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Abstract

Diabetes mellitus (DM), currently affecting 463 million people worldwide is a chronic disease characterized by
impaired glucose metabolism resulting from the loss or dysfunction of pancreatic -cells with the former preponder-
ating in type 1 diabetes (T1DM) and the latter in type 2 diabetes (T2DM). Because impaired insulin secretion due to
dysfunction or loss of pancreatic 3-cells underlies different types of diabetes, research has focused its effort towards
the generation of pancreatic 3-cells from human pluripotent stem cell (hPSC) as a potential source of cells to com-
pensate for insulin deficiency. However, many protocols developed to differentiate hPSCs into insulin-expressing
B-cells in vitro have generated hPSC-derived (3-cells with either immature phenotype such as impaired glucose-stim-
ulated insulin secretion (GSIS) or a weaker response to GSIS than cadaveric islets. In pancreatic 3-cells, mitochondria
play a central role in coupling glucose metabolism to insulin exocytosis, thereby ensuring refined control of GSIS.
Defects in 3-cell mitochondrial metabolism and function impair this metabolic coupling. In the present review, we
highlight the role of mitochondria in metabolism secretion coupling in the 3-cells and summarize the evidence accu-
mulated for the implication of mitochondria in 3-cell dysfunction in DM and consequently, how targeting mitochon-
dria function might be a new and interesting strategy to further perfect the differentiation protocol for generation of
mature and functional hPSC-derived B-cells with GSIS profile similar to human cadaveric islets for drug screening or

potentially for cell therapy.
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Introduction

Diabetes mellitus (DM) is a chronic disease character-
ized by impaired glucose metabolism resulting from an
absolute or relative insulin deficiency. The incidence and
prevalence rates of DM are increasing sharply globally.
While there are many different types of diabetes, the two
major types of DM are type 1 diabetes (T1DM) and type
2 diabetes (T2DM). T1DM is characterized by selective
autoimmune destruction of insulin-producing p-cells
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within the endocrine pancreas, the islets of Langerhans,
whereas the more common type, T2DM results from
peripheral tissue insulin resistance and [3-cell dysfunction
[1-3]. According to the 2019 statistics from the Interna-
tional Diabetes Federation (www.idf.org), the worldwide
estimation of adult population with DM was 463 million
and this number is projected to increase in the coming
25 years reaching approximatively 700 million people
by 2040 (IDF Diabetes Atlas 9th edition www.diabetesat
las.org). About 1 in 11 adults worldwide now have DM,
10% of whom have T1DM [4]. More importantly, the
microvascular (retinopathy, nephropathy, neuropathy)
and macrovascular (coronary heart disease, myocardial
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infarction, and stroke) complications associated with DM
are extremely costly and difficult to manage, representing
a major social, medical and financial challenge for both
western and developing countries [5-9]. Current phar-
macological treatments for TIDM mostly rely on daily
exogenous insulin injections to control glycemia or whole
pancreas and islet cell transplantation as an alternative
[10]. The islet transplantation approach is circumscribed
by a serious scarcity of donor tissues and a potential risk
of tissue rejection [11]. Generation of transplantable
human f-cells from human induced pluripotent stem
cells (hiPSCs) is a future goal of stem cell therapeutics.
Moreover, hiPSC-derived B-cells from patients with DM
are also critical to gain a better understanding of the dis-
ease and its progression [12]. To reach that goal, there is
massive effort to efficiently and reproducibly differentiate
hPSCs into insulin-expressing p-cells using multi-stages
directed differentiation protocols that recapitulate the
specific stages of pancreas development. Nevertheless,
differentiation attempts do not always result in functional
insulin-expressing p-cells instead the differented (-cells
show immature phenotype with impaired response to
glucose stimulated insulin secretion (GSIS). Both in vivo
and in vitro studies highlighted key links between mito-
chondrial activity and 83-cell functionality [13, 14]. Inter-
estingly, functional and morphological impairments of
B-cell mitochondria have been associated with insulin
secretory defects in diabetic patients as well as in insulin-
resistant iPSC [15, 16]. Therefore, defects in mitochon-
drial function could contribute to immature phenotypes
observed in hPSC-derived pancreatic -cells.

For T2DM, although the magnitude of the health prob-
lems caused by the disorder is well recognized [17], the
pathogenesis of the disease remains enigmatic. Pioneer-
ing work in the 1960s has demonstrated that T2DM
evolves when [-cells fail to release appropriate amounts
of insulin in response to glucose [18, 19]. Later, sub-
sequent findings have defined T2DM or non-insulin
dependent diabetes as a metabolic syndrome character-
ized by insulin resistance and progressive loss of pancre-
atic B-cell function or both [20, 21]. Currently, defective
insulin secretion emerges as the main culprit patho-
genic factor in T2DM [22], changing, accordingly many
research approaches on the treatment and management
of T2DM. Therefore, a lot of effort is driven towards find-
ing the optimal differentiation protocol for the generation
of hPSC-derived insulin-expressing pancreatic -cells as
a potential source of cells for the future.

There is consensus that mitochondrial metabolism is a
major determinant of insulin secretion from pancreatic
B-cells. More specifically, mitochondria mediate p-cell
responses to extracellular glucose by generating ATP and
initiating a cascade of events culminating in the release
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of insulin, and disruption of mitochondrial oxidative
metabolism impairs GSIS [23, 24]. Mitochondria also
play a critical role in controlling 3-cell mass. Thus, mito-
chondrial dysfunction causes change in mitochondrial
membrane potential, which leads to mitochondria-medi-
ated apoptosis [25]. Available data suggest that increased
apoptosis underlies the loss of -cell mass observed in
islets from both T1IDM and T2DM, impacting negatively
on insulin secretion [26, 27]. Collectively, all these data
suggest mitochondria are main players in impaired insu-
lin secretion. Therefore, it is not surprising that B-cell
mitochondria have become an important target for
DM research. In the present review, we will first briefly
describe the pancreatic islets and p-cells, second illus-
trate the mitochondria and its role in pancreatic B-cell
physiology and then provide current insight on the role
of mitochondria in p-cell dysfunction in DM and conse-
quently, how targeting mitochondria dynamic and func-
tion might be a new and interesting strategy to improve
in vitro differentiation into mature and functional hPSC-
derived pancreatic 3-cells for diabetes therapy.

What is human pancreatic islet of Langerhans?

