postnatal growth, and the function and viability of the pancreas. Mol 
Cell Biol (2002) 22(11):3864–74. doi:10.1128/MCB.22.11.3864-3874.2002 

56. Scheuner D, Vander Mierde D, Song B, Flamez D, Creemers JWM, Tsukamoto K,  
et  al. Control of mRNA translation preserves endoplasmic reticulum fun-
ction in beta cells and maintains glucose homeostasis. Nat Med (2005) 
11(7):757–64. doi:10.1038/nm1259 

57. Marchetti P, Bugliani M, Lupi R, Marselli L, Masini M, Boggi U, et al. The 
endoplasmic reticulum in pancreatic beta cells of type 2 diabetes patients. 
Diabetologia (2007) 50(12):2486–94. doi:10.1007/s00125-007-0816-8 

58. Cnop M, Ladrière L, Igoillo-Esteve M, Moura RF, Cunha DA. Causes and cures 
for endoplasmic reticulum stress in lipotoxic β-cell dysfunction. Diabetes 
Obes Metab (2010) 12(Suppl 2):76–82. doi:10.1111/j.1463-1326.2010.01279.x 

59. Volchuk A, Ron D. The endoplasmic reticulum stress response in the pan-
creatic β-cell. Diabetes Obes Metab (2010) 12(Suppl 2):48–57. doi:10.1111/ 
j.1463-1326.2010.01271.x 

60. Vander Mierde D, Scheuner D, Quintens R, Patel R, Song B, Tsukamoto K, 
et al. Glucose activates a protein phosphatase-1-mediated signaling pathway 
to enhance overall translation in pancreatic β-cells. Endocrinology (2007) 
148(2):609–17. doi:10.1210/en.2006-1012 

61. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is essential for trans-
lational regulation and cell survival during the unfolded protein response. 
Mol Cell (2000) 5(5):897–904. doi:10.1016/S1097-2765(00)80330-5 

62. Cnop M, Ladriere L, Hekerman P, Ortis F, Cardozo AK, Dogusan Z, et al. 
Selective inhibition of eukaryotic translation initiation factor 2α dephos-
phorylation potentiates fatty acid-induced endoplasmic reticulum stress 
and causes pancreatic β-cell dysfunction and apoptosis. J Biol Chem (2007) 
282(6):3989–97. doi:10.1074/jbc.M607627200 

63. Deng J, Lu PD, Zhang Y, Scheuner D, Kaufman RJ, Sonenberg N, et  al. 
Translational repression mediates activation of nuclear factor kappa B 
by phosphorylated translation initiation factor 2. Mol Cell Biol (2004) 
24(23):10161–8. doi:10.1128/MCB.24.23.10161-10168.2004 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1002/hep.25912
https://doi.org/10.1210/me.2007-0167
https://doi.org/10.1210/me.2007-0167
https://doi.org/10.1038/nature10112
https://doi.org/10.1155/2014/618652
https://doi.org/10.1007/s00125-015-3510-2
https://doi.org/10.1016/j.coph.2009.07.003
https://doi.org/10.1007/s00125-007-0609-0
https://doi.org/10.1016/j.tem.2012.06.003
https://doi.org/10.1016/j.cmet.2009.06.002
https://doi.org/10.1038/srep24217
https://doi.org/10.1152/ajpcell.00061.2013
https://doi.org/10.1152/ajpcell.00061.2013
https://doi.org/10.1172/JCI0214550
https://doi.org/10.1016/S0022-2836(02)00234-6
https://doi.org/10.1016/S0022-2836(02)00234-6
https://doi.org/10.1038/sj.cdd.4401373
https://doi.org/10.1038/onc.2008.301
https://doi.org/10.1074/jbc.M807656200
https://doi.org/10.1530/JME-15-0306
https://doi.org/10.1172/JCI11830
https://doi.org/10.1161/01.ATV.0000242903.41158.a1
https://doi.org/10.3389/fendo.2013.00037
https://doi.org/10.1172/JCI10761
https://doi.org/10.1016/j.cell.2012.02.010
https://doi.org/10.1074/jbc.M114.562587
https://doi.org/10.1074/jbc.M114.562587
https://doi.org/10.2337/db06-S003
https://doi.org/10.2337/diabetes.55.02.06.db05-1051
https://doi.org/10.1172/JCI200113310
https://doi.org/10.2337/db15-1334
https://doi.org/10.1111/dom.12990
https://doi.org/10.1172/JCI79273
https://doi.org/10.1111/joim.12562
https://www.ncbi.nlm.nih.gov/gene/7466
https://doi.org/10.1074/jbc.M507426200
https://doi.org/10.1007/s00125-
005-1947-4
https://doi.org/10.1007/s00125-
005-1947-4
https://doi.org/10.1128/MCB.22.11.3864-3874.2002
https://doi.org/10.1038/nm1259
https://doi.org/10.1007/s00125-007-0816-8
https://doi.org/10.1111/j.1463-1326.2010.01279.x
https://doi.org/10.1111/
j.1463-1326.2010.01271.x
https://doi.org/10.1111/
j.1463-1326.2010.01271.x
https://doi.org/10.1210/en.2006-1012
https://doi.org/10.1016/S1097-2765(00)80330-5
https://doi.org/10.1074/jbc.M607627200
https://doi.org/10.1128/MCB.24.23.10161-10168.2004


