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Abstract: Diabetes is a metabolic disease characterized by hyperglycemia. Over 90% of patients with
diabetes have type 2 diabetes. Pancreatic β-cells are endocrine cells that produce and secrete insulin,
an essential endocrine hormone that regulates blood glucose levels. Deficits in β-cell function and
mass play key roles in the onset and progression of type 2 diabetes. Apoptosis has been considered
as the main contributor of β-cell dysfunction and decrease in β-cell mass for a long time. However,
recent studies suggest that β-cell failure occurs mainly due to increased β-cell dedifferentiation rather
than limited β-cell proliferation or increased β-cell death. In this review, we summarize the current
advances in the understanding of the pancreatic β-cell dedifferentiation process including potential
mechanisms. A better understanding of β-cell dedifferentiation process will help to identify novel
therapeutic targets to prevent and/or reverse β-cell loss in type 2 diabetes.

Keywords: type 2 diabetes; β-cell dedifferentiation; oxidative stress; ER stress; microRNAs; long
non-coding RNAs

1. Introduction

Insulin is a peptide hormone that is essential for controlling blood glucose home-
ostasis. A relative deficiency in insulin and decrease or loss of insulin activity results in
hyperglycemia [1]. Maintaining adequate β-cell mass is important in response to various
fluctuating metabolic demands. β-cell mass is tightly regulated by a balance of β-cell
proliferation, dedifferentiation and death [2–4]. Chronic exposure to high glucose and
lipids concentration leads to β-cell dysfunction through various mechanisms, including
oxidative stress, endoplasmic reticulum (ER) stress and inflammation [2,5]. Continuous
decrease in β-cell function results in β-cell exhaustion and loss of β-cell mass, contributing
to the development of type 2 diabetes mellitus (DM) [6].

Type 2 DM (T2DM) is characterized by impaired insulin secretion due to a gradual
loss of β-cell function and a long-term over-production of insulin to compensate for insulin
resistance [5,7]. T2DM is typically diagnosed in individuals over 30 years of age, and its
incidence increases with advancing age. Both genetic and lifestyle factors may influence
the onset of T2DM [8].

Recent evidence suggests that β-cell dysfunction is the main pathogenic mechanism
involved in diabetes and that it is necessary for the development of T2DM [9]. β-cell failure
is mainly attributed to increased β-cell dedifferentiation rather than restricted β-cell prolif-
eration or increased β-cell death. In support of this, β-cell dedifferentiation characteristics
were observed in mouse pancreatic insulinoma β-cells exposed to high glucose for a long
period but massive cell death did not occur [10]. Similarly, a recent study showed that
β-cells in T2DM patients lose their identity and cell mass, possibly even gaining features
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of other islet cell types indicating that islet remodeling with dedifferentiation is the un-
derlying cause of β-cell dysfunction during the development of T2DM in humans [11].
Despite significant alteration in the β-cell differentiated phenotype and decrease in β-cell
mass in human T2DM, the apoptotic rate of β-cells remains relatively low [11]. Collectively,
growing evidence suggests that β-cell dedifferentiation may be a potential mechanism for
the loss of β-cell function and mass during the development of T2DM.

Mechanistically, due to stress resulting from glucotoxicity, lipotoxicity, or inflammation
in diabetes β-cells degenerate from their mature differentiated state to a dedifferentiated
state through (1) the downregulation of β-cell-enriched genes (such as Glut2, Pdx1, Foxo1,
and MafA), (2) upregulation of β-cell-forbidden genes such as hexokinase [HKI-III] or
Ldha, and (3) induction of progenitor cell-associated genes such as Neurogenin 3 [Ngn3],
L-Myc, Nanog Homeobox [Nanog] octamer-binding transcription factor [Oct4], and POU
domain class 5 transcription factor 1 [Pou5f1] [12,13]. However, the mechanisms underlying
the progression of β-cell dedifferentiation remain to be explored. In this review, we aim
to summarize current knowledge about the underlying mechanisms involved in β-cell
dedifferentiation. In particular, we will focus on the role of key mediators including
inflammatory cytokines, oxidative stress, ER stress, microRNAs and long non-coding RNAs.
Additionally, we will try to indicate controversial research and suggest what research is
needed in the future. Knowledge updates and better understanding can provide novel
directions for research on the design of new and effective T2DM therapeutic interventions.