In 1869, a medical student Paul Langerhans discovered
the existence of clusters of cells in the pancreas, called
islets despite their function was unknown [28]. Mac-
roscopically, the pancreas is an unpaired gland of the
gastrointestinal tract with an elongated shape, a yellow-
ish-pink aspect and a soft to firm consistency depend-
ing on the proportion of fibrosis and fat accumulation in
the organ with mixed exocrine—endocrine function. The
exocrine cells, representing 98% of the pancreas, release
digestive enzymes into the duodenum while the endo-
crine cells (1-2% of the pancreas) that form clusters of
cells called islets of Langerhans, release nutrient-gen-
erated hormones into the portal vein. The adult human
islets contain four major endocrine cell types: a-cells,
[-cells, 5-cells, and y-cells or pancreatic polypeptide cells
and fifth cell type, the Epsilon (¢) or Ghrelin cells that
have recently been described [29] each of which releases
a different hormone (Table 1). Besides expressed hor-
mones, the different islet cell types can also be distin-
guished with specific relevant transcription factors [30]
(Table 1). The islets of Langerhans play a crucial and vital
role in the body because of the scope of this review, we
will focus only on B-cells and its produced hormone (i.e.
insulin) responsible for maintaining glucose homeosta-
sis. B-cells are the most prominent cell type in the islet.
The relative B-cell mass is estimated between 55-75%
depending on the morphometric techniques used, the
type of samples analyzed [31, 32]. The number of B-cells
increases from birth to adulthood [31, 33]. Adult B-cells
are heterogenous with mainly two distinct populations
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Table 1 Different cell types in the adult human endocrine pancreatic islet and their characteristics

Cell types

a-cells B-cells 8-cells y-cells e cells
Hormone secreted Glucagon Insulin Somatostatin Pancreatic polypeptide Ghrelin
Molecular weight (kDa) 35 58 1.5 42 34
Amino acids 29 51 14 36 28
Half-life (min) 8-18 15 1-3 6-7 27-31
Volume % (adult) 30-45 55-75 <10 <10 <1
Specific transcription factors Nkx2.2, Arx, MafB, Pdx1, Nkx6.1, MafA,  Pax4, Pdx1, Nkx2.2, Arx, ?

MafB

Pdx1 pancreatic duodenal homeobox gene 1, Nkx2.2 NK class of homeodomain-encoding genes 2.2, Nkx6.1 NK class of homeodomain-encoding genes 6.1, MafA
V-maf musculoaponeurotic fibrosarcoma oncogene family protein A, MafB V-maf musculoaponeurotic fibrosarcoma oncogene family protein B, Arx aristaless paired-

class homeobox gene, Pax4 paired homeodomain factor 4, ?: not determined yet

identified: the “leader” B-cells representing less than 10%
of total B-cells, with pacemaker properties and the ‘fol-
lower’ B-cells (>90%) [34]. B-cells synthesize and secrete
insulin, a 51-aminoacid peptide that is essential for cel-
lular nutrient uptake. Insulin has a strong hypoglycemic
action and its discovery by Frederick Banting in 1920 has
tremendously paved our understanding of diabetes from
the ancient Egyptians and its clinical application was
one of the major medical breakthroughs of the twentieth
century.

Structure of mitochondria: a unique

and powerhouse of the cell

Mitochondrion is a double-membrane-bound intracellu-
lar organelle present in most of the eukaryotic cells. One
eukaryotic cell contains hundreds of mitochondria [35].
Mitochondria are termed the powerhouses of the cell
as they produce most of the energy or ATP required by
the cell. They have their own circular genome (mtDNA)
which carries only 37 genes from which 13 genes are
coding for proteins of the electron transport chains of
the oxidative phosphorylation (OXPHOS) and the rest
are coding for the 2 rRNA and the 22 tRNA [36]. Mito-
chondrial DNA is maternally inherited and replicated
independently of the host genome but the great majority
of the proteins regulating mitochondrial structure, bio-
genesis and function are encoded by the nuclear genome
and imported into the mitochondria. For example, the
transcription and replication of mtDNA is regulated
by the mitochondrial transcription factor A (TFAM),
which is encoded by the nucleus DNA [37], indicating a
clear complex and bidirectional regulation between the
nucleus and the mitochondria. Mitochondria has diame-
ter of ~0.5 to 1 um, but their size and structure vary con-
siderably both between different cell types and within the
cell [38]. Also, the number of mitochondria in a mam-
malian cell vary widely by organism, tissue, and cell type.

For example, a mature red blood cell has no mitochon-
dria [39], whereas some somatic cells (fibroblast cells),
contain >2000 mitochondria [40]. The mitochondrion is
structurally composed of four compartments that carry
out specialized functions. These compartments include:
(i) the outer membrane, which contains a large number
of integral protein structures called porins that allows
ions and small molecules to freely diffuse, (ii) the inter-
membranous space, where protons are accumulated
and generate an electrochemical gradient, (iii) the inner
membrane, which is freely permeable only for oxygen,
CO, and H,0. It also allows the transport of adenosine
triphosphate (ATP) and contains subunit complexes of
the electron transport chains; and (iv) the matrix where
oxidation of pyruvate and fatty acids and the tricarboxylic
acid (TCA) cycle occur. The presence of cristae formed
by infoldings of the inner membrane gives mitochondria
its characteristic morphology. Mitochondria are highly
dynamic organelles, and their morphology is regulated
by cycles of fusion and fission, collectively termed mito-
chondrial dynamics [41]. Mitochondria serve a number
of roles in different cellular processes, with the most sig-
nificant one of which is that of energetic powerhouses for
cellular activities [42].

Consensus model of mitochondria and glycolysis
cooperation in glucose-stimulated insulin
secretion
Glucose is an essential metabolic substrate and a major
source of energy for almost all mammalian cells includ-
ing pancreatic B-cells. Pancreatic p-cells sense changes
in blood glucose and other secretagogues such as neuro-
transmitters and circulating hormones and adjust insulin
secretion according to the needs of our bodies.

In healthy B-cells, glucose sensing is largely controlled
by the activity of glucokinase [43] and mitochondrial
oxidative ATP production [44, 45]. Therefore, a tight
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coupling between glucose metabolism and insulin exo-
cytosis is required to physiologically modulate the secre-
tory response. Ultrastructural examination of the -cell
has suggested that the mitochondria are often in close
proximity to the secretory insulin granules that may facil-
itate metabolism—secretion coupling [46]. Glucose enters
[-cells by facilitated diffusion through the glucose trans-
porter (GLUT2 in rodents; mainly GLUT1 in humans)
and is retained inside the cell through its phosphoryla-
tion by glucokinase, thereby initiating glycolysis [47] with
pyruvate as the main end product due to extremely low
lactate dehydrogenase activity in B-cells [48], as opposed
to most tissues. Pyruvate is imported into mitochondria,
where it feeds the tricarboxylic acid (TCA) cycle. TCA
cycle activation induces transfer of electrons from TCA
cycle intermediates to the respiratory chain via NADH
and FADH, and subsequently ATP production via oxida-
tive phosphorylation (OXPHOS) which leads to increase
in cytosolic ATP/ADP ratio. This closes the ATP-sensi-
tive K channels, producing a membrane depolarization
that opens voltage-dependent Ca’>" channels: the influx
of calcium increases cytosolic Ca®' that triggers insulin
exocytosis (Fig. 1). This so-called classical K rp channel-
dependent pathway is the best characterized mechanism
underlying the model for coupling of mitochondria and
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glycolysis cooperation in GSIS in pancreatic -cells. Fur-
thermore, the paramount role of mitochondria in GSIS
is demonstrated by the substantial positive correlation
between mitochondrial membrane potential (AY,,) and
GSIS [49] as well as by complete inhibition of GSIS when
OXPHOS is suppressed [50]. Interestingly, evidence has
shown that at a subthreshold glucose level, the {-cell
K, rp channel is open leading to hyperpolarization of
cell membrane and closure of voltage-gated Ca®>" chan-
nels, preventing thus insulin secretion [51]. In response
to a high blood glucose concentration, B-cell K,rp chan-
nel-dependent insulin exocytotic machinery is initiated
(Fig. 2). Evidence has indicated that glucose can amplify
insulin secretion independently of K,rp channels [52].
Molecules involved in the K,;p channel-independent
stimulation of insulin secretion are Reactive Oxygen Spe-
cies (ROS), glutamate, citrate and malate, and cAMP,
NADPH, long chain acyl-CoA derivatives [53-56]. These
molecules called metabolic coupling factors cannot
induce insulin secretion by themselves but are thought
to amplify insulin secretion. Their role in the elevation of
cytosolic Ca*" goes beyond the generation of ATP neces-
sary for GSIS. Moreover, in the absence of glucose, fatty
acids may be metabolized to generate ATP and main-
tain basal levels of insulin secretion [57, 58]. Fatty acids
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Fig. 1 Schematic overview of the consensus model of mitochondria and glycolysis cooperation in glucose-stimulated insulin secretion (GSIS).
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Glucose is phosphorylated by glucokinase and converted to pyruvate by glycolysis. Pyruvate preferentially enters the mitochondria and fuels the
TCA cycle, resulting in the transfer of reducing equivalents to the respiratory chain, leading to hyperpolarization of the mitochondrial membrane
(AWm1) and generation of ATP. Subsequently, closure of KATP- channels depolarizes the cell membrane (A%c|). This opens voltage-gated Ca’*+
channels, raising the cytosolic Ca’* concentration, which triggers insulin exocytosis. ER-mitochondria interaction has been proposed to participate
in the metabolism-secretion coupling. Ca2t is transferred from ER to mitochondria through inositol 1,4,5-trisphosphate receptor (IP3R) and
voltage-dependent anion channel 1 (VDACT)
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Fig. 2 Overview of low glucose and high glucose-stimulated insulin secretion. At basal levels of blood glucose (left panel), the ATP-sensitive K*
channels (K,p channels) in pancreatic B-cells remain open, maintaining membrane hyperpolarization, Ca?* channel closure and inhibiting insulin
secretion. A rise in blood glucose (right panel) induces oxidative phosphorylation and ATP production, resulting in the closure of K,y channels,
plasma membrane depolarization, calcium influx leading to increased cytosolic Ca?* that triggers insulin exocytosis: a so-called classical Kypp

