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Abstract: Pancreatic 3-cells are the only type of cells that can control glycemic levels via insulin
secretion. Thus, to explore the mechanisms underlying pancreatic (3-cell failure, many reports have
clarified the roles of important molecules, such as the mechanistic target of rapamycin (mTOR), which
is a central regulator of metabolic and nutrient cues. Studies have uncovered the roles of mTOR in
the function of 3-cells and the progression of diabetes, and they suggest that mTOR has both positive
and negative effects on pancreatic (3-cells in the development of diabetes.
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1. Introduction

The number of diabetic patients continues to increase worldwide, causing a variety
of problems [1]. The development and progression of diabetes can lead to microvascular
complications, including neuropathy, nephropathy, and retinopathy [2]. In addition, the risk
of macrovascular complications, such as cardiovascular disease and cerebrovascular disease,
has become a major issue. Although the risk of dying from these diabetic complications has
been decreasing in recent years, they still threaten the lives of many patients worldwide
and reduce their quality of life [3,4].

The majority of diabetic patients are diagnosed with type 2 diabetes mellitus, which
can be divided into two major pathologies: insulin resistance, in which insulin becomes
less effective, and decreased insulin secretion from pancreatic (3-cells [5]. Insulin resistance
means that insulin does not play its normal role in target organs, such as the liver, skeletal
muscle, central nervous system, and adipose tissue, despite the presence of insulin in
the blood. In contrast, insulin hyposecretion is caused by a decrease in pancreatic 3-cell
mass, the only tissue that secretes insulin, or by an abnormality in the insulin secretory
mechanism. The pathway shared by these mechanisms is the insulin signaling pathway,
which is activated by the binding of insulin to insulin receptors, and it plays a role in
promoting cell proliferation and growth [6]. Insulin also inhibits glycogenesis in the liver,
promotes glucose uptake in skeletal muscle, and suppresses lipolysis in adipocytes [7-9].
Insulin resistance develops when there is some disturbance in the activation of these signals.
Insulin signaling is also important for the regulation of pancreatic 3-cell mass [10-13], and
it regulates glucose-stimulated insulin secretion by pancreatic 3-cells [14]. That is, the
disruption of insulin signaling in pancreatic (3-cells results in a decrease in pancreatic (3-cell
mass and a decrease in insulin secretory capacity. The impairment of insulin signaling can
be attributed to a variety of causes, including genetic factors, environmental factors, and
gene—environment interactions [15]. At the center of these causes is nutrition. Given that
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overnutrition is a trigger for the development of diabetes, the effect of nutrition on in-
sulin signaling seems to be significant. The mammalian target of rapamycin (mTOR) is
an important molecule in the insulin signaling pathway. mTOR plays a central role in
sensing extracellular nutrient status, intracellular energy, and other information, and it
links them to cell growth and proliferation [16-18]. It is also well known that mTOR is an
oncogene and has been clinically applied as a target molecule for cancer therapy [19,20].
Various roles of mTOR in glucose metabolism have been reported in skeletal muscle, kidney,
and liver [21-23], and particularly interesting findings have been published regarding its
action in pancreatic 3-cells. As mentioned above, the “mass” and “function” of pancreatic
[3-cells are important for the maintenance of blood glucose levels, and mTOR is involved in
both processes [24-28]. At the same time, however, it remains controversial whether mTOR
provides a benefit or a risk to pancreatic 3-cells [29]. Therefore, in this review, we introduce
reports on the role of mTOR in pancreatic (3-cells and focus on the positive and negative
effects of mTOR on them.

2. Basic Knowledge of mTOR

mTOR is a serine/threonine kinase that plays a central role in sensing extracellular
nutrient status and intracellular ATP levels to promote cell growth and proliferation [16-18].
mTOR exists in two large protein complexes within the cell, namely, mTOR complexes 1
and 2 (mTORC1 and mTORC2), and both complexes are activated by signals from growth
factors, such as insulin [30] (Figure 1).
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Figure 1. mTORC1 and mTORC?2 activation signals in cells. In cells, mMTORC1/2 is activated by
growth factors, glucose, and amino acids. In particular, mMTORCI positively and negatively regulates
cell growth and proliferation through protein synthesis, ER stress, and inhibition of autophagy.
Gray arrows indicate activation, line segments in red indicate inactivation. The symbol of cross
means that the action of Furin on V-ATPase is inhibited [30].

mTORC1 is composed of mTOR; regulatory associated protein of mTOR complex 1
(RAPTOR); proline-rich AKT1 substrate; 40 kDa (PRAS40); DEP domain-containing mTOR-
interacting protein (DEPTOR); and mTOR-associated protein, LST8 homolog (mLST8).
mTORCI is activated by growth factors, such as insulin and insulin-like growth factor
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1, via the phosphorylation of TSC complex subunit 2 (TSC2) by AKT. TSC2 is stabilized
in the intracellular TSC1-TSC2 complex, which is a GTPase-activating protein (GAP) of
Ras homolog enriched in brain (Rheb). However, when TSC2 activity is inhibited by
upstream signals, it activates mTORC1 via Rheb activation [31]. Activated mTORC1
phosphorylates S6 kinase (S6K1) and eukaryotic translation-initiation factor 4E binding
protein 1 (4E-BP1), which, in turn, phosphorylate various ribosomal proteins and promote
translation. 4E-BP1 binds to mRNA and represses translation, but when phosphorylated, it
separates from mRNA and initiates translation. That is, mMTORC1 plays a central role in
translational regulation [32]. In addition, mTORC1 inhibits autophagy by phosphorylating
autophagy-related 13 (ATG13) and Unc-51-like autophagy-activating kinase 1 (ULK1),
which are responsible for this phenomenon [33,34]. Furthermore, mTORC1 is involved in
the regulation of lipid synthesis and mitochondrial biogenesis [35,36].

mTORC?2 is composed of DEPTOR and mLST8, which are both in mTORC1; mTORC2-
specific RAPTOR-independent companion of mTOR complex 2 (RICTOR); mammalian
stress-activated protein kinase-interacting protein 1 (mSIN1); and protein observed with
RICTOR (PROTOR). The activation mechanism of mTORC?2 is less well understood com-
pared with that of mTORC1, but mTORC?2 is reported to be activated by growth factors,
such as insulin [17,37]. In addition, mTORC2 enhances the activity of AKT by phospho-
rylating serine 473 of AKT. In particular, it plays a significant role in the regulation of the
cytoskeleton [16,17].

mTORC1 is activated by extracellular nutritional conditions, including amino acid lev-
els. The stimulation of cells with amino acids activates mTORC1 by transferring mTORC1
to the lysosomal membrane via the Rag GTPase complex [38,39]. Glycolysis and mitochon-
drial oxidative phosphorylation suppress AMPK activity by increasing the intracellular
ATP/AMP ratio, thereby activating mTORC1 [40]. In contrast, during energy deprivation,
such as fasting, AMPK is activated by a decrease in the ATP/AMP ratio, resulting in the
suppression of mTORCI activity [41,42].

3. mTOR and Insulin Secretion

mTORC1 activation enhances protein translation, which also promotes insulin synthe-
sis [43,44]. Mitochondria that produce ATP, which is required for insulin secretion, are also
regulated by mTORCT1 activity [36].

The subunits of the respiratory chain complexes (I, III, IV, and V) are made of 13 pro-
teins encoded by mitochondrial DNA. The complexes produce most of the energy required
for cellular activity [45]. Mitochondrial diabetes is caused by pancreatic (3-cell failure
resulting from mutations in mitochondrial DNA [46]. The transcription factor peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha (PGClo) is a regulator
of mitochondrial biogenesis [47,48]. PGCl« is a coactivator of the transcription factor
nuclear respiratory factor (NRF)-1/2, which activates transcription factor A, mitochondrial
(TFAM), thereby inducing the transcription and stabilization of mitochondrial DNA [49-51].
Pancreatic 3-cell-specific TFAM-knockout mice show reduced insulin secretory capacity
in association with reduced mitochondrial DNA content and abnormal mitochondrial
morphology [52]. Although AMP-activated protein kinase (AMPK) is a key molecule
in the regulation of insulin secretion and pancreatic 3-cell mass [53], it is also known to
be a significant factor in mitochondrial biogenesis [54]. Aminoimidazole carboxamide
ribonucleotide, which activates AMPK, promotes mitochondrial biosynthesis via PGClax
and NRF [55,56]. It has been shown that mTOR enhances mitochondrial function in the
HEK?293 cell line [57]. Furthermore, rapamycin inhibits mitochondrial gene transcription
by dissociating PGCl« from the complex of mTORC1 and the transcription factor YY1 [58].
YY1 functions as a coactivator of PGCle, and the YY1-PGClx complex is important for
mitochondrial gene transcription, but its function is dependent on mTORCT1 activity. In the
skeletal muscle of type 2 diabetic patients, mitochondrial density and protein levels are
decreased, but the expression levels of PGC1x, NRF, and TFAM remain unchanged [59],
suggesting that mitochondrial gene expression is regulated by the extracellular nutritional
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environment and growth factors via mTORC1. PGCl« activation is known to be affected
not only by its expression level but also by protein modifications, such as deacetylation
and phosphorylation [60]. PGC1a deacetylation is mediated by sirtuin 1 and phosphory-
lated AMPK, and as a result, PGCla acts as a coactivator of transcription factors [61,62].
Because TSC2 deficiency and mTORC1 activation lead to AMPK phosphorylation [63,64], it
is possible that increased levels of phosphorylated AMPK deacetylate PGClx and increase
its activity [65] (Figure 2).
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Figure 2. mTORC1 and mitochondrial biogenesis. AMPK, phosphorylated by mTORCI1, promotes
NREF gene transcription by activating PGCla, which, in turn, activates mtDNA replication and tran-
scription via TFAM. At the same time, activated mTORC1 contributes to mitochondrial biogenesis by
promoting mitochondrial gene expression by binding to PGClx and YY1 in the nucleus. Gray arrows
indicate activation, line segmant in red indicates inactivation. Blue arrows indicate transcribed
mitochondrial genes function within mitochondria [65].