2. Dedifferentiation of Pancreatic β-Cells

β-Cell dedifferentiation describes the loss of mature/differentiated β-cells features [14]
primarily associated with insulin secretion; it often refers to β-cell degranulation [15–17]
and is potential mechanism of β-cell deficiency in T2DM. The maintenance of pancre-
atic β-cell identity is tightly regulated by many essential transcription factors, including
pancreatic and duodenal homeobox 1 (Pdx1), v-maf musculoaponeurotic fibrosarcoma
oncogene homolog A (MafA), neurogenic differentiation 1 (NeuroD1), NK6 homeobox1
(Nkx6.1), and forkhead box protein O1 (FoxO1) [15,18]. However, certain pathophysiologi-
cal conditions, such as hyperglycemia and hyperlipidemia, trigger β-cell dedifferentiation
via increased oxidative stress, ER stress, and inflammatory cytokines [19]. Subsequently,
other studies have shown that β-cell dedifferentiation or trans-differentiation occurs in
animals and humans with T2DM [12,16,20,21]. β-cell dedifferentiation is mostly medi-
ated by downregulation of β-cell-specific enriched genes such as transcription factors,
insulin, and genes related to glucose metabolism and the upregulation of forbidden genes
in normal β-cells and enriched genes in islet progenitor cells and other mature islet cell
types [19,22]. The activation of these genes lead to loss of β-cell characteristics, such as
insulin synthesis and secretion, thereby resulting in β-cell dysfunction [23]. Moreover,
the rate of β-cell dedifferentiation is positively correlated with the severity of T2DM in
human [24]. However, Butler et al. have reported that β-cell dedifferentiation in T2DM is
quantitatively small and therefore, cannot solely explain the deficit in β-cells [20]. How-
ever, the study was limited to the cross-sectional characterization of human T2DM and it
does not represent the heterogeneity of T2DM. In respect with this reason, it is difficult to
conclude that the role of β-cell dedifferentiation in T2DM is not significant in the loss of
β-cell mass. In addition, β-cell dedifferentiation is a critical determinant of the change in
insulin-to-glucagon ratio in hyperglucagonemia, in patients with T2DM [25] contributing
to uncontrolled hyperglycemia, which further can aggravate progression of T2DM.

Loss of β-cell identity in chronic hyperglycemia was reported in mouse model [26].
In db/db mice and rats with partial pancreatectomy, β-cell dedifferentiation is observed
as the decrease in the differentiation markers such as insulin, Pdx1, and MafA [10,27]. In
addition, the expression of pancreatic progenitor-associated transcription factors such as
Ngn3 and SRY-Box 9 is upregulated in β-cells of middle-aged Wistar rats following partial
pancreatectomy [10]. It has long been accepted that a decrease in pancreatic β-cell mass is
the result of a relatively high β-cell apoptotic rate, compared to the proliferation rate [28].
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Thus, blocking β-cell death and inducing β-cell proliferation is considered a promising
therapeutic strategy for the treatment of T2DM. However, recent studies using lineage-
tracing techniques indicate that the β-cell dedifferentiation is majorly caused by the loss of
β-cell mass, rather than the increase in β-cell death. Specifically, β-cell dedifferentiation
may be a detrimental factor for β-cell dysfunction in the early or middle stages of the
development of diabetes.