appear to freely diffuse into pancreatic -cells through
the plasma membrane [59] where they are transformed
in long-chain acyl-CoA, by acyl-CoA synthase (ACS),
and enter the mitochondria via Carnitine Palmitoyl
Transferase 1 (CPT-1) for p-oxidation [59]. The result-
ing acetyl-CoA is subsequently oxidized in the TCA cycle
to generate ATP sufficient for B-cell survival, and basal
insulin secretion. When the extracellular glucose concen-
tration is increased, fatty acid oxidation is inhibited, gly-
colysis takes place [60, 61]. However, the effects of fatty
acids on GSIS are directly correlated with chain length
and the degree of unsaturation, where long-chain fatty
acids (such as palmitate or linoleate) acutely improve, but
chronically reduce insulin release in response to glucose
stimulation.

B-cell mitochondria in diabetes mellitus

Mitochondrial dysfunction is an important contributor
to human pathology and it is estimated that mutations
of mitochondrial DNA (mtDNA) cause approximately
up to 1% of all types of diabetes mellitus [62], and often
unrecognized by clinicians. In pancreatic B-cells, mito-
chondria play a central role in coupling glucose metabo-
lism to insulin exocytosis, thereby ensuring strict control
of GSIS. Therefore, any defects in mitochondrial func-
tion impair this metabolic coupling, and ultimately pro-
mote DM. Interestingly, functional and morphological
impairments of 3-cell mitochondria have been implicated

as a key factor in insulin secretory defects associated
with DM [15]. In INS-1 cells, exposure to 2 pM of inor-
ganic arsenic, one of the most widespread environmen-
tal diabetogens according to epidemiological studies,
diminishes GSIS by inhibiting oxygen-dependent mito-
chondrial metabolism without altering non-mitochon-
drial respiration [63]. A pivotal role of mitochondria
in the pathogenesis of DM is supported by the findings
that mtDNA mutations in humans, as well as pancreatic
-cell-specific knockout of TFAM in mouse, cause dia-
betes [62, 64]. Interestingly, ex-vivo physiological stud-
ies of metabolism secretion coupling performed in islets
isolated from 7—-9-week old TFAM-mutant mice showed
reduced hyperpolarization of the mitochondrial mem-
brane potential (A¥,,), impaired Ca*" signaling and low-
ered GSIS [62]. Moreover, mouse pancreatic p-cell line,
MING6 with mtDNA depletion are glucose unresponsive,
displayed impaired insulin secretion induced by glu-
cose, leucine, and sulfonylureas and are characterized by
defective mitochondria [65-67] indicating the involve-
ment of the mitochondrial dysfunction induced by
depleted mtDNA in impaired GSIS. Indeed, the impact
of mitochondrial DNA mutations is most pronounced in
tissues with a low mitotic rate and high ATP production,
such as islet cells. Pathophysiologically, there are in total
54 known mtDNA mutations (deletions, substitutions
and point mutations) implicated in diabetes development
[68]. Among these, the most frequently encountered is
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the A to G substitution at position bp3243 (A3243G) in
a gene encoding for tRNA of leucine [69]. Patients with
this mutation have impaired GSIS. The disease is mater-
nally inherited due to the transmission mode of mtDNA
affecting approximately 1% of the general population
[69] and up to 10% in T1DM patients [70]. In spite the
mechanism underlying the A3243G mutation-induced
maternal diabetes is not fully understood, most studies
pointed out that B-cell dysfunction and impaired insu-
lin secretion become the most prominent character-
istics than the insulin resistance in these patients [71].
Moreover, A3243G point mutation results in decreased
O, consumption and ATP generation associated with
altered mitochondrial morphology [72]. Furthermore,
point mutations of the glucokinase (GCK) gene leads to
Type 2 Maturity Onset Diabetes of the Young (MODY2),
a monogenic diabetes inherited in an autosomal domi-
nant mode [73]. GCK (hexokinase IV), a glucose sensor
expressed in pancreatic B-cells, is a key enzyme in glu-
cose metabolism catalyzing the conversion of glucose
to glucose-6-phosphate and thus controls GSIS. Stud-
ies have reported that diminished B-cell GCK activity is
primarily responsible for the hyperglycemia in MODY2
as mice lacking GCK specifically in B-cells are pheno-
typically similar to animals with a global GCK knock-out
[74]. These mice either globally deficient in GCK, or lack-
ing GCK only in B-cells, die within 3 days of birth from
severe diabetes. Besides MODY2, MODY3, the most
common form of this inherited disease, has been linked
to mutations in the transcription factor hepatocyte
nuclear factor-1 alpha (HNF1 alpha). HNF1-a controls
multiple genes implicated in pancreatic -cell function
and notably in metabolism-secretion coupling. Dele-
tion of the HNF-1a gene in mice results in diabetes [75].
Mechanistically, in p-cells, mutations of HNF-1a gene
leads to impaired nutrient-evoked mitochondrial ATP
production, mitochondrial membrane potential and
reduced intracellular Ca®" and subsequently dysfunc-
tional GSIS [76, 77].