Statins are widely used cholesterol-lowering drugs, but their administration is re-
ported to cause decreased insulin secretion and hyperglycemia [66,67]. Type 2 diabetes and
hyperlipidemia often coexist, and their side effects are a major problem. However, the mech-
anism by which statins decrease insulin secretion is not well understood, although mTORC1
has been implicated in this process [68]. High-fat-diet-fed mice treated with the statin ator-
vastatin have decreased insulin secretion and insulin granules. Transcriptome profiling of
islets from these mice showed the decreased expression of various transcription factors and
decreased mTOR signaling. Rab5a, a small G protein, was downregulated by atorvastatin,
suggesting that Rab5a positively regulates mTORC1 activity in pancreatic (3-cells.

Although the palmitic acid loading of pancreatic islets induces compensatory hy-
perplasia and insulin hypersecretion in the acute phase and pancreatic 3-cell failure in
the chronic phase, the mechanism is not well understood [69-71]. Hatanaka et al. found
that palmitate loading increases the polyribosomal occupancy of total RNA and increases
mRNA translation [72]. This translation-promoting effect was due to the activation of
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the mTOR pathway via L-type Ca?* channels and was independent of insulin signaling.
At longer incubation times, the levels of polyribosome-associated RNA are decreased,
leading to the activation of the unfolded protein response (UPR).

4. mTORC1 and Regulation of Pancreatic 3-Cell Mass

Many reports have shown that mTORC1 influences pancreatic 3-cell mass because it is
involved in cell proliferation and growth. Factors that suppress mTORC1 include TSC1 and
TSC2 complexes, and mice with pancreatic 3-cell-specific activation of mTORC1 have been
generated and analyzed by deleting these genes [44,73-78] (Figure 3). Mice overexpressing
Rheb, a target molecule of TSC2, specifically in pancreatic 3-cells have also been generated,
and mTORC1 activation is observed in the islets of these mice [79]. Rheb-overexpressing
mice show an increase in pancreatic 3-cell mass and a marked enhancement of insulin
secretion, resulting in an improvement in glucose tolerance. In addition, islets isolated from
pancreatic (3-cell-specific mMTOR-knockout mice have abnormal mitochondrial function and
decreased insulin secretion due to oxidative stress. Gene expression analysis of the pancre-
atic islets of these mice revealed the increased expression of thioredoxin-interacting protein
(TXNIP) and carbohydrate-responsive element-binding protein (ChREBP), consistent with
the results from the islets of diabetic model mice and islets from type 2 diabetic patients.
In contrast, the binding of mTOR to the ChREBP-Max-like protein complex reduces its
transcriptional activity and decreases TXNIP expression, thereby suppressing oxidative
stress and apoptosis [80,81]. Furthermore, the inhibition of mTORC1 activity by deleting
RAPTOR specifically in mouse pancreatic (3-cells is accompanied by increased apoptosis
of postnatal pancreatic 3-cells, as well as impaired glucose-stimulated insulin secretion
and reduced p-cell mass [82]. In addition, mice overexpressing a pancreatic [3-cell-specific
mTOR kinase-dead mutant show a normal proliferative trend in 3-cell mass but become
glucose intolerant due to abnormal insulin secretion caused by a deficiency of pancreatic
and duodenal homeobox 1 (PDX1) [83]. These results indicate that mTOR is essential for
the maintenance of normal pancreatic 3-cell mass and insulin secretion.

Recent reports indicate that mTORC1 activity plays an important role in pancreatic
[-cell growth during embryonic and neonatal periods. The inhibition of mTORCI1 activity
in fetal pancreatic 3-cells affects the growth and differentiation of pancreatic endocrine
cells, resulting in hyperglycemia in the neonatal period [85]. When pregnant mice are fed
a low-protein diet, mTORC1 activity is decreased through changes in microRNA expres-
sion during fetal development, resulting in impaired insulin secretion, decreased PDX1
expression, and decreased pancreatic 3-cell mass [88]. Furthermore, mice lacking S6K1
exhibit intrauterine growth restriction (IUGR) and reduced pancreatic (3-cell mass, but the
restoration of IUGR by tetraploid embryo complementation does not improve pancreatic
[3-cell mass [89]. These results suggest that S6K1 regulates pancreatic 3-cell mass inde-
pendently of IUGR. In humans, fetal growth restriction due to placental abnormalities
of nutrient transport is associated with decreased S6K1 phosphorylation [90], but S6K1
phosphorylation is increased in the placenta of patients with gestational diabetes melli-
tus [91], which may be a compensatory response to promote fetal growth, as well as one of
the mechanisms by which infants born with gestational diabetes mellitus become gigantic.
Recently, cell signaling in pancreatic 3-cells was reported to contribute to the maturation of
pancreatic 3-cells by switching from mTORC1 to AMPK from the fetal stage to the postnatal
period [92]. When mTORC1 is homeostatically activated in post-mature pancreatic 3-cells,
the cells exhibit an immature phenotype. Thus, mTORC1 activity in pancreatic 3-cells
during embryogenesis and birth affects various aspects of pancreatic 3-cell proliferation,
apoptosis, and differentiation, and it is thought to be involved in pancreatic (3-cell failure
after growth.
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Figure 3. Pancreatic -cell mass and glucose tolerance in mTORCl-related transgenic mice.
In genetically modified mice related to mTORC1 activity in pancreatic 3-cells, changes in mTORC1
activity affect pancreatic 3-cell mass and glucose tolerance. In this figure, the left panels show mice
with increased mTORCT1 activity [24,44,73,74,76,79,84], and the right panels show mice with decreased
mTORC1 activity [77,78,80,83,85-87]. In 3-cell mass regulation, up arrows indicate an increase, down
arrows indicate a decrease, and horizontal arrows indicate no change. The coexistence of upward and
downward arrows indicates change in response to age. DKO: double knockout, HFD: high-fat diet,
KD: kinase dead, KO: knockout, NCD: normal chow diet, OE: overexpression, STZ: streptozotocin.

5. Autophagy

Autophagy is an autolytic catabolic process that occurs within cells and is required
for 3-cell survival, insulin secretion, and blood glucose homeostasis. Electron microscopic
analysis showed the abnormal accumulation of autophagosomes in MING6 cells, a mouse
insulin-secreting cell line, loaded with high free fatty acids or high glucose and in human
islets from type 2 diabetic patients [93,94]. These results suggest that autophagy is abnor-
mally regulated in type 2 diabetes, but whether autophagy in pancreatic 3-cells is promoted
or inhibited in diabetes is still controversial. However, there is no doubt that the regulatory
mechanism of autophagy in pancreatic 3-cells plays a crucial role in the development of
type 2 diabetes and pancreatic 3-cell failure. In particular, it has been shown that when
mice lacking the autophagy-related gene Atg?7 are fed a high-fat diet, 3-cell apoptosis is in-
creased, insulin secretion is decreased, compensatory [3-cell hyperplasia is lost, and diabetes
is enhanced [95]. mTORC1 is a negative regulator of autophagy and may affect 3-cell func-
tion and survival via the suppression of autophagy in the type 2 diabetic state [93,96-98].
mTORC1 activation by glucotoxicity and lipotoxicity associated with diabetes, as well as
genetic activation, induces the accumulation of p62 and impairs autophagy [94]. The consti-
tutive activation of mTORC1 also impairs mitophagy, the autophagic removal of damaged
mitochondria. Pancreatic 3-cells from aged pancreatic 3-cell-specific TSC2-knockout mice
tend to have more degenerated mitochondria, which can lead to the depolarization of the
mitochondrial membrane and increased oxidative stress, thereby causing apoptosis [99].
Furthermore, the restoration of autophagy via mTORCI1 inhibition following treatment
with rapamycin leads to the protection of 3-cells [94]. mTORC1 inactivation by rapamycin
improves f3-cell function and blood glucose levels in Akita mice, a model of endoplasmic
reticulum (ER) stress-induced diabetes, by enhancing autophagy [100]. These results in-
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dicate that autophagy and ER stress are strongly linked through proinsulin misfolding in
pancreatic 3-cells and that mTOR has roles in both processes. The relationship between ER
stress and mTOR is discussed in the next section. Nevertheless, these observations suggest
that inhibiting mTORC1 activity, which induces autophagy, may protect pancreatic 3-cells.
ULK1, an autophagy-initiating kinase, is a common substrate of AMPK and mTORCI.
The phosphorylation of ULK1 (Ser 317 and Ser 777) by AMPK induces autophagy, and the
phosphorylation of ULK1 (Ser 757) by mTORC1 dissociates the binding of ULK1 to AMPK;
that is, mTOR and AMPK regulate autophagy via ULK1 under glucose stimulation, which,
in turn, affects 3-cell survival and insulin secretion [101]. It is thought that prolonged
nutritional stress, such as type 2 diabetes, may inhibit AMPK activation in pancreatic
B-cells, leading to chronic mTORC1 activation, which, in turn, impairs autophagy and
mitophagy, resulting in pancreatic 3-cell dysfunction and diabetes. Recently, Pasquier et al.
reported macroautophagy-independent lysosomal degradation, termed stress-induced
nascent granule degradation (SINGD) [102]. In the pancreatic 3-cells of type 2 diabetic
patients, SINGD is enhanced by the decreased expression of protein kinase D. Consequently,
mTORC1 is recruited to the membrane of granule-containing lysosomes, and the chronic
activation of mTORCT1 inhibits macroautophagy. Thus, the aberrant activation of SINGD
contributes to 3-cell damage in type 2 diabetes [102]. In addition, it was recently shown
that mTORC1 is regulated via Hippo signaling [86], which is an evolutionarily conserved
pathway that regulates organ size by controlling apoptosis, cell proliferation, and stem cell
self-renewal. In diabetic conditions, large-tumor suppressor 2 (LATS2), a core component of
Hippo signaling, is activated to induce pancreatic 3-cell apoptosis, which is also mediated
by mTORC1. Activated LATS2 suppresses macroautophagy and induces pancreatic 3-cell
failure by homeostatically activating mTORC1. Thus, the mTORC1-mediated suppression
of autophagy is regulated through various signals and is thought to be involved in the
development of pancreatic 3-cell failure in diabetic conditions.