3. Trans-Differentiation of Pancreatic β-Cells

Trans-differentiation is defined as the direct conversion of terminally differentiated
cells into other cell types without returning to a progenitor-like state [29]. β-cell trans-
differentiation favoring the increase in the β-cells mass occurs between various cell types:
(1) between α-and β-cells in islets, (2) from duct cells into β-cells, (3) from acinar cells
into β-cells, and (4) from hepatocytes to β-cells [30]. Alloxan and caerulein treatment
induced trans-differentiation of α-cells into β-cells, and further induction into δ cells in
murine and human T1DM [31]. In particular, treatment with dapagliflozin, the sodium-
glucose co-transporter type 2 (SGLT2) inhibitor, induced α-to-β-cell trans-differentiation
and promoted duct-derived β-cell neogenesis partially mediated via glucagon-like peptide-
1 (GLP-1) in mice [32]. Therefore, regeneration of β-cells by inducing trans-differentiation
from other cell types is an attractive therapeutic option for both types of diabetes.

In lentivirus mediated β-cell lineage tracing, primary human β-cells trans-differentiated
into α-cells after β-cell degranulation, without any genetic modification. They are similar
with the native α-cells in their morphology and typical α-cell phenotype [33]. Similarly,
deletion of transcription factors, such as Pdx-1, causes trans-differentiation of β-cells into α-
cells, indicating that trans-differentiation may contribute to the loss of β-cell mass, thereby
inducing β-cell dysfunction [34,35].

These observations remain controversial. The factors and conditions that determine
the direction of the trans-differentiation, remains unknown. Both insulin and glucagon pos-
itive cells are observed in the pancreas of diabetic patients. However, it is not clear whether
it can be attributed to the presence of multi-hormonal cells during normal development or
to the conversion of endocrine cells into β-cells [36,37]. The precise mechanisms underlying
trans-differentiation need to be investigated in humans with diabetes in addition to animal
studies.

4. Potential Mechanisms Regulating β-Cell Dedifferentiation
4.1. Inflammation

The pathology of islets in patients with T2DM is characterized by infiltration of
immune cells, proinflammatory cytokines, chemokines, apoptosis, and amyloid deposits
that induce fibrosis and, at least in part, pancreatic β-cell dysfunction [38,39]. Metabolic
stimuli, such as glucose, free fatty acids, and human amyloid polypeptides, have been
suggested to activate the IL-1β signaling pathway and NLR family pyrin domain containing
3 (NLRP3) inflammasome in pancreatic islets [40,41]. Recently, a comprehensive study of
islets in T2DM patients using Affymetrix microarrays showed an upregulation of a few
cytokines/cytokine receptors (IL-1β, IL7R, and IL17R) and several chemokines/chemokine
ligands (CCL3, CCL8, CXCL2, CXCL11, and CXCL12) [42]. Multiple lines of evidence
and research studies have demonstrated that T-cell and macrophage-derived cytokines
are important contributors to the pathogenesis of T2DM [43,44]. In pancreatic sections
from T2DM donors, IL-1β producing β-cells were observed followed by impaired β-cell
function. Prolonged exposure to low concentrations of IL-1β suppressed the expression
of genes such as insulin, MafA, and Pdx1 that are associated with loss of β-cell identity, as
observed in T2DM [44]. Wang et al., demonstrated that cyclooxygenase-2/prostaglandin E2
(COX-2/PGE2) signaling was involved in the regulation of IL-1β autostimulation in β-cells
and inhibition of COX-2 activity prevented IL-1β induced β-cell dysfunction [45]. Similar
to a previous study [24], a recent study using islets from nondiabetic patients with benign
tumors directly proved that β-cell dedifferentiation can be triggered prior to hyperglycemia
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indicating that inflammation may directly induce β-cell dedifferentiation [46]. In mouse
islets exposed to non-cytotoxic concentrations of IL-1β, the expression of key β-cell identity
genes (e.g., MafA and Ucn3) decreased with a reduction in their transcription activities, as
shown by a decrease in H3K27 acetylation, suggesting that inflammatory cytokines directly
affect the epigenome [47].