Mitochondria are highly dynamic organelles that func-
tion as heterogeneous networks. Their morphology is
regulated by coordinated cycles of fusion and fission,
collectively referred as “mitochondrial dynamics” [78].
Proteins that regulate mitochondrial fusion and fission
have been identified. In mammals, fusion is regulated
mainly by mitofusin 1 (Mfnl), mitofusin 2 (Mfn2), and
optic atrophy protein 1 (Opal) while fission is mediated
by Fisl, Drpl and mitochondrial membrane fission fac-
tor (MFF) [79-81]. Mitochondrial dynamics have been
reported to contribute to mitochondrial quality control
and function in a number of systems including pan-
creatic p-cells [82, 83]. The implication of mitochon-
drial dynamics in maintaining B-cell mitochondrial
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homeostasis resulted from study showing impaired
mitochondrial morphology in animal models of diabe-
tes [54]. Recent data suggest that B-cells normally con-
tain a filamentous network of mitochondria, but when
mitochondria become chronically fused or fragmented,
GSIS is impaired [84] [85]. Additionally, abnormal mito-
chondrial dynamic was observed in pancreatic B-cells
postmortem from T2D patients [15]. The role of mito-
chondrial dynamics proteins in the regulation of B-cell
function has been investigated by using genetic tools in
[-cell lines [86]. Thus, overexpression of Drpl or Fisl in
INS-1 cells reduced GSIS [85, 87]. In spite the molecular
mechanisms remain not fully understood yet, these stud-
ies highlighted the pivotal role on how changes in mito-
chondrial dynamics and morphology affect pathways that
influence pancreatic B-cells insulin secretory function.
Understanding the molecular mechanisms controlling
mitochondrial dynamics is crucial to decipher how mito-
chondrial shape meets or correlates with -cell function.

ER-mitochondria communication in the control

of GSIS

Inter-organelle communication is an emerging aspect
of cell biology, and the nature of this network has been
reported to allow the adaptations of metabolism accord-
ing to cellular needs. Importantly, ER and mitochon-
dria are no longer considered as individual organelles in
the cell as they physically interact in a highly dynamic
and regulated manner, forming specific microdomains,
termed mitochondria-associated membranes (MAM)
[88]. Organelle contact site does not involve membrane
fusion but is mediated through “protein bridges” [89].
It is well established that MAM play a central role in
cellular Ca?" homeostasis [90, 91] and more recently,
ER-mitochondria interactions have been shown to poten-
tially regulate several aspects of mitochondria functions,
including mitochondria dynamics, oxidative metabolism
[91, 92] and apoptosis [93]. Most of these functions are
intimately connected to the Ca?" status of mitochon-
dria, since Ca?" transferred from ER to mitochondria
is pivotal for the regulation of mitochondrial energy
metabolism (as three enzymes of TCA cycle are Ca*"
dependent), thus influencing ATP synthesis: the inhibi-
tion, or the absence of the transfer causes a decrease in
ATP levels [94]; therefore, MAM could be viewed as an
important hub for hormonal and nutrient signalling in
many organs. Until the last decades, the most described
functions of ER-mitochondria interactions are lipid bio-
synthesis, pointing at a role of MAM in lipid metabolism
[95-97]. Importantly, alterations of the ER-mitochon-
dria coupling leading to disruption of lipid homeostasis
have been commonly associated with the pathogenesis
of metabolism-related diseases such as obesity, T2DM,
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non-alcoholic fatty liver disease (NAFLD) [98—100]. This
subcellular communication has now been integrated to
the involvement of ER and mitochondria in DM. In this
regard, recent evidence reports an association between
ER-mitochondria miscommunication and B-cell dys-
function in diabetic patients [101]. Mechanistically,
ER-mitochondria miscommunication promotes mito-
chondrial dysfunction, ER stress, altered Ca?" homeosta-
sis and subsequently leads to alterations of both insulin
action and secretion in DM [102]. Furthermore, induc-
tion of ER stress by treatment with palmitate significantly
reduced ER-mitochondria crosstalk and altered GSIS in
the murine Min6-B1 B-cell line [101]. Collectively, this
evidence highlights the importance of MAM in nutri-
ent-regulated signaling pathways in the control of glu-
cose and insulin homeostasis and suggests that targeting
MAM structure and function could be a novel strategy
for the management of DM and generation of fully func-
tional hPSC-derived f-cells.

Role of mitochondria in the functionality

of hiPSC-derived pancreatic cells

[B-cells are known to facilitate glucose-stimulated insulin
secretion (GSIS) through increased mitochondrial oxida-
tive ATP production [54, 103], indicating that increased
mitochondrial activity is a cellular component required
for GSIS. Whereas the role of pancreatic B-cell mito-
chondria in impaired GSIS and DM is well established,
its role in the maturation and functionality of hPSC-
derived pancreatic B-cells remains poorly understood.
Current pharmacological treatments for TIDM mostly
rely on daily injections of exogenous insulin to control
glycemia or whole pancreas and islet cell transplantation
as an alternative [10]. The islet transplantation approach
is circumscribed by a serious scarcity of donor tissues
and a potential risk of tissue rejection [11]. Generation
of transplantable human f-cells from human pluripo-
tent stem cells, such as embryonic stem cells (hRESC) and
induced pluripotent stem cells (hiPSC), is an ultimate
goal of stem cell therapeutics. However, most of hPSC-
derived pB-cells (insulin-expressing [-cells) generated
from in vitro differentiation protocols express known
adult B-cell markers but are not fully functionally mature
[34]. A large number of studies have found that many
transcription factors such as PDX1, NKX6.1, MAFA
play important roles in the process of functional matura-
tion of immature -cells [104]. The absence or abnormal
expression of any of these key factors leads to generation
of hPSC-derived [-cells that resemble fetal cells with
immature phenotype [104]. Functionally, the immatu-
rity of mitochondrial NADH shuttles contributes to the
inability of fetal, newborn, and newly regenerated p-cells
to secrete insulin in response to glucose [105]. NADH
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shuttle system is essential for coupling glycolysis with the
activation of mitochondrial energy metabolism to trig-
ger GSIS. As mitochondria plays an important and cru-
cial role in B-cells function, it is possible that functionally
defective mitochondria NADH shuttle system underlies
the generation of immature and non-functional differen-
tiated hPSC-derived f-cells. Also, all insulin-expressing
hPSC-derived B-cells obtained in vitro do not fully reca-
pitulate the biphasic insulin secretion in vitro observed
with human cadaveric islets. They do not achieve an
in vitro GSIS response equivalent to that of cadaveric
islets in terms of the magnitude of insulin secretion [106].
In cadaveric islet, the response to glucose challenge
was approximately tenfold higher than basal secretion,
whereas only 2.2-fold increased was observed in hPSC-
derived p-clusters in spite of equal amount of mitochon-
drial mass per cell [106], suggesting that differentiated
hPSC-derived [B-cells might have metabolically dysfun-
tional mitochondria. Interestingly, reduced anaplerotic
cycling in the mitochondria has been identified as an
underlying mechanism associated with reduced GSIS in
hPSC-derived PB-cells [106]. Therefore, proper mitochon-
drial function is a cornerstone of p-cell stimulus secre-
tion coupling. B-cells are known to functionally mature
postnatally, including acquiring the ability to properly
secrete insulin in response to glucose [107, 108]. Consist-
ently, islets isolated from neonatal mice showed impaired
GSIS [109] likely attributed to a generalised low activ-
ity and expression of the key metabolic genes including
mitochondrial membrane shuttles (glycerol phosphate,
malate—aspartate, pyruvate—citrate and pyruvate—malate
shuttles), through which glycolysis-derived NADH is
reoxidised. Additionally, increasing NADH shuttle activ-
ity in fetal rat islets using mitochondrial glyceraldehyde
3-phosphate dehydrogenase (GPDH) ¢cDNA significantly
improved GSIS [105]. This indicates that the immatu-
rity of the NADH shuttles contributes to impaired GSIS
observed in fetal B-cells. Moreover, induction of ERRY,
one of the three paralogs of the estrogen-related recep-
tors (ERRs), known to drive a transcriptional network
activating mitochondrial oxidative phosphorylation, the
electron transport chain, and ATP production required
for GSIS improved insulin secretion in neonatal islets
as well as in iPSC-derived B-like cells [109]. In addition,
exenatide, a GLP-1 analog, has been recently reported to
enhance GSIS in Friedreich ataxia patient-specific iPSC
through its mitochondrial function promoting effect
[110]. These results strongly suggest a key role for met-
abolically active mitochondria in the induction of func-
tional p-cells. Most differentiation protocols [111] that
attempt to mimic developmental events used small mole-
cules to either activate or repress key transcriptional fac-
tors for lineage specification signals may be insufficient to
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fully promote differentiation and maturity. Indeed, other
factors required for GSIS such as induction of metaboli-
cally active mitochondria may also be needed for matu-
ration to achieve functionality of hPSC-derived (-cells
in vitro. Collectively, all these findings suggest that tar-
geting mitochondrial function may be the missing puz-
zle piece to further perfect the differentiation protocol
for generation of mature and functional hPSC-derived
[-cells with GSIS profile similar to human cadaveric islets
for drug screening or potentially for cell therapy in the
future.