6. ER Stress

The ER is an organelle that is responsible for protein folding in cells. Pancreatic 3-cells,
which are required to supply a large amount of insulin rapidly under insulin-resistant
conditions, such as type 2 diabetes, accumulate a large number of unfolded proteins in the
ER and are thus vulnerable to ER stress. ER stress triggers an adaptive response called the
UPR to repair unfolded proteins and restore ER homeostasis to normal (adaptive UPR).
However, if the imbalance between protein abundance and folding capacity persists and the
UPR fails to restore ER function, chronic ER stress activates complex intracellular signaling
pathways and triggers apoptosis via apoptosis-inducing factors, such as CHOP (terminal
UPR) [103-105]. Since 2002, when ER stress was found to occur in pancreatic 3-cells of
type 2 diabetic patients, a chronic hyperglycemic load has been shown to be an important
pathological factor in pancreatic 3-cell failure, and many papers on the relationship between
ER stress and pancreatic (3-cell failure have been published [106]. The induction of ER stress
in diabetes mellitus by hyperglycemia and hyperlipidemia is mediated by the activation
of mTORC1 upon nutritional stimulation [107,108]. Furthermore, it is easy to imagine
that many misfolded proteins accumulate in pancreatic 3-cells because protein translation
is enhanced by increased mTORC1 activity. Embryonic fibroblasts isolated from mice
lacking pancreatic p-cell-specific TSC2 (BTSC2KO mice) exhibit severe ER stress and
undergo apoptosis, suggesting that mMTORC1 promotes ER stress. Islets isolated from these
mice show increased expression of several UPR markers, including PRKR-like ER kinase
(PERK), C/EBP-homologous protein (CHOP), activating transcription factor 4 (ATF4), and
CCAAT enhancer-binding protein beta (C/EBPf), indicating that mMTORC1 promotes ER
stress [73,99,109]. High glucose enhances palmitate-induced ER stress in INS-1E cells, a rat
(-cell line, by activating the IREla-JNK pathway and promoting apoptosis in an mTORC1-
dependent manner. This response has been confirmed by the fact that mTORC1 inhibition
by rapamycin suppresses apoptosis by inhibiting X-box-binding protein 1 splicing, PERK
phosphorylation, and CHOP expression [110]. The inhibition of mTORC1 was shown to
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alleviate ER stress in MING cells exposed to lipophilic conditions [72]. In contrast, although
ER stress is increased in neonatal pancreatic 3-cells of Akita mice, temporarily increasing
mTORC1 activity during this period is effective in maintaining pancreatic 3-cell mass in
adulthood [111].

The mechanism by which mTORC1 affects 3-cell survival under ER stress has re-
cently become clearer. Because mTORC1 promotes translation, it is possible that it also
promotes apoptosis during ER stress due to the accumulation of additional misfolded
proteins [112,113]. Furthermore, it has been shown that mTORC1 activation has roles in
ATF4-induced translation recovery, increased amino acid flux, and protein synthesis [112].
mTORCI also regulates ATF4 expression by stabilizing ATF4 mRNA and promoting its
translation through 4E-BP1 [114]. That is, mnTORC1 has been found to regulate ER stress at
various stages of the UPR.

7. mTORC2 and (3-Cell Growth and Function

As mentioned above, compared to mTORC]1, there are many aspects of mTORC2 that
are not well understood, both its upstream and downstream signals. However, there have
been several reports on mTORC2-specific roles in pancreatic (3-cells, which we discuss in
this chapter.

Similar to mTORC1, mTORC?2 is activated by growth factors and signals to several
effectors. Insulin is best known to stimulate mTORC2 activity, which is mediated by PI3K,
among other growth factors. The downstream effectors of mMTORC?2 include the PKC family,
SGK1, and MST1, which promote insulin secretion and cell growth through the activa-
tion of these molecules [115]. mTORC2-specific components include RICTOR and mSIN1.
To investigate the specific role of mTORC?2 in pancreatic (3-cells, pancreatic 3-cell-specific
Rictor-deficient mice were generated and analyzed [116]. mTORC?2 activity in pancreatic
[-cells was reduced in Rictor-deficient mice, resulting in the inhibition of serine 473 phos-
phorylation of AKT. This result induces a decreased pancreatic 3-cell volume due to the
suppression of pancreatic 3-cell proliferation, as well as decreased insulin secretion due to
decreased GSIS and insulin content. The phosphorylation of AKT serine 473 by mTORC2
regulates pancreatic 3-cell volume and function by translocating PDX1 into the nucleus
via FOXO1 phosphorylation. It has also been shown that compensatory changes, such as
hyperinsulinemia and increased (3-cell mass, are cancelled in Rictor-deficient mice [117].
The loss of these compensatory changes has been shown to be due to the inhibition of
PKC« activation by mTORC2.

8. Is mTOR “Good” or “Bad” for Pancreatic (3-Cells?

As described above, mTOR has diverse roles in pancreatic 3-cells, and it regulates the
function and quantity of pancreatic 3-cells through various signaling pathways. The study
of genetically modified mice has advanced our understanding of the role of mTOR, and
many transgenic mice related to mTOR signaling have been generated, some of which are
described below.

BTSC2KO mice, reported by Shigeyama et al. in 2008, show increased pancreatic
[3-cell mass, hyperinsulinemia, and hypoglycemia at a young age but decreased pancreatic
[-cell mass, hypoinsulinemia, and hyperglycemia in old age [73]. This biphasic change
was thought to be caused by a decrease in insulin receptor substrate 2 expression due to the
negative feedback associated with the constitutive activation of mTORC1. As a result, there
is a decrease in 3-cell number probably due to attenuated insulin signaling. In 2014, the
constitutive activation of mMTORC1 was reported to induce pancreatic 3-cell apoptosis by
inhibiting autophagy and mitophagy [99]. In the state of mMTORC1 activation, mitochondrial
DNA transcription is increased by PGCl« activation, and mitochondrial production is
increased, but the inhibition of mitophagy prevents the degradation of old mitochondria,
resulting in the accumulation of abnormal mitochondria in pancreatic 3-cells. This is also
considered an important factor for pancreatic 3-cell failure. Rachdi et al. independently
generated and analyzed pancreatic 3-cell-specific TSC2-deficient mice and found increased
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pancreatic 3-cell mass, increased insulin secretion, and improved glucose tolerance [74].
However, unlike the aforementioned 3TSC2KO mice, these mice did not show biphasic
changes and remained hyperinsulinemic throughout their lives. It is difficult to explain
the reason for the phenotypic differences between these two strains of mice, and there are
many possibilities. For example, they could be due to differences in the mouse strains,
but both were well backcrossed to B6 mice, or due to differences in the constructs of
the TSC2-floxed allele or in environmental conditions that affect the phenotype, such as
variation in the microbiota in the breeding environment or the amino acid content of the
food. Further studies are needed to clarify such details.

Other genetically modified mice related to mTOR include mice lacking pancreatic
[-cell-specific TSC1, which forms a complex with TSC2, that showed increased (3-cell
mass [44]. Furthermore, mice in which mTORC1 is activated by overexpressing Rheb
specifically in pancreatic 3-cells have increased pancreatic (3-cell mass, enhanced insulin
secretion, and improved glucose tolerance [79]. These mice do not show biphasic changes.
In contrast, mice lacking mTOR or RAPTOR specifically in pancreatic 3-cells have decreased
pancreatic 3-cell mass and hyperglycemia [24,80,82,118]. Furthermore, mice overexpressing
kinase-dead mTOR display decreased PDX1 expression in pancreatic islets and decreased
insulin secretion, although there is no change in pancreatic 3-cell mass [83].

From these reports, it is clear that mTOR plays essential roles in pancreatic 3-cells,
and the loss or long-term inactivation of mTOR may be an important cause of pancreatic
(-cell failure. However, there is a difference of opinion as to whether mTOR activation is
beneficial for maintaining pancreatic 3-cell mass and blood glucose levels. Recent reports
suggest that phosphatases called pleckstrin homology domain leucine-rich repeat protein
phosphatases 1 and 2 (PHLPP1/2), the expression of which is upregulated by activated
mTORCI, regulate pancreatic 3-cell apoptosis [119]. In 2021, Brouwers et al. found that
FURIN, a proprotein convertase, is highly expressed in human pancreatic islets, and mice
lacking FURIN specifically in 3-cells show decreased pancreatic (3-cell mass, decreased
insulin secretion, and glucose intolerance. The mechanism underlying the decrease in
insulin secretion and glucose intolerance is thought to be ATF4 activation caused by in-
creased mTORCT1 activity in pancreatic 3-cells [84]. In contrast, analysis of Rabla-knockout
mice revealed that amino acid-Rabla-mTORC1 signaling maintains the identity and insulin
secretion of pancreatic 3-cells through the expression of PDX1 [87].