IL-1β, a 17 kDa protein, plays a critical role in inflammatory response through its
two receptors, IL-1R1 and IL-1R2, on the cell surface [48]. Binding of IL-1β to its receptor
triggers the formation of a multiprotein complex with the Toll-interacting protein, and
myeloid differentiation primary response gene 88 (MYD88), followed by recruitment
of IL-R1 (IRAK) types 1 and 4. This complex phosphorylates the inhibitor of nuclear
factor kappa-B kinase (IKK) and induces the translocation of NF-κB from the cytosol to
the nucleus [49]. Similar to the its role in type 1 diabetes [50], NF-κB increases cellular
NO production by the expression of inducible nitric oxide synthase, but downregulates
transcription factors (such as Pdx1) associated with differentiation and maintenance of
pancreatic β-cell functions (e.g., insulin synthesis and secretion), indicating that activation
of the NF-κB pathway may be an important driving force for β-cell dedifferentiation,
thereby reducing insulin synthesis and secretion [51]. However, Thierry et al. showed that
IL-1β and TNFα induced β-cell dedifferentiation in mice by a NF-kB pathway-independent
manner [52]. Furthermore, they showed that IL-1β constitutes a more powerful driver
of β-cell dedifferentiation than TNFα [52]. The various effects of these cytokines may be
associated with the high expression level of IL-1Rs in β-cells [53]. However, further studies
should investigate the precise mechanisms under more optimum experimental conditions.

4.2. Oxidative Stress

Oxidative stress is a consequence of an imbalance between cellular antioxidant de-
fenses and the production of reactive oxygen species (ROS) such as hydrogen peroxide
(H2O2) and superoxide. It is well known that oxidative stress reacts with cellular molecules
such as proteins, lipids, and DNA [54,55]. Pancreatic β-cells are particularly susceptible
to ROS due to their relatively low expression of antioxidant enzymes. Thus, increased
ROS production and insufficient endogenous antioxidants result in ROS accumulation and
oxidative stress in β-cells. Elevated ROS levels in β-cells accelerate β-cell dedifferentiation,
and loss of mass and function. In immortalized β-cells (INS-1) exposed to high glucose
and/or palmitate mimicking glucotoxicity and lipotoxicity, respectively, ROS production
was significantly increased, but insulin secretion was decreased via downregulation of
MafA expression [18,56]. In contrast, β-cell-specific overexpression of glutathione peroxi-
dase in db/db mice reversed diabetic symptoms by preserving intranuclear MAFA [57].

ROS are produced in different subcellular locations (e.g., mitochondria, peroxisomes,
and ER) during cellular metabolism [58]. In particular, long-chain free fatty acids (pri-
marily palmitic acid) produce H2O2 in β-cells during peroxisomal and mitochondrial
β-oxidation [59]. Due to lack of the H2O2-inactivating enzyme catalase in β-cell peroxi-
somes, H2O2 formation leads to palmitate-induced oxidative stress [59]. In addition, high
glucose and palmitate levels increase cellular superoxide level via activation of NADPH
oxidase [60,61] and elevate ROS production through various alternative metabolic path-
ways, such as diacylglycerol formation, glucosamine and hexosamine metabolism, and
sorbitol metabolism [62]. Mitochondria, the major site of ROS production, play a central
role in glucose metabolism and insulin secretion in pancreatic β-cells. Thus, defects in
mitochondrial function impair the metabolic functions of β-cells [63]. Oral intake of long-
term oscillating glucose (LOsG) in rodents leads to ROS stress in β-cells, which induces
β-cell dedifferentiation and functional failure by disrupting FOXO1-thioredoxin interacting
protein pathway [12,64,65]. In contrast, administration of the antioxidant glutathione pre-
vented intracellular ROS elevation and LOsG-induced functional failure of dedifferentiated
β-cells [64]. Recently, Daisuke et.al. reported that ROS production directly triggers the
dedifferentiation of β-cells in the islets of β-cell-specific vesicular monoamine transporter
2 knock-out mice [66]. However, it is unclear whether ROS induces β-cell dedifferentiation
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without an intermediate role of inflammatory cytokines. ROS activates the NF-κB pathway,
leading to inflammation and β-cell dysfunction through β-cell dedifferentiation, as men-
tioned in the previous section. Thus, further studies are needed to identify the determinant
or initiating factor for β-cell dedifferentiation under pathological conditions.