Conclusion

Multiple mechanisms are involved in impaired insulin
secretion associated with diabetes mellitus due to either
dysfunction or loss of pancreatic B-cells. However, evi-
dence suggests that dysfunction in 3-cell mitochondrial
metabolism and function contributes to insulin secre-
tory defects in diabetic patients. In this review we high-
light the role of mitochondrial f3-cell in coupling glucose
metabolism to insulin exocytosis and summarize recent
progress for the implication of mitochondria in [-cell
dysfunction in defective insulin secretion in DM as well
as in generated in vitro hPSC-derived {3-cells with imma-
ture phenotype. Therefore, for research focused on devel-
oping p-cell replacement strategies for potential diabetes
therapy or drug screening, targeting mitochondria func-
tion might be a new and interesting approach to further
perfect the differentiation protocol for generation of
mature and functional hPSC-derived B-cells with GSIS
profile similar to human cadaveric islets.

Acknowledgements
Not applicable.

Authors’ contributions

AD wrote the manuscript, NAA draw the figures, RA, searched the literature
and edited the manuscript, HHAAA reviewed and edited the manuscript. All
authors read and approved the final manuscript.

Funding

Open Access funding provided by the Qatar National Library. This work was
supported by Qatar Biomedical Research Institute, Hamad Bin Khalifa Univer-
sity, Qatar foundation intramural grant (BRO1) to Dr. Heba H. A A Al-Siddiqi.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have reviewed the final version of the manuscript and approved it
for publication.

Competing interests
All authors declare that they have no competing interests.

Page 8 of 10

Received: 19 January 2022 Accepted: 1 March 2022
Published online: 09 April 2022

References:

1. Atkinson MA, Bluestone JA, Eisenbarth GS, Hebrok M, Herold KC, Accili
D, Pietropaolo M, Arvan PR, Von Herrath M, Markel DS, Rhodes CJ. How
does type 1 diabetes develop?: the notion of homicide or beta-cell
suicide revisited. Diabetes. 2011,60:1370-9.

2. PrayGod G, Filteau S, Range N, Kitilya B, Kavishe BB, Ramaiya K, Jeremiah
K, Rehman AM, Changalucha J, Olsen MF, et al. beta-cell dysfunction
and insulin resistance in relation to pre-diabetes and diabetes among
adults in north-western Tanzania: a cross-sectional study. Trop Med Int
Health. 2021;26:435-43.

3. Eizirik DL, Pasquali L, Cnop M. Pancreatic beta-cells in type 1 and type
2 diabetes mellitus: different pathways to failure. Nat Rev Endocrinol.
2020;16:349-62.

4. Zheng, Ley SH, Hu FB. Global aetiology and epidemiology of
type 2 diabetes mellitus and its complications. Nat Rev Endocrinol.
2018;14:88-98.

5. Maric-Bilkan C. Sex differences in micro- and macro-vascular complica-
tions of diabetes mellitus. Clin Sci (Lond). 2017;131:833-46.

6. Dal Canto E, Ceriello A, Ryden L, Ferrini M, Hansen TB, Schnell O, Standl
E, Beulens JW. Diabetes as a cardiovascular risk factor: an overview of
global trends of macro and micro vascular complications. Eur J Prev
Cardiol. 2019;26:25-32.

7. Bommer C, Heesemann E, Sagalova V, Manne-Goehler J, Atun R,
Barnighausen T, Vollmer S. The global economic burden of diabetes
in adults aged 20-79 years: a cost-of-iliness study. Lancet Diabetes
Endocrinol. 2017;5:423-30.

8. Pradeepa R, Mohan V. Prevalence of type 2 diabetes and its compli-
cations in India and economic costs to the nation. Eur J Clin Nutr.
2017;71:816-24.

9. Bener A Kim EJ, Mutlu F, Eliyan A, Delghan H, Nofal E, Shalabi L, Wadi
N. Burden of diabetes mellitus attributable to demographic levels in
Qatar: an emerging public health problem. Diabetes Metab Syndr.
2014;8:216-20.

10.  Pickup JC. Insulin-pump therapy for type 1 diabetes mellitus. N Engl J
Med. 2012;366:1616-24.

11. Matsumoto S, Shimoda M. Current situation of clinical islet transplanta-
tion from allogeneic toward xenogeneic. J Diabetes. 2020;12:733-41.

12. Maxwell KG, Millman JR. Applications of iPSC-derived beta cells from
patients with diabetes. Cell Rep Med. 2021;2:100238.

13. El-Assaad W, Joly E, Barbeau A, Sladek R, Buteau J, Maestre |, Pepin E,
Zhao S, Iglesias J, Roche E, Prentki M. Glucolipotoxicity alters lipid par-
titioning and causes mitochondrial dysfunction, cholesterol, and cera-
mide deposition and reactive oxygen species production in INS832/13
ss-cells. Endocrinology. 2010;151:3061-73.

14.  Kwak SH, Park KS. Role of mitochondrial DNA variation in the pathogen-
esis of diabetes mellitus. Front Biosci (Landmark Ed). 2016,21:1151-67.

15. Anello M, Lupi R, Spampinato D, Piro S, Masini M, Boggi U, Del Prato S,
Rabuazzo AM, Purrello F, Marchetti P. Functional and morphological
alterations of mitochondria in pancreatic beta cells from type 2 diabetic
patients. Diabetologia. 2005;48:282-9.

16. Burkart AM, Tan K, Warren L, lovino S, Hughes KJ, Kahn CR, Patti ME.
Insulin resistance in human iPS cells reduces mitochondrial size and
function. Sci Rep. 2016;6:22788.

17. American Diabetes Association. Economic consequences of diabetes
mellitus in the US. Diabetes Care. 1998;21:296-309.

18. Bagdade JD, Bierman EL, Porte D Jr. The significance of basal insulin
levels in the evaluation of the insulin response to glucose in diabetic
and nondiabetic subjects. J Clin Invest. 1967,46:1549-57.