9. Conclusions

Despite the fact that pancreatic 3-cells are the most important contributors to the
development and progression of diabetes, there are still many aspects of their biology that
remain unknown. In addition to the small amount of tissue and the difficulty in isolating
them from humans, this may be due to the complexity of the many signaling pathways
that exist in these cells. In particular, nutritional factors, such as glucose, amino acids, and
free fatty acids, regulate pancreatic 3-cell mass and insulin secretion via the stimulation of
many signaling pathways. At the center of these signals is mTOR. Previous reports have
revealed the existence of various upstream and downstream signals of mTORC], all of
which are crucial for maintaining glucose homeostasis in pancreatic 3-cells. Notably, the
role of mTOR may vary depending on specific environments and the degree and duration
of its activation. These results are very interesting because they suggest that mTOR may
have an impact on the phenotypic diversity of type 2 diabetes. In addition, mTORC1
activity is increased in the islets of patients with type 2 diabetes, suggesting that it also
plays a key role in its development in humans [120]. However, it is not clear whether this
molecule or signal can be a therapeutic target. There are still many unanswered questions,
especially regarding the role of mMTORC?2 activation and its effect on differentiation, and
more research is needed. It is hoped that the elucidation of the role of mTOR in pancreatic
[-cells will lead to a complete picture of the fate of pancreatic (3-cells.



Biomolecules 2022, 12, 614 10 of 14

Author Contributions: Conceptualization, S.-i.A.; writing—review and editing, S.-i.A., H.I, HW.
and Y.K; visualization, S.-i.A., H.I. and Y.K; supervision, S.-i.A. and HW.; funding acquisition,
S.-i.A., HI. and Y.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant-in-aid for creative scientific research from MEXT
(20K08860 to S.-i.A.); a grant-in-aid for creative scientific research from MEXT (21K08579 to Y.K.); a
grant-in-aid for creative scientific research from MEXT (21K17684 to H.L.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. IDF Diabetes Atlas, 10th ed.; IDF Executive Office: Brussels, Belgium, 2021.

2. Tchobroutsky, G. Relation of diabetic control to development of microvascular complications. Diabetologia 1978, 15, 143-152.
[CrossRef] [PubMed]

3. Quality of life in type 2 diabetic patients is affected by complications but not by intensive policies to improve blood glucose or
blood pressure control (UKPDS 37). U.K. Prospective Diabetes Study Group. Diabetes Care 1999, 22, 1125-1136.

4. Ali, M.K,; Pearson-Stuttard, J.; Selvin, E.; Gregg, E.W. Interpreting global trends in type 2 diabetes complications and mortality.
Diabetologia 2022, 65, 3—13. [CrossRef]

5. Weyer, C.; Bogardus, C.; Mott, D.M.; Pratley, R.E. The natural history of insulin secretory dysfunction and insulin resistance in the
pathogenesis of type 2 diabetes mellitus. J. Clin. Investig. 1999, 104, 787-794. [CrossRef] [PubMed]

6. Kasuga, M.; Zick, Y.; Blithe, D.L.; Crettaz, M.; Kahn, C.R. Insulin stimulates tyrosine phosphorylation of the insulin receptor in a
cell-free system. Nature 1982, 298, 667-669. [CrossRef] [PubMed]

7. Liu, S.; Croniger, C.; Arizmendi, C.; Harada-Shiba, M.; Ren, J.; Poli, V.; Hanson, R.W.; Friedman, J.E. Hypoglycemia and impaired
hepatic glucose production in mice with a deletion of the C/EBPbeta gene. J. Clin. Investig. 1999, 103, 207-213. [CrossRef]

8. Lane, M.D.; Flores-Riveros, ].R.; Hresko, R.C.; Kaestner, K.H.; Liao, K.; Janicot, M.; Hoffman, R.D.; McLenithan, J.C.; Kastelic, T.;
Christy, R.J. Insulin-receptor tyrosine kinase and glucose transport. Diabetes Care 1990, 13, 565-575. [CrossRef]

9. Mulder, H,; Yang, S.; Winzell, M.S.; Holm, C.; Ahrén, B. Inhibition of lipase activity and lipolysis in rat islets reduces insulin
secretion. Diabetes 2004, 53, 122-128. [CrossRef]

10. Hashimoto, N.; Kido, Y.; Uchida, T.; Asahara, S.; Shigeyama, Y.; Matsuda, T.; Takeda, A.; Tsuchihashi, D.; Nishizawa, A.; Ogawa,
W.; et al. Ablation of PDK1 in pancreatic beta cells induces diabetes as a result of loss of beta cell mass. Nat. Genet. 2006, 38,
589-593. [CrossRef]

11. Ueki, K; Okada, T.; Hu, J.; Liew, C.W.; Assmann, A.; Dahlgren, G.M.; Peters, ].L.; Shackman, ].G.; Zhang, M.; Artner, L; et al. Total
insulin and IGF-I resistance in pancreatic beta cells causes overt diabetes. Nat. Genet. 2006, 38, 583-588. [CrossRef]

12. Kubota, N.; Terauchi, Y.; Tobe, K.; Yano, W.; Suzuki, R.; Ueki, K.; Takamoto, I.; Satoh, H.; Maki, T.; Kubota, T.; et al. Insulin
receptor substrate 2 plays a crucial role in beta cells and the hypothalamus. J. Clin. Investig. 2004, 114, 917-927. [CrossRef]

13. Tanabe, K.; Liu, Z.; Patel, S.; Doble, B.W.; Li, L.; Cras-Méneur, C.; Martinez, S.C.; Welling, C.M.; White, M.F,; Bernal-Mizrachi,
E.; et al. Genetic deficiency of glycogen synthase kinase-3beta corrects diabetes in mouse models of insulin resistance. PLoS Biol.
2008, 6, €37. [CrossRef] [PubMed]

14. Kaneko, K.; Ueki, K,; Takahashi, N.; Hashimoto, S.; Okamoto, M.; Awazawa, M.; Okazaki, Y.; Ohsugi, M.; Inabe, K.; Umehara,
T.; et al. Class IA Phosphatidylinositol 3-Kinase in Pancreatic 3 Cells Controls Insulin Secretion by Multiple Mechanisms. Cell
Metab. 2010, 12, 619-632. [CrossRef] [PubMed]

15. Kido, Y. Gene—environment interaction in type 2 diabetes. Diabetol. Int. 2016, 8, 7-13. [CrossRef] [PubMed]

16. Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274-293. [CrossRef]

17.  Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 169, 361-371. [CrossRef]

18.  Fu, X,; Chin, RM,; Vergnes, L.; Hwang, H.; Deng, G.; Xing, Y.; Pai, M.Y,; Li, S.; Ta, L.; Fazlollahi, E; et al. 2-Hydroxyglutarate
Inhibits ATP Synthase and mTOR Signaling. Cell Metab. 2015, 22, 508-515. [CrossRef]

19.  Aoki, M,; Blazek, E.; Vogt, PK. A role of the kinase mTOR in cellular transformation induced by the oncoproteins P3k and Akt.
Proc. Natl. Acad. Sci. USA 2001, 98, 136-141. [CrossRef]

20. Sparks, C.A.; Guertin, D.A. Targeting mTOR: Prospects for mTOR complex 2 inhibitors in cancer therapy. Oncogene 2010, 29,
3733-3744. [CrossRef]

21. Jacobs, B.L.; McNally, R.M.; Kim, K.J.; Blanco, R.; Privett, R.E.; You, J.S.; Hornberger, T.A. Identification of mechanically regulated
phosphorylation sites on tuberin (TSC2) that control mechanistic target of rapamycin (mTOR) signaling. . Biol. Chem. 2017, 292,
6987-6997. [CrossRef]

22. Tomita, I.; Kume, S.; Sugahara, S.; Osawa, N.; Yamahara, K.; Yasuda-Yamahara, M.; Takeda, N.; Chin-Kanasaki, M.; Kaneko,

T.; Mayoux, E.; et al. SGLT2 Inhibition Mediates Protection from Diabetic Kidney Disease by Promoting Ketone Body-Induced
mTORCI1 Inhibition. Cell Metab. 2020, 32, 404—419.e6. [CrossRef] [PubMed]


http://doi.org/10.1007/BF00421230
http://www.ncbi.nlm.nih.gov/pubmed/359393
http://doi.org/10.1007/s00125-021-05585-2
http://doi.org/10.1172/JCI7231
http://www.ncbi.nlm.nih.gov/pubmed/10491414
http://doi.org/10.1038/298667a0
http://www.ncbi.nlm.nih.gov/pubmed/6178977
http://doi.org/10.1172/JCI4243
http://doi.org/10.2337/diacare.13.6.565
http://doi.org/10.2337/diabetes.53.1.122
http://doi.org/10.1038/ng1774
http://doi.org/10.1038/ng1787
http://doi.org/10.1172/JCI21484
http://doi.org/10.1371/journal.pbio.0060037
http://www.ncbi.nlm.nih.gov/pubmed/18288891
http://doi.org/10.1016/j.cmet.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21109194
http://doi.org/10.1007/s13340-016-0299-2
http://www.ncbi.nlm.nih.gov/pubmed/30603301
http://doi.org/10.1016/j.cell.2012.03.017
http://doi.org/10.1016/j.cell.2017.03.035
http://doi.org/10.1016/j.cmet.2015.06.009
http://doi.org/10.1073/pnas.98.1.136
http://doi.org/10.1038/onc.2010.139
http://doi.org/10.1074/jbc.M117.777805
http://doi.org/10.1016/j.cmet.2020.06.020
http://www.ncbi.nlm.nih.gov/pubmed/32726607

Biomolecules 2022, 12, 614 11 of 14

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.