4.3. ER Stress

ER is an important organelle in the synthesis and folding of secreted and integral
membrane proteins, Ca2+ storage, and lipid biosynthesis. Accumulation of unfolded or
misfolded proteins in the ER space overwhelms the ER capacity resulting in ‘ER stress’.
During ER stress, downstream signaling pathways known as the unfolded protein response
(UPR) are activated [67–70]. UPR restores ER homeostasis by attenuating protein translation
and alleviating the accumulation of misfolded proteins, promoting ER-associated protein
degradation (ERAD) to remove misfolded proteins and activate signaling pathways that
increase chaperone production, thereby attenuating ER stress [69].

Within β-cells, insulin production and secretion depend on the capacity of the ER. It is
well known that the synthesis of insulin in pancreatic β-cells accounts for up to 50% of the
total protein synthesis. Under diabetic conditions, the high demand for insulin increases
proinsulin protein synthesis, causing ER stress, and activating the UPR as an adaptive
response [71]. This adaptive response to ER stress is very important for maintaining the β-
cell differentiated phenotype. Growing evidence suggests that the failure of adaptive UPR
in the ER of β-cells is linked with β-cell dedifferentiation and loss of β-cell function [72].

Many studies have shown that a variety of factors activate ER stress in β-cells, in-
cluding accumulation of islet amyloid, chronic exposure to high glucose or fatty acids,
and increased levels of proinflammatory cytokines [72–74]. Among them, islet amyloids
are the main inducers of ER stress mediated by human islet amyloid polypeptide (IAPP;
also known as amylin), a 37-amino acid peptide hormone [75]. Under normal conditions,
human IAPP is released into the circulation and excreted by the kidneys [76]. Normally,
human IAPP is soluble and natively unfolded in its monomeric state [77]. Human IAPP
is co-secreted with insulin, and under normal physiological conditions, the amount of
IAPP produced is lower than that of insulin. During T2DM development, the rate of
IAPP production increases as a consequence of hyperinsulinemia. Incorrect processing
of pro-IAPP or misfolding of IAPP leads to its aggregation, forming islet amyloids that
are deposited in the islets of the pancreas in T2DM [77]. Evidence suggests the presence
of extracellular amyloid plaques and distorted β-cells in pancreatic sections from T2DM
donors [78]. Although it is not clear how the inactivation of UPR affects the differentiated
β-cell phenotype, several studies have suggested the role of hypoxia and inflammatory
signaling in UPR inactivation [50,79,80]. Indeed, glucotoxicity induces detrimental effects
through numerous mechanisms, such as hypoxia [22]. Hypoxia is a pivotal cellular event
that inactivates adaptive UPR in T2DM, as shown by an inverse relationship with UPR gene
expression in the islets of db/db mice. In addition, the accumulation of unfolded proteins
in the ER leads to oxidative stress and subsequent damage associated with altered β-cell
differentiation [81]. In contrast, chemical chaperones treatment on glucose-infused rats
reduced islet superoxide anion production and preserved β-cell function [82]. Collectively,
ER-mediated oxidative stress and inflammation may be potential mechanisms associated
with β-cell dedifferentiation and dysfunction. Further studies are needed to verify this and
investigate the crosstalk between the ER and mitochondria.