19.  Simpson RG, Benedetti A, Grodsky GM, Karam JH, Forsham PH. Early
phase of insulin release. Diabetes. 1968;17:684-92.

20. Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease.
Nat Rev Immunol. 2011;11:98-107.

21. Elsayed AK, Vimalraj S, Nandakumar M, Abdelalim EM. Insulin resistance
in diabetes: The promise of using induced pluripotent stem cell tech-
nology. World J Stem Cells. 2021;13:221-35.



Diane et al. Journal of Translational Medicine

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35

36.

37

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2022) 20:163

Ashcroft FM, Rorsman P. Diabetes mellitus and the beta cell: the last ten
years. Cell. 2012;148:1160-71.

Nicholas LM, Valtat B, Medina A, Andersson L, Abels M, Mollet |G, Jain D,
Eliasson L, Wierup N, Fex M, Mulder H. Mitochondrial transcription fac-
tor B2 is essential for mitochondrial and cellular function in pancreatic
beta-cells. Mol Metab. 2017,6:651-63.

Mulder H. Transcribing beta-cell mitochondria in health and disease.
Mol Metab. 2017;6:1040-51.

Xiong S, MuT, Wang G, Jiang X. Mitochondria-mediated apoptosis in
mammials. Protein Cell. 2014;5:737-49.

Moin ASM, Butler AE. Alterations in beta cell identity in type 1 and type
2 diabetes. Curr Diab Rep. 2019;19:83.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC. Beta-cell
deficit and increased beta-cell apoptosis in humans with type 2 diabe-
tes. Diabetes. 2003;52:102-10.

Barach JH. Paul Langerhans, 1847-1888. Diabetes. 1952;1:411-3.
Wierup N, Svensson H, Mulder H, Sundler F. The ghrelin cell: a novel

developmentally regulated islet cell in the human pancreas. Regul Pept.

2002;107:63-9.

Dassaye R, Naidoo S, Cerf ME. Transcription factor regulation of pancre-
atic organogenesis, differentiation and maturation. Islets. 2016;8:13-34.
Walker JT, Saunders DC, Brissova M, Powers AC. The human islet: mini-
organ with mega-impact. Endocr Rev. 2021;42:605-57.

Wang YJ, Traum D, Schug J, Gao L, Liu C, Consortium H, AtkinsonPowers
MAAC, Feldman MD, Naji A. Multiplexed in situ imaging mass cytom-
etry analysis of the human endocrine pancreas and immune system in
type diabetes. Cell Metab. 2019. https://doi.org/10.1016/j.cmet.2019.01.
003.

Meier JJ, Butler AE, Saisho Y, Monchamp T, Galasso R, Bhushan A, Rizza
RA, Butler PC. Beta-cell replication is the primary mechanism subserv-
ing the postnatal expansion of beta-cell mass in humans. Diabetes.
2008;57:1584-94.

Bourgeois S, Sawatani T, Van Mulders A, De Leu N, Heremans Y, Heim-
berg H, Cnop M, Staels W. Towards a functional cure for diabetes using
stem cell-derived beta cells: are we there yet? Cells. 2021;10:191.

Okie JG, Smith VH, Martin-Cereceda M. Major evolutionary transitions
of life, metabolic scaling and the number and size of mitochondria and
chloroplasts. Proc Biol Sci. 2016;283:20160611.

Wallace DC. Mitochondrial diseases in man and mouse. Science.
1999;283:1482-8.

Bonekamp NA, Jiang M, Motori E, Garcia Villegas R, Koolmeister C,
Atanassov |, Mesaros A, Park CB, Larsson NG. High levels of TFAM repress
mammalian mitochondrial DNA transcription in vivo. Life Sci Alliance.
2021;4:2202101034.

Shami GJ, Cheng D, Verhaegh P, Koek G, Wisse E, Braet F. Three-dimen-
sional ultrastructure of giant mitochondria in human non-alcoholic
fatty liver disease. Sci Rep. 2021;11:3319.

Zhang ZW, Cheng J, Xu F, Chen YE, Du JB, Yuan M, Zhu F, Xu XC, Yuan

S. Red blood cell extrudes nucleus and mitochondria against oxidative
stress. IUBMB Life. 2011;63:560-5.

Bogenhagen DF. Mitochondrial DNA nucleoid structure. Biochim
Biophys Acta. 2012;1819:914-20.

Giacomello M, Pyakurel A, Glytsou C, Scorrano L. The cell biol-

ogy of mitochondrial membrane dynamics. Nat Rev Mol Cell Biol.
2020;21:204-24.

Papa S, Martino PL, Capitanio G, Gaballo A, De Rasmo D, Signorile A,
Petruzzella V. The oxidative phosphorylation system in mammalian
mitochondria. Adv Exp Med Biol. 2012;942:3-37.

Matschinsky FM, Wilson DF. The central role of glucokinase in glucose
homeostasis: a perspective 50 years after demonstrating the presence
of the enzyme in islets of Langerhans. Front Physiol. 2019;10:148.
Maechler P Mitochondrial function and insulin secretion. Mol Cell
Endocrinol. 2013;379:12-8.

Wiederkehr A, Wollheim CB. Mitochondrial signals drive insulin secre-
tion in the pancreatic beta-cell. Mol Cell Endocrinol. 2012;353:128-37.
Wollheim CB. Beta-cell mitochondria in the regulation of insulin secre-
tion: a new culprit in type Il diabetes. Diabetologia. 2000;43:265-77.
lynedjian PB. Molecular physiology of mammalian glucokinase. Cell Mol
Life Sci. 2009;66:27-42.

Sekine N, Cirulli V, Regazzi R, Brown LJ, Gine E, Tamarit-Rodriguez J,
Girotti M, Marie S, MacDonald MJ, Wollheim CB, et al. Low lactate

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68

69.

Page 9 of 10

dehydrogenase and high mitochondrial glycerol phosphate dehydro-
genase in pancreatic beta-cells. Potential role in nutrient sensing. J Biol
Chem. 1994;269:4895-902.

Spacek T, Santorova J, Zacharovova K, Berkova Z, Hlavata L, Saudek

F, Jezek P. Glucose-stimulated insulin secretion of insulinoma INS-1E
cells is associated with elevation of both respiration and mitochondrial
membrane potential. Int J Biochem Cell Biol. 2008;40:1522-35.

Mishra A, Liu S, Promes J, Harata M, Sivitz W, Fink B, Bhardwaj G, O'Neill
BT, Kang C, Sah R, et al. Perilipin 2 downregulation in beta cells impairs
insulin secretion under nutritional stress and damages mitochondria.
JClInsight. 2021,6:e144341.

Ashcroft FM, Rorsman P, Trube G. Single calcium channel activity in
mouse pancreatic beta-cells. Ann N'Y Acad Sci. 1989;560:410-2.

Chan CB, MacPhail RM. KATP channel-dependent and -independent
pathways of insulin secretion in isolated islets from fa/fa Zucker rats.
Biochem Cell Biol. 1996;74:403-10.

Maechler P. Glutamate pathways of the beta-cell and the control of
insulin secretion. Diabetes Res Clin Pract. 2017;131:149-53.

Supale S, Li N, BrunT, Maechler P. Mitochondrial dysfunction in pancre-
atic beta cells. Trends Endocrinol Metab. 2012;23:477-87.