Umemura, A.; Park, E.J.; Taniguchi, K.; Lee, ].H.; Shalapour, S.; Valasek, M.; Aghajan, M.; Nakagawa, H.; Seki, E.; Hall, M.N.; et al.
Liver Damage, Inflammation, and Enhanced Tumorigenesis after Persistent mTORC1 Inhibition. Cell Metab. 2014, 20, 133-144.
[CrossRef] [PubMed]

Blandino-Rosano, M.; Chen, A.Y.; Scheys, J.O.; Alejandro, E.U.; Gould, A.P; Taranukha, T.; Elghazi, L.; Cras-Méneur, C,;
Bernal-Mizrachi, E. mTORC]1 signaling and regulation of pancreatic 3-cell mass. Cell Cycle 2012, 11, 1892-1902. [CrossRef]
[PubMed]

Kulkarni, R.N.; Mizrachi, E.B.; Ocana, A.G.; Stewart, A.F. Human [3-cell proliferation and intracellular signaling: Driving in the
dark without a road map. Diabetes 2012, 61, 2205-2213. [CrossRef]

Xie, J.; Herbert, T.P. The role of mammalian target of rapamycin (mTOR) in the regulation of pancreatic 3-cell mass: Implications
in the development of type-2 diabetes. Cell Mol. Life Sci. 2012, 69, 1289-1304. [CrossRef]

Nie, J.; Liu, X; Lilley, B.N.; Zhang, H.; Pan, Y.A,; Kimball, S.R.; Zhang, ].; Zhang, W.; Wang, L.; Jefferson, L.S.; et al. SAD-A kinase
controls islet 3-cell size and function as a mediator of mTORCI1 signaling. Proc. Natl. Acad. Sci. USA 2013, 110, 13857-13862.
[CrossRef]

Le Bacquer, O.; Queniat, G.; Gmyr, V.; Kerr-Conte, J.; Lefebvre, B.; Pattou, E. mTORC1 and mTORC2 regulate insulin secretion
through Akt in INS-1 cells. J. Endocrinol. 2013, 216, 21-29. [CrossRef]

Ardestani, A.; Lupse, B.; Kido, Y.; Leibowitz, G.; Maedler, K. nTORC1 Signaling: A Double-Edged Sword in Diabetic 3 Cells. Cell
Metab. 2018, 27, 314-331. [CrossRef]

Kim, S.G.; Buel, G.R;; Blenis, J. Nutrient regulation of the mTOR complex 1 signaling pathway. Mol. Cells 2013, 35, 463—473.
[CrossRef]

Dibble, C.C.; Cantley, L.C. Regulation of mTORC1 by PI3K signaling. Trends Cell Biol. 2015, 25, 545-555. [CrossRef]

Choo, A.Y,; Yoon, S.O.; Kim, S.G.; Roux, P.P; Blenis, J. Rapamycin differentially inhibits S6Ks and 4E-BP1 to mediate cell-type-
specific repression of mRNA translation. Proc. Natl. Acad. Sci. USA 2008, 105, 17414-17419. [CrossRef] [PubMed]

Kim, Y.C.; Guan, K.-L. mTOR: A pharmacologic target for autophagy regulation. J. Clin. Investig. 2015, 125, 25-32. [CrossRef]
[PubMed]

Jung, C.H,; Jun, C.B.; Ro, S.-H.; Kim, Y.-M.; Otto, N.M.; Cao, J.; Kundu, M.; Kim, D.-H. ULK-Atg13-FIP200 Complexes Mediate
mTOR Signaling to the Autophagy Machinery. Mol. Biol. Cell 2009, 20, 1992-2003. [CrossRef] [PubMed]

Lamming, D.; Sabatini, D.M. A Central Role for mTOR in Lipid Homeostasis. Cell Metab. 2013, 18, 465-469. [CrossRef] [PubMed]
Koyanagi, M.; Asahara, S.-1.; Matsuda, T.; Hashimoto, N.; Shigeyama, Y.; Shibutani, Y.; Kanno, A.; Fuchita, M.; Mikami, T.;
Hosooka, T.; et al. Ablation of TSC2 Enhances Insulin Secretion by Increasing the Number of Mitochondria through Activation of
mTORCI. PLoS ONE 2011, 6, €23238. [CrossRef] [PubMed]

Dibble, C.C.; Manning, B.D. Signal integration by mTORC1 coordinates nutrient input with biosynthetic output. Nature 2013, 15,
555-564. [CrossRef]

Sancak, Y.; Bar-Peled, L.; Zoncu, R.; Markhard, A.L.; Nada, S.; Sabatini, D.M. Ragulator-Rag Complex Targets mTORC1 to the
Lysosomal Surface and Is Necessary for Its Activation by Amino Acids. Cell 2010, 141, 290-303. [CrossRef]

Zoncu, R.; Bar-Peled, L.; Efeyan, A.; Wang, S.; Sancak, Y.; Sabatini, D.M. mTORC1 Senses Lysosomal Amino Acids Through an
Inside-Out Mechanism That Requires the Vacuolar H"-ATPase. Science 2011, 334, 678-683. [CrossRef]

Kishton, R.J.; Barnes, C.E.; Nichols, A.G.; Cohen, S.; Gerriets, V.; Siska, PJ.; Macintyre, A.; Goraksha-Hicks, P.; de Cubas, A.A.; Liu,
T.; et al. AMPK Is Essential to Balance Glycolysis and Mitochondrial Metabolism to Control T-ALL Cell Stress and Survival. Cell
Metab. 2016, 23, 649-662. [CrossRef]

Tzatsos, A.; Tsichlis, PN. Energy Depletion Inhibits Phosphatidylinositol 3-Kinase / Akt Signaling and Induces Apoptosis via
AMP-activated Protein Kinase-dependent Phosphorylation of IRS-1 at Ser-794. J. Biol. Chem. 2007, 282, 18069-18082. [CrossRef]
Choo, A.Y.; Kim, S.G.; Vander Heiden, M.G.; Mahoney, S.J.; Vu, H.; Yoon, S.O.; Cantley, L.C.; Blenis, J. Glucose addiction of
TSC null cells is caused by failed mTORC1-dependent balancing of metabolic demand with supply. Mol. Cell 2010, 38, 487-499.
[CrossRef] [PubMed]

Morita, M.; Gravel, S.-P.; Chénard, V.; Sikstrom, K.; Zheng, L.; Alain, T.; Gandin, V.; Avizonis, D.; Arguello, M.; Zakaria, C.; et al.
mTORC1 Controls Mitochondrial Activity and Biogenesis through 4E-BP-Dependent Translational Regulation. Cell Metab. 2013,
18, 698-711. [CrossRef] [PubMed]

Mori, H.; Inoki, K.; Opland, D.; Miinzberg, H.; Villanueva, E.C.; Faouzi, M.; Ikenoue, T.; Kwiatkowski, D.].; Macdougald, O.A ;
Myers, M.G,, Jr.; et al. Critical roles for the TSC-mTOR pathway in -cell function. Am. J. Physiol. Endocrinol. Metab. 2009, 297,
E1013-E1022. [CrossRef] [PubMed]

Wallace, D.C. Mitochondrial Diseases in Man and Mouse. Science 1999, 283, 1482-1488. [CrossRef]

Velho, G.; Byrne, M.M.; Clément, K.; Sturis, J.; Pueyo, M.E.; Blanché, H.; Vionnet, N.; Fiet, J.; Passa, P.; Robert, ].].; et al.
Clinical phenotypes, insulin secretion, and insulin sensitivity in kindreds with maternally inherited diabetes and deafness due to
mitochondrial tRNALeu (UUR) gene mutation. Diabetes 1996, 45, 478-487. [CrossRef]

Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla, R.C; et al.
Mechanisms Controlling Mitochondrial Biogenesis and Respiration through the Thermogenic Coactivator PGC-1. Cell 1999, 98,
115-124. [CrossRef]

Puigserver, P.; Wu, Z; Park, C.W.; Graves, R.; Wright, M.; Spiegelman, B.M. A Cold-Inducible Coactivator of Nuclear Receptors
Linked to Adaptive Thermogenesis. Cell 1998, 92, 829-839. [CrossRef]


http://doi.org/10.1016/j.cmet.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24910242
http://doi.org/10.4161/cc.20036
http://www.ncbi.nlm.nih.gov/pubmed/22544327
http://doi.org/10.2337/db12-0018
http://doi.org/10.1007/s00018-011-0874-4
http://doi.org/10.1073/pnas.1307698110
http://doi.org/10.1530/JOE-12-0351
http://doi.org/10.1016/j.cmet.2017.11.004
http://doi.org/10.1007/s10059-013-0138-2
http://doi.org/10.1016/j.tcb.2015.06.002
http://doi.org/10.1073/pnas.0809136105
http://www.ncbi.nlm.nih.gov/pubmed/18955708
http://doi.org/10.1172/JCI73939
http://www.ncbi.nlm.nih.gov/pubmed/25654547
http://doi.org/10.1091/mbc.e08-12-1249
http://www.ncbi.nlm.nih.gov/pubmed/19225151
http://doi.org/10.1016/j.cmet.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23973332
http://doi.org/10.1371/journal.pone.0023238
http://www.ncbi.nlm.nih.gov/pubmed/21886784
http://doi.org/10.1038/ncb2763
http://doi.org/10.1016/j.cell.2010.02.024
http://doi.org/10.1126/science.1207056
http://doi.org/10.1016/j.cmet.2016.03.008
http://doi.org/10.1074/jbc.M610101200
http://doi.org/10.1016/j.molcel.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20513425
http://doi.org/10.1016/j.cmet.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24206664
http://doi.org/10.1152/ajpendo.00262.2009
http://www.ncbi.nlm.nih.gov/pubmed/19690069
http://doi.org/10.1126/science.283.5407.1482
http://doi.org/10.2337/diab.45.4.478
http://doi.org/10.1016/S0092-8674(00)80611-X
http://doi.org/10.1016/S0092-8674(00)81410-5

Biomolecules 2022, 12, 614 12 of 14

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Falkenberg, M.; Larsson, N.-G.; Gustafsson, C.M. DNA Replication and Transcription in Mammalian Mitochondria. Annu. Rev.
Biochem. 2007, 76, 679—-699. [CrossRef]

Scarpulla, R.C. Transcriptional Paradigms in Mammalian Mitochondrial Biogenesis and Function. Physiol. Rev. 2008, 88, 611-638.
[CrossRef]