4.4. MicroRNAs (miRNAs) and Long Non-Coding RNAs (lncRNAs)

MiRNAs are known to regulate gene expression in response to metabolic changes in
pancreatic islets. To date, approximately 50 miRNAs have been identified in islets, some of
which have been reported to be involved in β-cell function and proliferation [83]. In partic-
ular, miR-204, -375, -483, -184, -124, -30, -24, and -7 play important roles in the regulation of
β-cell identity and function in the pancreas [84–92]. For example, miR-204 is the most abun-
dant miRNA in human β-cells and is known to regulate the expression of MafA and GLP-1
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receptors [93,94]. In INS cells and human islets transfected with thioredoxin-interacting
protein, miR-204 expression was elevated, which led to a reduction in insulin synthesis
by directly targeting and downregulating MafA. However, its reduction increases insulin
secretion through GLP-1 receptor upregulation and protects β cells from ER stress [94].
In addition, miR-375 and-7 are involved in β-cell proliferation, thereby increasing β-cell
mass [87]. Inhibition of miR-375 leads to glucose-stimulated insulin secretion by upregula-
tion of β-cell function-related genes, such as myotrophin [87]. In contrast, overexpression
of miR-7 in murine pancreatic islets leads to loss of β-cell identity by suppressing β-cell
function-associated gene expression, including a significant decrease in β-cell transcrip-
tion factors, as well as in insulin synthesis [95]. In a recent study, miR-483 deletion in
mice resulted in β-cell dedifferentiation, as indicated by elevated expression of aldehyde
dehydrogenase family 1, subfamily A3 (Aldh1a3), a marker of β-cell dedifferentiation [96].

LncRNAs are a novel class of functional RNAs that play a critical role in β-cell dif-
ferentiation through various mechanisms including: (1) recruiting epigenetic modifiers,
(2) regulating transcriptional and post-transcriptional stages, and (3) controlling mRNA
degradation. Thus, β-cell-specific lncRNAs regulate β-cell transcriptional networks [97].
Defects in β-cell-specific lncRNAs are a risk factor for the incidence of diabetes in hu-
mans [98]. Indeed, HI-LINC71 (also known as PLUTO) controls Pdx1 expression, a master
regulator of pancreatic development, β-cell differentiation, and maintenance of identity, by
facilitating the binding between the Pdx1 promoter and its enhancer cluster in human islets
and a β-cell line [98]. Therefore, it may be involved in maintaining β-cell identity by regu-
lating the PDX1 dependent transcriptional program [34]. As summarized in Table 1, the
roles of miRNAs and lncRNAs in β-cell dedifferentiation constitute an interesting research
direction for promoting β-cell differentiation, function, or mass in T2DM by upregulating
or antagonizing their cellular function.

Table 1. MicroRNAs potentially associated with pancreatic β-cell dedifferentiation in type 2 diabetes mellitus.

microRNA (miR) Mechanism of Action Models References

miR-7 Regulation of genes associated with β-cell
identity

Transgenic mice overexpressing miR-7a
in β-cells. [90]

miR-24
Regulation of MODY gene regulatory pathway

Regulation of genes associated with β-cell
identity

Overexpression of miR-24 in islets [82]

miR-30 -Targeting in the UTRs of β2/Neuro D
-Targeting mitogen-activated protein 4 kinase 4

-Glucotoxicity-exposed primary rat islets
and INS-1 cells.

-or miR-30 knock-down diabetic mice.
-Overexpression of miR-30 in β-cells

[83,84]

miR-124 Regulation Foxa2-Pdx gene expression
-Overexpressed or down-regulated MIN6

β-cells.
-Human pancreatic islets

[85,86]

miR-184 Inhibition of miR375 MIN6 cells overexpressing miR-184 [87]

miR-204
Inhibition of MafA or

Regulation of genes associated with β-cell
identity

β-cells and islets [88,89]

miR-375 Combination with other β-cell enriched miRNAs β-cells and islets [81]

miR-483 Targeting in the UTRs of aldehyde
dehydrogenase family 1, subfamily A3 (Aldh1a3) miR-483 deletion mice [91]