Antinozzi PA, Ishihara H, Newgard CB, Wollheim CB. Mitochondrial
metabolism sets the maximal limit of fuel-stimulated insulin secretion
in a model pancreatic beta cell: a survey of four fuel secretagogues. J
Biol Chem. 2002;277:11746-55.

Farfari S, Schulz V, Corkey B, Prentki M. Glucose-regulated anaplerosis
and cataplerosis in pancreatic beta-cells: possible implication of a
pyruvate/citrate shuttle in insulin secretion. Diabetes. 2000;49:718-26.
Deeney JT, Gromada J, Hoy M, Olsen HL, Rhodes CJ, Prentki M, Berggren
PO, Corkey BE. Acute stimulation with long chain acyl-CoA enhances
exocytosis in insulin-secreting cells (HIT T-15 and NMRI beta-cells). J Biol
Chem. 2000;275:9363-8.

Yaney GC, Corkey BE. Fatty acid metabolism and insulin secretion in
pancreatic beta cells. Diabetologia. 2003;46:1297-312.

Hamilton JA, Kamp F. How are free fatty acids transported in mem-
branes? Is it by proteins or by free diffusion through the lipids? Diabe-
tes. 1999;48:2255-69.

Corkey BE, Glennon MC, Chen KS, Deeney JT, Matschinsky FM, Prentki
M. A role for malonyl-CoA in glucose-stimulated insulin secretion from
clonal pancreatic beta-cells. J Biol Chem. 1989;264:21608-12.

Berne C. The effect of fatty acids and ketone bodies on the biosynthesis
of insulin in isolated pancreatic islets of obese hyperglycemic mice.
Horm Metab Res. 1975;7:385-9.

Silva JP, Kohler M, Graff C, Oldfors A, Magnuson MA, Berggren PO,
Larsson NG. Impaired insulin secretion and beta-cell loss in tissue-
specific knockout mice with mitochondrial diabetes. Nat Genet.
2000;26:336-40.

Dover EN, Beck R, Huang MC, Douillet C, Wang Z, Klett EL, Styblo M.
Arsenite and methylarsonite inhibit mitochondrial metabolism and
glucose-stimulated insulin secretion in INS-1 832/13 beta cells. Arch
Toxicol. 2018;92:693-704.

Maassen JA, LMTH, Van Essen E, Heine RJ, Nijpels G, Jahangir Tafrechi
RS, Raap AK, Janssen GM, Lemkes HH. Mitochondrial diabetes: molecu-
lar mechanisms and clinical presentation. Diabetes. 2004;53(Suppl!
1):5103-109.

Soejima A, Inoue K, Takai D, Kaneko M, Ishihara H, Oka Y, Hayashi JI.
Mitochondrial DNA is required for regulation of glucose-stimulated
insulin secretion in a mouse pancreatic beta cell line, MIN6. J Biol Chem.
1996,271:26194-9.

Tsuruzoe K, Araki E, Furukawa N, Shirotani T, Matsumoto K, Kaneko K,
Motoshima H, Yoshizato K, Shirakami A, Kishikawa H, et al. Creation and
characterization of a mitochondrial DNA-depleted pancreatic beta-cell
line: impaired insulin secretion induced by glucose, leucine, and sulfo-
nylureas. Diabetes. 1998;47:621-31.

Kennedy ED, Maechler P Wollheim CB. Effects of depletion of
mitochondrial DNA in metabolism secretion coupling in INS-1 cells.
Diabetes. 1998;47:374-80.

Dabravolski SA, Orekhova VA, Baig MS, Bezsonov EE, Starodubova AV,
Popkova TV, Orekhov AN. The role of mitochondrial mutations and
chronic inflammation in diabetes. Int J Mol Sci. 2021;22:6733.

Murphy R, Turnbull DM, Walker M, Hattersley AT. Clinical features, diag-
nosis and management of maternally inherited diabetes and deafness


https://doi.org/10.1016/j.cmet.2019.01.003
https://doi.org/10.1016/j.cmet.2019.01.003

Diane et al. Journal of Translational Medicine

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

(2022) 20:163

(MIDD) associated with the 3243A>G mitochondrial point mutation.
Diabet Med. 2008;25:383-99.

Lee WJ, Lee HW, Palmer JP, Park KS, Lee HK, Park JY, Hong SK, Lee KU.
Islet cell autoimmunity and mitochondrial DNA mutation in Korean
subjects with typical and atypical Type | diabetes. Diabetologia.
2001;44:2187-91.

Maassen JA, Janssen GM, Hartt LM. Molecular mechanisms of mito-
chondrial diabetes (MIDD). Ann Med. 2005;37:213-21.

van den Ouweland JM, Maechler P, Wollheim CB, Attardi G, Maassen JA.
Functional and morphological abnormalities of mitochondria harbour-
ing the tRNA(Leu)(UUR) mutation in mitochondrial DNA derived from
patients with maternally inherited diabetes and deafness (MIDD) and
progressive kidney disease. Diabetologia. 1999;42:485-92.

Urakami T. Maturity-onset diabetes of the young (MODY): current
perspectives on diagnosis and treatment. Diabetes Metab Syndr Obes.
2019;12:1047-56.

Postic C, Magnuson MA. Role of glucokinase (GK) in the maintenance
of glucose homeostasis. Specific disruption of the gene by the Cre-loxP
technique. Journ Annu Diabetol Hotel Dieu. 1999;1:115-24.

Pontoglio M, Sreenan S, Roe M, Pugh W, Ostrega D, Doyen A, Pick

AJ, Baldwin A, Velho G, Froguel P, et al. Defective insulin secretion

in hepatocyte nuclear factor 1alpha-deficient mice. J Clin Invest.
1998;101:2215-22.

Yang Z, Wu SH, Zheng TS, Wang SJ, Lu HJ, Xiang KS. The genetic and
clinical characteristics of transcription factor 1 gene mutations in Chi-
nese diabetes. Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 2007;24:157-61.
Wang H, Maechler P, Hagenfeldt KA, Wollheim CB. Dominant-negative
suppression of HNF-Talpha function results in defective insulin gene
transcription and impaired metabolism-secretion coupling in a pancre-
atic beta-cell line. EMBO J. 1998;17:6701-13.

Tilokani L, Nagashima S, Paupe V, Prudent J. Mitochondrial dynamics:
overview of molecular mechanisms. Essays Biochem. 2018;62:341-60.
Santel A, Frank S, Gaume B, Herrler M, Youle RJ, Fuller MT. Mitofusin-1
protein is a generally expressed mediator of mitochondrial fusion in
mammalian cells. J Cell Sci. 2003;116:2763-74.

Kim IS, Silwal P, Jo EK. Mitofusin 2, a key coordinator between mito-
chondrial dynamics and innate immunity. Virulence. 2021;12:2273-84.
Bertholet AM, Delerue T, Millet AM, Moulis MF, David C, Daloyau M,
Arnaune-Pelloquin L, Davezac N, Mils V, Miquel MC, et al. Mitochondrial
fusion/fission dynamics in neurodegeneration and neuronal plasticity.
Neurobiol Dis. 2016;90:3-19.

Stiles L, Shirihai OS. Mitochondrial dynamics and morphology in beta-
cells. Best Pract Res Clin Endocrinol Metab. 2012;26:725-38.