Duncan, ].G.; Fong, J.L.; Medeiros, D.M.; Finck, B.N.; Kelly, D.P. Insulin-resistant heart exhibits a mitochondrial biogenic response
driven by the peroxisome proliferator-activated receptor-alpha/PGC-1alpha gene regulatory pathway. Circulation 2007, 115,
909-917. [CrossRef]

Silva, J.P.; Kohler, M.; Graff, C.; Oldfors, A.; Magnuson, M.A.; Berggren, P.O.; Larsson, N.G. Impaired insulin secretion and
beta-cell loss in tissue-specific knockout mice with mitochondrial diabetes. Nat. Genet. 2000, 26, 336-340. [CrossRef] [PubMed]
Rutter, G.; Leclerc, I. The AMP-regulated kinase family: Enigmatic targets for diabetes therapy. Mol. Cell. Endocrinol. 2009, 297,
41-49. [CrossRef] [PubMed]

Kahn, B.B.; Alquier, T.; Carling, D.; Hardie, D.G. AMP-activated protein kinase: Ancient energy gauge provides clues to modern
understanding of metabolism. Cell Metab. 2005, 1, 15-25. [CrossRef] [PubMed]

Bergeron, R.; Ren, ].M.; Cadman, K.S.; Moore, L.K,; Perret, P.,; Pypaert, M.; Young, L.H.; Semenkovich, C.F; Shulman, G.I. Chronic
activation of AMP kinase results in NRF-1 activation and mitochondrial biogenesis. Am. . Physiol. Endocrinol. Metab. 2001, 281,
E1340-E1346. [CrossRef]

Winder, W.W.; Holmes, B.E.,; Rubink, D.S.; Jensen, E.B.; Chen, M.; Holloszy, J.O. Activation of AMP-activated protein kinase
increases mitochondrial enzymes in skeletal muscle. J. Appl. Physiol. 2000, 88, 2219-2226. [CrossRef]

Schieke, S.M.; Finkel, T. Mitochondrial signaling, TOR, and life span. Biol. Chem. 2006, 387, 1357-1361. [CrossRef]
Cunningham, J.T.; Rodgers, ].T.; Arlow, D.H.; Vazquez, E; Mootha, VK,; Puigserver, P. mTOR controls mitochondrial oxidative
function through a YY1-PGC-1a transcriptional complex. Nature 2007, 450, 736-740. [CrossRef]

Morino, K.; Petersen, K.F,; Dufour, S.; Befroy, D.; Frattini, J.; Shatzkes, N.; Neschen, S.; White, M.F,; Bilz, S.; Sono, S.; et al. Reduced
mitochondrial density and increased IRS-1 serine phosphorylation in muscle of insulin-resistant offspring of type 2 diabetic
parents. J. Clin. Investig. 2005, 115, 3587-3593. [CrossRef]

Iwabu, M.; Yamauchi, T.; Okada-Iwabu, M.; Sato, K.; Nakagawa, T.; Funata, M.; Yamaguchi, M.; Namiki, S.; Nakayama, R.; Tabata,
M.; et al. Adiponectin and AdipoR1 regulate PGC-1a and mitochondria by Ca2+ and AMPK/SIRT1. Nature 2010, 464, 1313-1319.
[CrossRef]

Rodgers, ].T.; Lerin, C.; Haas, W.; Gygi, S.P.; Spiegelman, B.M.; Puigserver, P. Nutrient control of glucose homeostasis through a
complex of PGC-1alpha and SIRT1. Nature 2005, 434, 113-118. [CrossRef]

Jager, S.; Handschin, C.; St.-Pierre, J.; Spiegelman, B.M. AMP-activated protein kinase (AMPK) action in skeletal muscle via direct
phosphorylation of PGC-1alpha. Proc. Natl. Acad. Sci. USA 2007, 104, 12017-12022. [CrossRef] [PubMed]

Feng, Z.; Hu, W.; de Stanchina, E.; Teresky, A.K,; Jin, S.; Lowe, S.; Levine, A J. The regulation of AMPK betal, TSC2, and PTEN
expression by p53: Stress, cell and tissue specificity, and the role of these gene products in modulating the IGF-1-AKT-mTOR
pathways. Cancer Res. 2007, 67, 3043-3053. [CrossRef] [PubMed]

Hahn-Windgassen, A.; Nogueira, V.; Chen, C.-C.; Skeen, J.E.; Sonenberg, N.; Hay, N. Akt Activates the Mammalian Target of
Rapamycin by Regulating Cellular ATP Level and AMPK Activity. J. Biol. Chem. 2005, 280, 32081-32089. [CrossRef]

Quan, Y,; Xin, Y,; Tian, G.; Zhou, J.; Liu, X. Mitochondrial ROS-Modulated mtDNA: A Potential Target for Cardiac Aging. Oxid.
Med. Cell. Longev. 2020, 2020, 9423593. [CrossRef] [PubMed]

Sattar, N.; Preiss, D.; Murray, H.M.; Welsh, P.; Buckley, B.M.; de Craen, A.]J.; Seshasai, S.R.; McMurray, ].J.; Freeman, D.J.; Jukema,
J.W,; et al. Statins and risk of incident diabetes: A collaborative meta-analysis of randomised statin trials. Lancet 2010, 375,
735-742. [CrossRef]

Preiss, D.; Seshasai, S.R.; Welsh, P.; Murphy, S.A.; Ho, J.E.; Waters, D.D.; DeMicco, D.A.; Barter, P.; Cannon, C.P.,; Sabatine,
M.S.; et al. Risk of incident diabetes with intensive-dose compared with moderate-dose statin therapy: A meta-analysis. JAMA
2011, 305, 2556-2564. [CrossRef]

Shen, L.; Gu, Y,; Qiu, Y.; Cheng, T; Nie, A,; Cui, C,; Fu, C,; Li, T,; Li, X;; Fu, L,; et al. Atorvastatin Targets the Islet Mevalonate
Pathway to Dysregulate mTOR Signaling and Reduce 3-Cell Functional Mass. Diabetes 2019, 69, 48-59. [CrossRef]

Pascoe, J.; Hollern, D.; Stamateris, R.; Abbasi, M.; Romano, L.C.; Zou, B.; O’'Donnell, C.P,; Garcia-Ocana, A.; Alonso, L.C. Free
fatty acids block glucose-induced b-cell proliferation in mice by inducing cell cycle inhibitors p16 and p18. Diabetes 2012, 61,
632—641. [CrossRef]

Fontés, G.; Zarrouki, B.; Hagman, D.K.; Latour, M.G.; Semache, M.; Roskens, V.; Moore, P.C.; Prentki, M.; Rhodes, C.J.; Jetton,
T.L.; et al. Glucolipotoxicity age-dependently impairs beta cell function in rats despite a marked increase in beta cell mass.
Diabetologia 2010, 53, 2369-2379. [CrossRef]

Poitout, V.; Amyot, J.; Semache, M.; Zarrouki, B.; Hagman, D.; Fontés, G. Glucolipotoxicity of the pancreatic beta cell. Biochim.
Biophys. Acta 2010, 1801, 289-298. [CrossRef]

Hatanaka, M.; Maier, B.; Sims, E.K,; Templin, A.T.; Kulkarni, R.N.; Evans-Molina, C.; Mirmira, R.G. Palmitate Induces mRNA
Translation and Increases ER Protein Load in Islet 3-Cells via Activation of the Mammalian Target of Rapamycin Pathway.
Diabetes 2014, 63, 3404-3415. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev.biochem.76.060305.152028
http://doi.org/10.1152/physrev.00025.2007
http://doi.org/10.1161/CIRCULATIONAHA.106.662296
http://doi.org/10.1038/81649
http://www.ncbi.nlm.nih.gov/pubmed/11062475
http://doi.org/10.1016/j.mce.2008.05.020
http://www.ncbi.nlm.nih.gov/pubmed/18611432
http://doi.org/10.1016/j.cmet.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16054041
http://doi.org/10.1152/ajpendo.2001.281.6.E1340
http://doi.org/10.1152/jappl.2000.88.6.2219
http://doi.org/10.1515/BC.2006.170
http://doi.org/10.1038/nature06322
http://doi.org/10.1172/JCI25151
http://doi.org/10.1038/nature08991
http://doi.org/10.1038/nature03354
http://doi.org/10.1073/pnas.0705070104
http://www.ncbi.nlm.nih.gov/pubmed/17609368
http://doi.org/10.1158/0008-5472.CAN-06-4149
http://www.ncbi.nlm.nih.gov/pubmed/17409411
http://doi.org/10.1074/jbc.M502876200
http://doi.org/10.1155/2020/9423593
http://www.ncbi.nlm.nih.gov/pubmed/32308810
http://doi.org/10.1016/S0140-6736(09)61965-6
http://doi.org/10.1001/jama.2011.860
http://doi.org/10.2337/db19-0178
http://doi.org/10.2337/db11-0991
http://doi.org/10.1007/s00125-010-1850-5
http://doi.org/10.1016/j.bbalip.2009.08.006
http://doi.org/10.2337/db14-0105
http://www.ncbi.nlm.nih.gov/pubmed/24834975

Biomolecules 2022, 12, 614 13 of 14

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Shigeyama, Y.; Kobayashi, T.; Kido, Y.; Hashimoto, N.; Asahara, S.; Matsuda, T.; Takeda, A.; Inoue, T.; Shibutani, Y.; Koyanagi,
M.; et al. Biphasic response of pancreatic beta-cell mass to ablation of tuberous sclerosis complex 2 in mice. Mol. Cell Biol. 2008,
28,2971-2979. [CrossRef] [PubMed]

Rachdji, L.; Balcazar, N.; Osorio-Duque, F; Elghazi, L.; Weiss, A.; Gould, A.; Chang-Chen, K.J.; Gambello, M.].; Bernal-Mizrachi, E.
Disruption of Tsc2 in pancreatic beta cells induces beta cell mass expansion and improved glucose tolerance in a TORC1-dependent
manner. Proc. Natl. Acad. Sci. USA 2008, 105, 9250-9255. [CrossRef] [PubMed]