14

Berry et al. Crosstalk Between the UPR and miRNAs in Type 2 Diabetes

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 210

64. Lipson KL, Ghosh R, Urano F. The role of IRE1alpha in the degradation 
of insulin mRNA in pancreatic beta-cells. PLoS One (2008) 3(2):e1648. 
doi:10.1371/journal.pone.0001648 

65. Lipson KL, Fonseca SG, Ishigaki S, Nguyen LX, Foss E, Bortell R, et  al. 
Regulation of insulin biosynthesis in pancreatic beta cells by an endoplasmic 
reticulum-resident protein kinase IRE1. Cell Metab (2006) 4(3):245–54. 
doi:10.1016/j.cmet.2006.07.007 

66. van de Bunt M, Gaulton KJ, Parts L, Moran I, Johnson PR, Lindgren CM, 
et  al. The miRNA profile of human pancreatic islets and beta-cells and 
relationship to type 2 diabetes pathogenesis. PLoS One (2013) 8(1):e55272. 
doi:10.1371/journal.pone.0055272 

67. Zhao X, Ye Q, Xu K, Cheng J, Gao Y, Li Q, et al. Single-nucleotide polymor-
phisms inside microRNA target sites influence the susceptibility to type 2 
diabetes. J Hum Genet (2013) 58(3):135–41. doi:10.1038/jhg.2012.146 

68. Locke JM, Lango Allen H, Harries LW. A rare SNP in pre-miR-34a is associ-
ated with increased levels of miR-34a in pancreatic beta cells. Acta Diabetol 
(2014) 51(2):325–9. doi:10.1007/s00592-013-0499-1 

69. Kalis M, Bolmeson C, Esguerra JLS, Gupta S, Edlund A, Tormo-Badia N, et al. 
Beta-cell specific deletion of dicer1 leads to defective insulin secretion and 
diabetes mellitus. PLoS One (2011) 6(12). doi:10.1371/journal.pone.0029166 

70. Yan Y, Salazar TE, Dominguez JM, Nguyen DV, Li Calzi S, Bhatwadekar AD, 
et al. Dicer expression exhibits a tissue-specific diurnal pattern that is lost 
during aging and in diabetes. PLoS One (2013) 8(11):e80029. doi:10.1371/
journal.pone.0080029 

71. DiStefano JK. Beyond the protein-coding sequence: noncoding RNAs in 
the pathogenesis of type 2 diabetes. Rev Diabet Stud (2015) 12(3–4):260–76. 
doi:10.1900/RDS.2015.12.260 