Whitley BN, Engelhart EA, Hoppins S. Mitochondrial dynamics and their
potential as a therapeutic target. Mitochondrion. 2019;49:269-83.
Molina AJ, Wikstrom JD, Stiles L, Las G, Mohamed H, Elorza A, Walzer

G, Twig G, Katz S, Corkey BE, Shirihai OS. Mitochondrial network-

ing protects beta-cells from nutrient-induced apoptosis. Diabetes.
2009;58:2303-15.

Park KS, Wiederkehr A, Kirkpatrick C, Mattenberger Y, Martinou JC, Mar-
chetti P, Demaurex N, Wollheim CB. Selective actions of mitochondrial
fission/fusion genes on metabolism-secretion coupling in insulin-
releasing cells. J Biol Chem. 2008;283:33347-56.

Reinhardt F, Schultz J, Waterstradt R, Baltrusch S. Drp1 guarding of the
mitochondrial network is important for glucose-stimulated insulin
secretion in pancreatic beta cells. Biochem Biophys Res Commun.
2016;474:646-51.

Schultz J, Waterstradt R, Kantowski T, Rickmann A, Reinhardt F,
Sharoyko V, Mulder H, Tiedge M, Baltrusch S. Precise expression of Fis1
is important for glucose responsiveness of beta cells. J Endocrinol.
2016;230:81-91.

Herrera-Cruz MS, Simmen T. Over six decades of discovery and charac-
terization of the architecture at mitochondria-associated membranes
(MAMs). Adv Exp Med Biol. 2017,997:13-31.

Csordas G, Weaver D, Hajnoczky G. Endoplasmic reticulum-mitochon-
drial contactology: structure and signaling functions. Trends Cell Biol.
2018;28:523-40.

Marchi S, Bittremieux M, Missiroli S, Morganti C, Patergnani S, Sbano

L, Rimessi A, Kerkhofs M, Parys JB, Bultynck G, et al. Endoplasmic
reticulum-mitochondria communication through Ca(2™) signaling: the

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

Page 10 of 10

importance of mitochondria-associated membranes (MAMs). Adv Exp
Med Biol. 2017,997:49-67.

Romero-Garcia S, Prado-Garcia H. Mitochondrial calcium: Transport and
modulation of cellular processes in homeostasis and cancer (Review).
Int J Oncol. 2019;54:1155-67.

Tagaya M, Arasaki K. Regulation of mitochondrial dynamics and
autophagy by the mitochondria-associated membrane. Adv Exp Med
Biol. 2017,997:33-47.

Verfaillie T, Rubio N, Garg AD, Bultynck G, Rizzuto R, Decuypere JP, Piette
J,Linehan C, Gupta S, Samali A, Agostinis P. PERK is required at the
ER-mitochondrial contact sites to convey apoptosis after ROS-based ER
stress. Cell Death Differ. 2012;19:1880-91.

Denton RM. Regulation of mitochondrial dehydrogenases by calcium
jons. Biochim Biophys Acta. 2009;1787:1309-16.

Vance JE. MAM (mitochondria-associated membranes) in mammalian
cells: lipids and beyond. Biochim Biophys Acta. 2014;1841:595-609.
Vance JE. Phospholipid synthesis and transport in mammalian cells.
Traffic. 2015;16:1-18.

Vance JE. Inter-organelle membrane contact sites: implications for lipid
metabolism. Biol Direct. 2020;15:24.

Wang J, He W, Tsai PJ, Chen PH, Ye M, Guo J, Su Z. Mutual interaction
between endoplasmic reticulum and mitochondria in nonalcoholic
fatty liver disease. Lipids Health Dis. 2020;19:72.

Barazzuol L, Giamogante F, Cali T. Mitochondria associated mem-
branes (MAMs): architecture and physiopathological role. Cell Calcium.
2021,94:102343.

Lopez-Crisosto C, Bravo-Sagua R, Rodriguez-Pena M, Mera C, Castro PF,
Quest AF, Rothermel BA, Cifuentes M, Lavandero S. ER-to-mitochondria
miscommunication and metabolic diseases. Biochim Biophys Acta.
2015;1852:2096-105.

Thivolet C, Vial G, Cassel R, Rieusset J, Madec AM. Reduction of endo-
plasmic reticulum-mitochondria interactions in beta cells from patients
with type 2 diabetes. PLoS ONE. 2017;12:e0182027.

Rieusset J. Role of endoplasmic reticulum-mitochondria communica-
tion in type 2 diabetes. Adv Exp Med Biol. 2017,997:171-86.

Prentki M, Matschinsky FM, Madiraju SR. Metabolic signaling in fuel-
induced insulin secretion. Cell Metab. 2013;18:162-85.

Sun ZY,YuTY, Jiang FX, Wang W. Functional maturation of immature
beta cells: a roadblock for stem cell therapy for type 1 diabetes. World J
Stem Cells. 2021;13:193-207.

Tan C, Tuch BE, Tu J, Brown SA. Role of NADH shuttles in glu-
cose-induced insulin secretion from fetal beta-cells. Diabetes.
2002;51:2989-96.

Davis JC, Alves TC, Helman A, Chen JC, Kenty JH, Cardone RL, Liu

DR, Kibbey RG, Melton DA. Glucose response by stem cell-derived
beta cells in vitro is inhibited by a bottleneck in glycolysis. Cell Rep.
2020;31:107623.

Lavine RL, Chick WL, Like AA, Makdisi TW. Glucose tolerance and insulin
secretion in neonatal and adult mice. Diabetes. 1971;20:134-9.

Bliss CR, Sharp GW. Glucose-induced insulin release in islets of young
rats: time-dependent potentiation and effects of 2-bromostearate. Am
J Physiol. 1992;263:E890-896.

Yoshihara E, Wei Z, Lin CS, Fang S, Ahmadian M, Kida Y, Tseng T, Dai Y, Yu
RT, Liddle C, et al. ERRgamma is required for the metabolic maturation
of therapeutically functional glucose-responsive beta cells. Cell Metab.
2016;23:622-34.

Igoillo-Esteve M, Oliveira AF, Cosentino C, Fantuzzi F, Demarez C,
Toivonen S, Hu A, Chintawar S, Lopes M, Pachera N, et al. Exenatide
induces frataxin expression and improves mitochondrial function in
Friedreich ataxia. JCl Insight. 2020. https://doi.org/10.1172/jciinsight.
134221,

Millman JR, Xie C, Van Dervort A, Gurtler M, Pagliuca FW, Melton DA.
Generation of stem cell-derived beta-cells from patients with type 1
diabetes. Nat Commun. 2016;7:11463.

Cantley J, Ashcroft FM. Q&A: insulin secretion and type 2 diabetes: why
do beta-cells fail? BMC Biol. 2015;13:33.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1172/jci.insight.134221
https://doi.org/10.1172/jci.insight.134221

	β-cell mitochondria in diabetes mellitus: a missing puzzle piece in the generation of hPSC-derived pancreatic β-cells?
	Abstract 
	Introduction
	What is human pancreatic islet of Langerhans?
	Structure of mitochondria: a unique and powerhouse of the cell
	Consensus model of mitochondria and glycolysis cooperation in glucose-stimulated insulin secretion
	β-cell mitochondria in diabetes mellitus
	ER-mitochondria communication in the control of GSIS
	Role of mitochondria in the functionality of hiPSC-derived pancreatic cells
	Conclusion
	Acknowledgements
	References