Werneck-De-Castro, ].P; Pecanha, FL.M.; Silvestre, D.H.; Bernal-Mizrachi, E. The RNA-binding protein LARP1 is dispensable for
pancreatic 3-cell function and mass. Sci. Rep. 2021, 11, 2079. [CrossRef] [PubMed]

Elghazi, L.; Balcazar, N.; Blandino-Rosano, M.; Cras-Méneur, C.; Fatrai, S.; Gould, A.P.; Chi, M.M.; Moley, K.H.; Bernal-Mizrachi,
E. Decreased IRS signaling impairs beta-cell cycle progression and survival in transgenic mice overexpressing S6K in beta-cells.
Diabetes 2010, 59, 2390-2399. [CrossRef]

Blandino-Rosano, M.; Barbaresso, R.; Jimenez-Palomares, M.; Bozadjieva, N.; Werneck-De-Castro, ].P.; Hatanaka, M.; Mirmira,
R.G.; Sonenberg, N.; Liu, M.; Riiegg, M.A; et al. Loss of mMTORC1 signalling impairs 3-cell homeostasis and insulin processing.
Nat. Commun. 2017, 8, 16014. [CrossRef]

Sinagoga, K.L.; Stone, W.; Schiesser, ].V.; Schweitzer, ].I.; Sampson, L.; Zheng, Y.; Wells, ].M. Distinct roles for the mTOR pathway
in postnatal morphogenesis, maturation and function of pancreatic islets. Development 2017, 144, 2402-2414. [CrossRef]
Hamada, S.; Hara, K.; Hamada, T.; Yasuda, H.; Moriyama, H.; Nakayama, R.; Nagata, M.; Yokono, K. Upregulation of the
mammalian target of rapamycin complex 1 pathway by Ras homolog enriched in brain in pancreatic beta-cells leads to increased
beta-cell mass and prevention of hyperglycemia. Diabetes 2009, 58, 1321-1332. [CrossRef]

Chau, G.C.; Im, D.U,; Kang, TM.; Bae, ] M.; Kim, W.; Pyo, S.; Moon, E.Y.; Um, S.H. mTOR controls ChREBP transcriptional
activity and pancreatic (3 cell survival under diabetic stress. J. Cell Biol. 2017, 216, 2091-2105. [CrossRef]

Maedler, K.; Ardestani, A. mTORC in 3 cells: More Than Only Recognizing Comestibles. . Cell Biol. 2017, 216, 1883-1885.
[CrossRef]

Ni, Q.; Gu, Y,; Xie, Y.; Yin, Q.; Zhang, H.; Nie, A.; Li, W,; Wang, Y.; Ning, G.; Wang, W,; et al. Raptor regulates functional
maturation of murine beta cells. Nat. Commun. 2017, 8, 15755. [CrossRef] [PubMed]

Alejandro, E.U.; Bozadjieva, N.; Blandino-Rosano, M.; Wasan, M.A.; Elghazi, L.; Vadrevu, S.; Satin, L.; Bernal-Mizrachi, E.
Overexpression of Kinase-Dead mTOR Impairs Glucose Homeostasis by Regulating Insulin Secretion and Not (3-Cell Mass.
Diabetes 2017, 66, 2150-2162. [CrossRef] [PubMed]

Brouwers, B.; Coppola, L; Vints, K.; Dislich, B.; Jouvet, N.; Van Lommel, L.; Segers, C.; Gounko, N.V.; Thorrez, L.; Schuit, F.; et al.
Loss of Furin in 3-Cells Induces an mTORC1-ATF4 Anabolic Pathway That Leads to 3-Cell Dysfunction. Diabetes 2021, 70,
492-503. [CrossRef] [PubMed]

Elghazi, L.; Blandino-Rosano, M.; Alejandro, E.; Cras-Méneur, C.; Bernal-Mizrachi, E. Role of nutrients and mTOR signaling in
the regulation of pancreatic progenitors development. Mol. Metab. 2017, 6, 560-573. [CrossRef] [PubMed]

Yuan, T.; Annamalai, K.; Naik, S.; Lupse, B.; Geravandi, S.; Pal, A.; Dobrowolski, A.; Ghawali, J.; Ruhlandt, M.; Gorrepati,
K.D.D,; et al. The Hippo kinase LATS2 impairs pancreatic 3-cell survival in diabetes through the mTORC1-autophagy axis. Nat.
Commun. 2021, 12, 4928. [CrossRef]

Zhang, X.; Wang, X.; Yuan, Z.; Radford, S.J.; Liu, C.; Libutti, S.K.; Zheng, X.E.S. Amino acids-RablA-mTORC1 signaling controls
whole-body glucose homeostasis. Cell Rep. 2021, 34, 108830. [CrossRef]

Alejandro, E.; Gregg, B.; Wallen, T.; Kumusoglu, D.; Meister, D.; Chen, A.; Merrins, M.J.; Satin, L.S.; Liu, M.; Arvan, P; et al.
Maternal diet-induced microRNAs and mTOR underlie 3 cell dysfunction in offspring. J. Clin. Investig. 2014, 124, 4395-4410.
[CrossRef]

Um, S.H.; Sticker-Jantscheff, M.; Chau, G.C.; Vintersten, K.; Mueller, M.; Gangloff, Y.-G.; Adams, R.H,; Spetz, J.-F.; Elghazi, L.;
Pfluger, P.T,; et al. S6K1 controls pancreatic {3 cell size independently of intrauterine growth restriction. J. Clin. Investig. 2015, 125,
2736-2747. [CrossRef]

Roos, S.; Jansson, N.; Palmberg, I.; S&ljo, K.; Powell, T.; Jansson, T. Mammalian target of rapamycin in the human placenta
regulates leucine transport and is down-regulated in restricted fetal growth. J. Physiol. 2007, 582, 449—459. [CrossRef]

Sati, L.; Soygur, B.; Celik-Ozenci, C. Expression of Mammalian Target of Rapamycin and Downstream Targets in Normal and
Gestational Diabetic Human Term Placenta. Reprod. Sci. 2015, 23, 324-332. [CrossRef]

Jaafar, R.; Tran, S.; Shah, A.N.; Sun, G.; Valdearcos, M.; Marchetti, P.; Masini, M.; Swisa, A.; Giacometti, S.; Bernal-Mizrachi,
E.; et al. mMTORC1-to-AMPK switching underlies 3 cell metabolic plasticity during maturation and diabetes. J. Clin. Investig. 2019,
129, 4124-4137. [CrossRef] [PubMed]

Masini, M.; Bugliani, M.; Lupi, R.; del Guerra, S.; Boggi, U.; Filipponi, F.; Marselli, L.; Masiello, P.; Marchetti, P. Autophagy in
human type 2 diabetes pancreatic beta cells. Diabetologia 2009, 52, 1083-1086. [CrossRef] [PubMed]

Mir, S.U.; George, N.M.; Zahoor, L.; Harms, R.; Guinn, Z.; Sarvetnick, N.E. Inhibition of autophagic turnover in b-cells by fatty
acids and glucose leads to apoptotic cell death. |. Biol. Chem. 2015, 290, 6071-6085. [CrossRef] [PubMed]

Ebato, C.; Uchida, T.; Arakawa, M.; Komatsu, M.; Ueno, T.; Komiya, K.; Azuma, K.; Hirose, T.; Tanaka, K.; Kominami, E.; et al.
Autophagy Is Important in Islet Homeostasis and Compensatory Increase of Beta Cell Mass in Response to High-Fat Diet. Cell
Metab. 2008, 8, 325-332. [CrossRef] [PubMed]


http://doi.org/10.1128/MCB.01695-07
http://www.ncbi.nlm.nih.gov/pubmed/18316403
http://doi.org/10.1073/pnas.0803047105
http://www.ncbi.nlm.nih.gov/pubmed/18587048
http://doi.org/10.1038/s41598-021-81457-4
http://www.ncbi.nlm.nih.gov/pubmed/33483593
http://doi.org/10.2337/db09-0851
http://doi.org/10.1038/ncomms16014
http://doi.org/10.1242/dev.146316
http://doi.org/10.2337/db08-0519
http://doi.org/10.1083/jcb.201701085
http://doi.org/10.1083/jcb.201704179
http://doi.org/10.1038/ncomms15755
http://www.ncbi.nlm.nih.gov/pubmed/28598424
http://doi.org/10.2337/db16-1349
http://www.ncbi.nlm.nih.gov/pubmed/28546423
http://doi.org/10.2337/db20-0474
http://www.ncbi.nlm.nih.gov/pubmed/33277337
http://doi.org/10.1016/j.molmet.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28580286
http://doi.org/10.1038/s41467-021-25145-x
http://doi.org/10.1016/j.celrep.2021.108830
http://doi.org/10.1172/JCI74237
http://doi.org/10.1172/JCI77030
http://doi.org/10.1113/jphysiol.2007.129676
http://doi.org/10.1177/1933719115602765
http://doi.org/10.1172/JCI127021
http://www.ncbi.nlm.nih.gov/pubmed/31265435
http://doi.org/10.1007/s00125-009-1347-2
http://www.ncbi.nlm.nih.gov/pubmed/19367387
http://doi.org/10.1074/jbc.M114.605345
http://www.ncbi.nlm.nih.gov/pubmed/25548282
http://doi.org/10.1016/j.cmet.2008.08.009
http://www.ncbi.nlm.nih.gov/pubmed/18840363

Biomolecules 2022, 12, 614 14 of 14

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Jung, H.S.; Chung, KW.; Won Kim, J.; Kim, J.; Komatsu, M.; Tanaka, K.; Nguyen, Y.H.; Kang, TM.; Yoon, K.H.; Kim, ] W,; et al.
Loss of autophagy diminishes pancreatic beta cell mass and function with resultant hyperglycemia. Cell Metab. 2008, 8, 318-324.
[CrossRef] [PubMed]