72. Poy MN, Hausser J, Trajkovski M, Braun M, Collins S, Rorsman P, et al. miR-
375 maintains normal pancreatic - and -cell mass. Proc Natl Acad Sci (2009) 
106(14):5813–8. doi:10.1073/pnas.0810550106 

73. Latreille M, Hausser J, Stützer I, Zhang Q, Hastoy B, Gargani S, et  al. 
MicroRNA-7a regulates pancreatic β cell function. J Clin Invest (2014) 
124(6):2722–35. doi:10.1172/JCI73066 

74. 000642 - BKS.Cg-Dock7 +/+ Lepr/J. Available from: https://www.jax.org/
strain/000642

75. Sebastiani G, Po A, Miele E, Ventriglia G, Ceccarelli E, Bugliani M, et  al. 
MicroRNA-124a is hyperexpressed in type 2 diabetic human pancreatic islets 
and negatively regulates insulin secretion. Acta Diabetol (2015) 52(3):523–30. 
doi:10.1007/s00592-014-0675-y 

76. Baroukh N, Ravier MA, Loder MK, Hill EV, Bounacer A, Scharfmann R, et al. 
MicroRNA-124a regulates Foxa2 expression and intracellular signaling in 
pancreatic beta-cell lines. J Biol Chem (2007) 282(27):19575–88. doi:10.1074/
jbc.M611841200 

77. Liu Y, Gao G, Yang C, Zhou K, Shen B, Liang H, et al. The role of circulating 
microRNA-126 (miR-126): a novel biomarker for screening prediabetes and 
newly diagnosed type 2 diabetes mellitus. Int J Mol Sci (2014) 15(6):10567–77. 
doi:10.3390/ijms150610567 

78. Yang Z, Chen H, Si H, Li X, Ding X, Sheng Q, et al. Serum miR-23a, a poten-
tial biomarker for diagnosis of pre-diabetes and type 2 diabetes. Acta Diabetol 
(2014) 51(5):823–31. doi:10.1007/s00592-014-0617-8 

79. Lin X, Qin Y, Jia J, Lin T, Lin X, Chen L, et al. miR-155 enhances insulin 
sensitivity by coordinated regulation of multiple genes in mice. PLoS Genet 
(2016) 12(10):e1006308. doi:10.1371/journal.pgen.1006308 

80. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. 
Diabetes Care (2004) 27(6):1487–2004. doi:10.2337/diacare.27.6.1487 

81. SLC30A8 Solute Carrier Family 30 Member 8 [Homo sapiens (Human)]. 
Available from: https://www.ncbi.nlm.nih.gov/gene/169026 (Accessed: April 
14, 2018). Gene ID: 169026.

82. Bolmeson C, Esguerra JLS, Salehi A, Speidel D, Eliasson L, Cilio CM. 
Differences in islet-enriched miRNAs in healthy and glucose intolerant human 
subjects. Biochem Biophys Res Commun (2011) 404(1):16–22. doi:10.1016/j. 
bbrc.2010.11.024 

83. Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, MacDonald PE, et al.  
A pancreatic islet-specific microRNA regulates insulin secretion. Nature 
(2004) 432(7014):226–30. doi:10.1038/nature03076 

84. Dahlmans D, Houzelle A, Jörgensen JA, Phielix E, Lindeboom L, Hesselink MKC,  
et  al. Evaluation of muscle microRNA expression in relation to human 
peripheral insulin sensitivity: a cross-sectional study in metabolically distinct 
subject groups. Front Physiol (2017) 8:711. doi:10.3389/fphys.2017.00711 

85. de Candia P, Spinetti G, Specchia C, Sangalli E, La Sala L, Uccellatore A, et al. 
A unique plasma microRNA profile defines type 2 diabetes progression. PLoS 
One (2017) 12(12):e0188980. doi:10.1371/journal.pone.0188980 

86. Santovito D, De Nardis V, Marcantonio P, Mandolini C, Paganelli C, Vitale E,  
et al. Plasma exosome microRNA profiling unravels a new potential modu-
lator of adiponectin pathway in diabetes: effect of glycemic control. J Clin 
Endocrinol Metab (2014) 99(9):E1681–5. doi:10.1210/jc.2013-3843 