5. Conclusions

A chronic disease, T2DM, is the consequence of various factors including modern
lifestyle, lack of exercise, and over-consumption of energy-rich diets. The number of people
with diabetes is increasing annually. Many studies have provided evidence that β-cell
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failure is a major contributor to the development and progression of T2DM. Although β-cell
death is known to be one of the mechanisms of β-cell deficiency, β-cell dedifferentiation
and trans-differentiation are considered as the main cellular events that contribute to the
reduction of β-cell mass caused by glucotoxicity and lipotoxicity. It is likely that inflam-
matory cytokines, oxidative stress, ER stress, miRNA, and lncRNAs have complementary
roles (Figure 1).
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Figure 1. Pancreatic β-cell dedifferentiation in type 2 diabetes mellitus. High glucose and lipids
induce inflammation, oxidative stress, and endoplasmic stress, which in turn leads to β-cell dys-
function through β-cell dedifferentiation. MicroRNAs and long non-coding RNAs induce β-cell
dedifferentiation through various mechanisms: (1) recruitment of epigenetic modifiers, (2) regulation
of transcriptional and post-transcriptional stages, (3) control of mRNA degradation. Loss of β-cell
function and mass is a major hallmark of the development of type 2 diabetes.

However, further studies are required to elucidate the link between these media-
tors and to define their detailed mechanisms. In this review, we highlight the current
understanding and mechanisms involved in the induction of β-cell dedifferentiation. A
better understanding of β-cell dedifferentiation will provide opportunities to identify novel
therapeutic targets to prevent or reverse β-cell loss in T2DM. Specifically, redifferentiation
of dedifferentiated β-cells is a potential approach that may potentially contribute to the
restoration of functional β-cell mass.

Author Contributions: P.-P.K., J.-H.L. and H.-S.J. collected the information and wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant from the Basic Science Research Program through
the National Research Foundation of Korea (NRF), funded by the Ministry of Science, ICT & Future
Planning (2019R1A2B5B02070355) and the Korea Health Technology R&D Project through the Korea
Health Industry Development Institute (KHIDI), funded by the Ministry of Health & Welfare,
Republic of Korea (grant number: HI14C1135).

Institutional Review Board Statement: Not applicable

Informed Consent Statement: Not applicable

Conflicts of Interest: The authors declare that there are no conflicts of interest.



Nutrients 2021, 13, 1593 8 of 12

Abbreviations

ER Endoplasmic reticulum
DM Diabetes mellitus
T2DM Type 2 diabetes
Glut 2 Glucose transporter 2
Pdx1 Pancreatic and duodenal homeobox 1
FoxO1 Forkhead box protein O1
MafA V-maf musculoaponeurotic fibrosarcoma oncogene homolog A
HKI-III Hexokinase
Ldha Lactate dehydrogenase A
Ngn3 Neurogenin 3
Oct4 Nanog Homoebox
Pou5f1 POU domain class 5 transcription factor 1
T1DM Type 1 diabetes
SGLT2 Sodium-glucose co-transporter type 2
GLP-1 Glucagon-like peptide-1
IAPP Islet amyloid polypeptide
IL-1β Interleukin-1 beta
NLRP3 NLR family pyrin domain containing 3
IL7R Interleukin 7 receptor
IL17R Interleukin 17 receptor
CCL3 CC chemokine Ligand 3
CCL8 CC chemokine ligand 8
CXCL2 CXC chemokine ligand 2
CXCL11 CXC chemokine ligand 11
CXCL12 CXC chemokine ligand 12
COX-2 Cyclooxygenase-2
PGE2 Prostaglandin E2
Ucn3 Urocortin 3
H3K27 27th amino acid in Histone H3
IL-1R2 Interleukin 1 receptor 2
MYD88 Myeloid differentiation primary response 88
IRAK Interleukin-1 receptor associated kinase
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
IKKs IκB kinases
NO Nitric oxide
ROS Reactive oxygen species
H2O2 Hydrogen peroxide
NADPH Nicotinamide adenine dinucleotide phosphate
LOsG Long-term oscillating glucose
UPR Unfolded protein response
ERAD ER-associated protein degradation
miRNAs MicroRNAs
lncRNAs Long non-coding RNAs
Aldh1a3 Aldenyde dehydrogenase family 1, subfamily A3
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