87. Liang YZ, Li JJ, Xiao HB, He Y, Zhang L, Yan YX. Identification of stress- 
related microRNA biomarkers in type 2 diabetes mellitus: a systematic review 
and meta-analysis. J Diabetes (2018). doi:10.1111/1753-0407.12643 

88. Wu B, Miller D. Involvement of microRNAs in diabetes and its complications. 
Methods Mol Biol (2017) 1617:225–39. doi:10.1007/978-1-4939-7046-9_17 

89. De Rosa S, Arcidiacono B, Chiefari E, Brunetti A, Indolfi C, Foti DP. Type 
2 diabetes mellitus and cardiovascular disease: genetic and epigenetic links. 
Front Endocrinol (2018) 9:2. doi:10.3389/fendo.2018.00002 

90. Ramirez HA, Liang L, Pastar I, Rosa AM, Stojadinovic O, Zwick TG, et  al. 
Comparative genomic, microRNA, and tissue analyses reveal subtle differe-
nces between non-diabetic and diabetic foot skin. PLoS One (2015) 10(8): 
e0137133. doi:10.1371/journal.pone.0137133 

91. Chen H, Lan HY, Roukos DH, Cho WC. Application of microRNAs in 
diabetes mellitus. J Endocrinol (2014) 222(1):R1–10. doi:10.1530/JOE- 
13-0544 

92. Al-Muhtaresh HA, Al-Kafaji G. Evaluation of two-diabetes related  
microRNAs suitability as earlier blood biomarkers for detecting prediabetes and 
type 2 diabetes mellitus. J Clin Med (2018) 7(2). doi:10.3390/jcm7020012 

93. Shen Y, Xu H, Pan X, Wu W, Wang H, Yan L, et al. miR-34a and miR-125b 
are upregulated in peripheral blood mononuclear cells from patients with 
type 2 diabetes mellitus. Exp Ther Med (2017) 14(6):5589–96. doi:10.3892/
etm.2017.5254 

94. Wan S, Wang J, Wang J, Wu J, Song J, Zhang CY, et al. Increased serum miR-7 
is a promising biomarker for type 2 diabetes mellitus and its microvascular 
complications. Diabetes Res Clin Pract (2017) 130:171–9. doi:10.1016/j.
diabres.2017.06.005 

95. Song Y, Jin D, Jiang X, Lv C, Zhu H. Overexpression of microRNA-26a pro-
tects against deficient β-cell function via targeting phosphatase with tensin 
homology in mouse models of type 2 diabetes. Biochem Biophys Res Commun 
(2018) 495(1):1312–6. doi:10.1016/j.bbrc.2017.11.170 

96. Lin N, Li XY, Zhang HM, Yang Z, Su Q. MicroRNA-199a-5p mediates high 
glucose-induced reactive oxygen species production and apoptosis in INS-1 
pancreatic β-cells by targeting SIRT1. Eur Rev Med Pharmacol Sci (2017) 
21(5):1091–8. 

97. Ofori JK, Salunkhe VA, Bagge A, Vishnu N, Nagao M, Mulder H, et  al. 
Elevated miR-130a/miR130b/miR-152 expression reduces intracellular 
ATP levels in the pancreatic beta cell. Sci Rep (2017) 7:44986. doi:10.1038/
srep44986 

98. Hou X, Wu W, Yin B, Liu X, Ren F. MicroRNA-463-3p/ABCG4: a new 
axis in glucose-stimulated insulin secretion. Obesity (Silver Spring) (2016) 
24(11):2368–76. doi:10.1002/oby.21655 

99. Li B, Wu X, Chen H, Zhuang C, Zhang Z, Yao S, et al. miR199a-5p inhibits 
hepatic insulin sensitivity via suppression of ATG14-mediated autophagy. 
Cell Death Dis (2018) 9(3):405. doi:10.1038/s41419-018-0439-7 

100. Ono K, Igata M, Kondo T, Kitano S, Takaki Y, Hanatani S, et al. Identification 
of microRNA that represses IRS-1 expression in liver. PLoS One (2018) 
13(1):e0191553. doi:10.1371/journal.pone.0191553 

101. Du X, Li X, Chen L, Zhang M, Lei L, Gao W, et  al. Hepatic miR-125b 
inhibits insulin signaling pathway by targeting PIK3CD. J Cell Physiol (2018) 
233(8):6052–66. doi:10.1002/jcp.26442 

102. Luo A, Yan H, Liang J, Du C, Zhao X, Sun L, et al. MicroRNA-21 regulates 
hepatic glucose metabolism by targeting FOXO1. Gene (2017) 627:194–201. 
doi:10.1016/j.gene.2017.06.024 

103. Feng Y, Chen L, Luo Q, Wu M, Chen Y, Shi X. Involvement of microRNA-146a 
in diabetic peripheral neuropathy through the regulation of inflammation. 
Drug Des Devel Ther (2018) 12:171–7. doi:10.2147/DDDT.S157109 

104. Li YB, Wu Q, Liu J, Fan YZ, Yu KF, Cai Y. miR-199a-3p is involved in the 
pathogenesis and progression of diabetic neuropathy through downregu-
lation of SerpinE2. Mol Med Rep (2017) 16(3):2417–24. doi:10.3892/mmr. 
2017.6874 

105. Eissa S, Matboli M, Bekhet MM. Clinical verification of a novel urinary 
microRNA panel: 133b, -342 and -30 as biomarkers for diabetic nephropathy 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1371/journal.pone.0001648
https://doi.org/10.1016/j.cmet.2006.07.007
https://doi.org/10.1371/journal.pone.0055272
https://doi.org/10.1038/jhg.2012.146
https://doi.org/10.1007/s00592-013-0499-1
https://doi.org/10.1371/journal.pone.0029166
https://doi.org/10.1371/journal.pone.0080029
https://doi.org/10.1371/journal.pone.0080029
https://doi.org/10.1900/RDS.2015.12.260
https://doi.org/10.1073/pnas.0810550106
https://doi.org/10.1172/JCI73066
https://www.jax.org/strain/000642
https://www.jax.org/strain/000642
https://doi.org/10.1007/s00592-014-0675-y
https://doi.org/10.1074/jbc.M611841200
https://doi.org/10.1074/jbc.M611841200
https://doi.org/10.3390/ijms150610567
https://doi.org/10.1007/s00592-014-0617-8
https://doi.org/10.1371/journal.pgen.1006308
https://doi.org/10.2337/diacare.27.6.1487
https://www.ncbi.nlm.nih.gov/gene/169026
https://doi.org/10.1016/j.bbrc.2010.11.024
https://doi.org/10.1016/j.bbrc.2010.11.024
https://doi.org/10.1038/nature03076
https://doi.org/10.3389/fphys.2017.00711
https://doi.org/10.1371/journal.pone.0188980
https://doi.org/10.1210/jc.2013-3843
https://doi.org/10.1111/1753-0407.12643
https://doi.org/10.1007/978-1-4939-7046-9_17
https://doi.org/10.3389/fendo.2018.00002
https://doi.org/10.1371/journal.pone.0137133
https://doi.org/10.1530/JOE-13-0544
https://doi.org/10.1530/JOE-13-0544
https://doi.org/10.3390/jcm7020012
https://doi.org/10.3892/etm.2017.5254
https://doi.org/10.3892/etm.2017.5254
https://doi.org/10.1016/j.diabres.2017.06.005
https://doi.org/10.1016/j.diabres.2017.06.005
https://doi.org/10.1016/j.bbrc.2017.11.170
https://doi.org/10.1038/srep44986
https://doi.org/10.1038/srep44986
https://doi.org/10.1002/oby.21655
https://doi.org/10.1038/s41419-018-0439-7
https://doi.org/10.1371/journal.pone.0191553
https://doi.org/10.1002/jcp.26442
https://doi.org/10.1016/j.gene.2017.06.024
https://doi.org/10.2147/DDDT.S157109
https://doi.org/10.3892/mmr.
2017.6874
https://doi.org/10.3892/mmr.
2017.6874


15

Berry et al. Crosstalk Between the UPR and miRNAs in Type 2 Diabetes

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 210

identified by bioinformatics analysis. Biomed Pharmacother (2016) 83:92–9. 
doi:10.1016/j.biopha.2016.06.018 

106. Zhu X, Zhang C, Fan Q, Liu X, Yang G, Jiang Y, et al. Inhibiting microRNA-503 
and microRNA-181d with losartan ameliorates diabetic nephropathy 
in KKAy mice. Med Sci Monit (2016) 22:3902–9. doi:10.12659/MSM. 
900938 

107. Zou HL, Wang Y, Gang Q, Zhang Y, Sun Y. Plasma level of miR-93 is 
associated with higher risk to develop type 2 diabetic retinopathy. Graefes 
Arch Clin Exp Ophthalmol (2017) 255(6):1159–66. doi:10.1007/s00417-017- 
3638-5 

108. Rawal S, Munasinghe PE, Shindikar A, Paulin J, Cameron V, Manning P, et al. 
Down-regulation of proangiogenic microRNA-126 and microRNA-132 are 
early modulators of diabetic cardiac microangiopathy. Cardiovasc Res (2017) 
113(1):90–101. doi:10.1093/cvr/cvw235 

109. Widlansky ME, Jensen DM, Wang J, Liu Y, Geurts AM, Kriegel AJ, et al. miR-29 
contributes to normal endothelial function and can restore it in cardiometa-
bolic disorders. EMBO Mol Med (2018) 10(3):e8046. doi:10.15252/
emmm.201708046 

110. Zhang M, Zhou Z, Wang J, Li S. miR-130b promotes obesity associated 
adipose tissue inflammation and insulin resistance in diabetes mice through 
alleviating M2 macrophage polarization via repression of PPAR-γ. Immunol 
Lett (2016) 180:1–8. doi:10.1016/j.imlet.2016.10.004 

111. Dou L, Wang S, Sun L, Huang X, Zhang Y, Shen T, et  al. miR-338-3p 
mediates Tnf-A-induced hepatic insulin resistance by targeting PP4r1 
to regulate PP4 expression. Cell Physiol Biochem (2017) 41(6):2419–31. 
doi:10.1159/000475912 

112. Gottmann P, Ouni M, Sausenthaler S, Roos J, Stirm L, Jähnert M, et  al.  
A computational biology approach of a genome-wide screen connected miR-
NAs to obesity and type 2 diabetes. Mol Metab (2018). doi:10.1016/j.molmet. 
2018.03.005 

113. Nakanishi K, Sudo T, Morishima N. Endoplasmic reticulum stress signaling 
transmitted by ATF6 mediates apoptosis during muscle development. J Cell 
Biol (2005) 169(4):555–60. doi:10.1083/jcb.200412024 

114. Oyadomari S, Takeda K, Takiguchi M, Gotoh T, Matsumoto M, Wada I, 
et al. Nitric oxide-induced apoptosis in pancreatic beta cells is mediated by 
the endoplasmic reticulum stress pathway. Proc Natl Acad Sci U S A (2001) 
98(19):10845–50. doi:10.1073/pnas.191207498 

115. Han J, Back SH, Hur J, Lin Y-H, Gildersleeve R, Shan J, et  al. ER-stress-
induced transcriptional regulation increases protein synthesis leading to cell 
death. Nat Cell Biol (2013) 15(5):481–90. doi:10.1038/ncb2738 

116. Benavides A, Pastor D, Santos P, Tranque P, Calvo S. CHOP plays a pivotal 
role in the astrocyte death induced by oxygen and glucose deprivation. Glia 
(2005) 52(4):261–75. doi:10.1002/glia.20242 

117. Ariyama Y, Tanaka Y, Shimizu H, Shimomura K, Okada S, Saito T, et  al. 
The role of CHOP messenger RNA expression in the link between oxidative 
stress and apoptosis. Metabolism (2008) 57(12):1625–35. doi:10.1016/j.
metabol.2008.06.019 

118. Mussmann R, Geese M, Harder F, Kegel S, Andag U, Lomow A, et  al. 
Inhibition of GSK3 promotes replication and survival of pancreatic beta cells. 
J Biol Chem (2007) 282(16):12030–7. doi:10.1074/jbc.M609637200 

119. Meares GP, Mines MA, Beurel E, Eom T-Y, Song L, Zmijewska AA, et al. 
Glycogen synthase kinase-3 regulates endoplasmic reticulum (ER) stress- 
induced CHOP expression in neuronal cells. Exp Cell Res (2011) 317(11): 
1621–8. doi:10.1016/j.yexcr.2011.02.012 

120. Upton J-P, Wang L, Han D, Wang ES, Huskey NE, Lim L, et al. IRE1α cleaves 
select microRNAs during ER stress to derepress translation of proapoptotic 
caspase-2. Science (2012) 338(6108):818–22. doi:10.1126/science.1226191 

121. Yang F, Zhang L, Wang F, Wang Y, Huo X, Yin Y, et al. Modulation of the 
unfolded protein response is the core of microRNA-122-involved sensitivity to 
chemotherapy in hepatocellular carcinoma. Neoplasia (2011) 13(7):590–600.  
doi:10.1593/neo.11422 

122. Duan Q, Wang X, Gong W, Ni L, Chen C, He X, et al. ER stress negatively 
modulates the expression of the miR-199a/214 cluster to regulates tumor 
survival and progression in human hepatocellular cancer. PLoS One (2012) 
7(2):e31518. doi:10.1371/journal.pone.0031518 

123. Read DE, Gupta A, Ladilov Y, Samali A, Gupta S. miRNA signature of 
unfolded protein response in H9c2 rat cardiomyoblasts. Cell Biosci (2014) 
4(1):56. doi:10.1186/2045-3701-4-56 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Berry, Lal and Binukumar. This is an open-access article 
distri buted under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these 
terms.

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/j.biopha.2016.06.018
https://doi.org/10.12659/MSM.900938
https://doi.org/10.12659/MSM.900938
https://doi.org/10.1007/s00417-017-3638-5
https://doi.org/10.1007/s00417-017-3638-5
https://doi.org/10.1093/cvr/cvw235
https://doi.org/10.15252/emmm.201708046
https://doi.org/10.15252/emmm.201708046
https://doi.org/10.1016/j.imlet.2016.10.004
https://doi.org/10.1159/000475912
https://doi.org/10.1016/j.molmet.2018.03.005
https://doi.org/10.1016/j.molmet.2018.03.005
https://doi.org/10.1083/jcb.200412024
https://doi.org/10.1073/pnas.191207498
https://doi.org/10.1038/ncb2738
https://doi.org/10.1002/glia.20242
https://doi.org/10.1016/j.metabol.2008.06.019
https://doi.org/10.1016/j.metabol.2008.06.019
https://doi.org/10.1074/jbc.M609637200
https://doi.org/10.1016/j.yexcr.2011.02.012
https://doi.org/10.1126/science.1226191
https://doi.org/10.1593/neo.11422
https://doi.org/10.1371/journal.pone.0031518
https://doi.org/10.1186/2045-3701-4-56
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Crosstalk Between the Unfolded Protein Response, MicroRNAs, and Insulin Signaling Pathways: In Search of Biomarkers for the Diagnosis and Treatment of Type 2 Diabetes
	Introduction
	Adaptive and Pro-Apoptotic Responses in Cells under ER Stress
	ER Stress Facilitates the Development of T2DM by Promoting Dysfunction and Apoptosis in β Cells
	Chronic Hyperglycemia Induces ER Stress in β Cells
	Changes in Patterns of miRNA Expression are Linked to the Development and Progression of T2DM
	Discussion and Future Perspectives
	Conclusion
	Author Contributions
	Acknowledgments
	References