Riahi, Y.; Wikstrom, J.D.; Bachar-Wikstrom, E.; Polin, N.; Zucker, H.; Lee, M.-S.; Quan, W.; Haataja, L.; Liu, M.; Arvan, P; et al.
Autophagy is a major regulator of beta cell insulin homeostasis. Diabetologia 2016, 59, 1480-1491. [CrossRef]

Stienstra, R.; Haim, Y.; Riahi, Y.; Netea, M.; Rudich, A.; Leibowitz, G. Autophagy in adipose tissue and the beta cell: Implications
for obesity and diabetes. Diabetologia 2014, 57, 1505-1516. [CrossRef]

Bartolomé, A.; Kimura-Koyanagi, M.; Asahara, S.-I.; Guillén, C.; Inoue, H.; Teruyama, K.; Shimizu, S.; Kanno, A.; Garcia-Aguilar,
A.; Koike, M.; et al. Pancreatic 3-Cell Failure Mediated by mTORC1 Hyperactivity and Autophagic Impairment. Diabetes 2014, 63,
2996-3008. [CrossRef]

Bachar-Wikstrom, E.; Wikstrom, ].D.; Ariav, Y.; Tirosh, B.; Kaiser, N.; Cerasi, E.; Leibowitz, G. Stimulation of autophagy improves
endoplasmic reticulum stress-induced diabetes. Diabetes 2013, 62, 1227-1237. [CrossRef]

Kim, J.; Kundu, M.; Viollet, B.; Guan, K.-L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulkl. Nat.
Cell Biol. 2011, 13, 132-141. [CrossRef]

Pasquier, A.; Vivot, K.; Erbs, E.; Spiegelhalter, C.; Zhang, Z.; Aubert, V.; Liu, Z.; Senkara, M.; Maillard, E.; Pinget, M.; et al.
Lysosomal degradation of newly formed insulin granules contributes to 3 cell failure in diabetes. Nat. Commun. 2019, 10, 3312.
[CrossRef] [PubMed]

Back, S.H.; Kaufman, R.J. Endoplasmic Reticulum Stress and Type 2 Diabetes. Annu. Rev. Biochem. 2012, 81, 767-793. [CrossRef]
[PubMed]

Biden, T.J.; Boslem, E.; Chu, K.Y.; Sue, N. Lipotoxic endoplasmic reticulum stress, 3 cell failure, and type 2 diabetes mellitus.
Trends Endocrinol. Metab. 2014, 25, 389-398. [CrossRef] [PubMed]

Fonseca, S.G.; Gromada, J.; Urano, F. Endoplasmic reticulum stress and pancreatic 3-cell death. Trends Endocrinol. Metab. 2011, 22,
266-274. [CrossRef]

Oyadomari, S.; Koizumi, A.; Takeda, K.; Gotoh, T.; Akira, S.; Araki, E.; Mori, M. Targeted disruption of the Chop gene delays
endoplasmic reticulum stress-mediated diabetes. ]. Clin. Investig. 2002, 109, 525-532. [CrossRef]

Appenzeller-Herzog, C.; Hall, M.N. Bidirectional crosstalk between endoplasmic reticulum stress and mTOR signaling. Trends
Cell Biol. 2012, 22, 274-282. [CrossRef]

Wang, ].; Yang, X.; Zhang, J. Bridges between mitochondrial oxidative stress, ER stress and mTOR signaling in pancreatic {3 cells.
Cell Signal. 2016, 28, 1099-1104. [CrossRef]

Ozcan, U,; Ozcan, L.; Yilmaz, E.; Duvel, K.; Sahin, M.; Manning, B.D.; Hotamisligil, G.S. Loss of the tuberous sclerosis complex
tumor suppressors triggers the unfolded protein response to regulate insulin signaling and apoptosis. Mol. Cell 2008, 29, 541-551.
[CrossRef]

Bachar, E.; Ariav, Y.; Ketzinel-Gilad, M.; Cerasi, E.; Kaiser, N.; Leibowitz, G. Glucose Amplifies Fatty Acid-Induced Endoplasmic
Reticulum Stress in Pancreatic 3-Cells via Activation of mMTORC1. PLoS ONE 2009, 4, e4954. [CrossRef]

Riahi, Y.; Israeli, T.; Yeroslaviz, R.; Chimenez, S.; Avrahami, D.; Stolovich-Rain, M.; Alter, I.; Sebag, M.; Polin, N.; Bernal-Mizrachi,
E.; et al. Inhibition of mTORCI1 by ER stress impairs neonatal 3-cell expansion and predisposes to diabetes in the Akita mouse.
eLife 2018, 7, €38472. [CrossRef]

Guan, B.J.,; Krokowski, D.; Majumder, M.; Schmotzer, C.L.; Kimball, S.R.; Merrick, W.C.; Koromilas, A.E.; Hatzoglou, M.
Translational control during endoplasmic reticulum stress beyond phosphorylation of the translation initiation factor elF2«.
J. Biol. Chem. 2014, 289, 12593-12611. [CrossRef] [PubMed]

Krokowski, D.; Han, J.; Saikia, M.; Majumder, M.; Yuan, C.L.; Guan, B.J.; Bevilacqua, E.; Bussolati, O.; Broer, S.; Arvan, P; et al.
A self-defeating anabolic program leads to b-cell apoptosis in endoplasmic reticulum stress induced diabetes via regulation of
amino acid flux. J. Biol. Chem. 2013, 288, 17202-17213. [CrossRef] [PubMed]

Park, Y.; Reyna-Neyra, A.; Philippe, L.; Thoreen, C.C. mTORC1 Balances Cellular Amino Acid Supply with Demand for Protein
Synthesis through Post-transcriptional Control of ATF4. Cell Rep. 2017, 19, 1083-1090. [CrossRef] [PubMed]

Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex.
Science 2005, 307, 1098-1101. [CrossRef] [PubMed]

Gu, Y; Lindner, ].; Kumar, A.; Yuan, W.; Magnuson, M.A. Rictor/mTORC?2 is essential for maintaining a balance between beta-cell
proliferation and cell size. Diabetes 2011, 60, 827-837. [CrossRef] [PubMed]

Xie, Y.; Cui, C.; Nie, A.; Wang, Y.; Ni, Q.; Liu, Y,; Yin, Q.; Zhang, H.; Li, Y.; Wang, Q.; et al. The mTORC2/PKC pathway sustains
compensatory insulin secretion of pancreatic 3 cells in response to metabolic stress. Biochim Biophys Acta Gen Subj. 2017, 1861,
2039-2047. [CrossRef]

Yin, Q.; Ni, Q.; Wang, Y.; Zhang, H.; Li, W.; Nie, A.; Wang, S.; Gu, Y.; Wang, Q.; Ning, G. Raptor determines 3-cell identity and
plasticity independent of hyperglycemia in mice. Nat. Commun. 2020, 11, 2538. [CrossRef]

Lupse, B.; Annamalai, K.; Ibrahim, H.; Kaur, S.; Geravandi, S.; Sarma, B.; Pal, A.; Awal, S.; Joshi, A.; Rafizadeh, S.; et al. Inhibition
of PHLPP1/2 phosphatases rescues pancreatic (3-cells in diabetes. Cell Rep. 2021, 36, 109490. [CrossRef]

Yuan, T.; Rafizadeh, S.; Gorrepati, K.D.D.; Lupse, B.; Oberholzer, J.; Maedler, K.; Ardestani, A. Reciprocal regulation of mTOR
complexes in pancreatic islets from humans with type 2 diabetes. Diabetologia 2016, 60, 668-678. [CrossRef]


http://doi.org/10.1016/j.cmet.2008.08.013
http://www.ncbi.nlm.nih.gov/pubmed/18840362
http://doi.org/10.1007/s00125-016-3868-9
http://doi.org/10.1007/s00125-014-3255-3
http://doi.org/10.2337/db13-0970
http://doi.org/10.2337/db12-1474
http://doi.org/10.1038/ncb2152
http://doi.org/10.1038/s41467-019-11170-4
http://www.ncbi.nlm.nih.gov/pubmed/31346174
http://doi.org/10.1146/annurev-biochem-072909-095555
http://www.ncbi.nlm.nih.gov/pubmed/22443930
http://doi.org/10.1016/j.tem.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24656915
http://doi.org/10.1016/j.tem.2011.02.008
http://doi.org/10.1172/JCI0214550
http://doi.org/10.1016/j.tcb.2012.02.006
http://doi.org/10.1016/j.cellsig.2016.05.007
http://doi.org/10.1016/j.molcel.2007.12.023
http://doi.org/10.1371/journal.pone.0004954
http://doi.org/10.7554/eLife.38472
http://doi.org/10.1074/jbc.M113.543215
http://www.ncbi.nlm.nih.gov/pubmed/24648524
http://doi.org/10.1074/jbc.M113.466920
http://www.ncbi.nlm.nih.gov/pubmed/23645676
http://doi.org/10.1016/j.celrep.2017.04.042
http://www.ncbi.nlm.nih.gov/pubmed/28494858
http://doi.org/10.1126/science.1106148
http://www.ncbi.nlm.nih.gov/pubmed/15718470
http://doi.org/10.2337/db10-1194
http://www.ncbi.nlm.nih.gov/pubmed/21266327
http://doi.org/10.1016/j.bbagen.2017.04.008
http://doi.org/10.1038/s41467-020-15935-0
http://doi.org/10.1016/j.celrep.2021.109490
http://doi.org/10.1007/s00125-016-4188-9

	Introduction 
	Basic Knowledge of mTOR 
	mTOR and Insulin Secretion 
	mTORC1 and Regulation of Pancreatic -Cell Mass 
	Autophagy 
	ER Stress 
	mTORC2 and -Cell Growth and Function 
	Is mTOR “Good” or “Bad” for Pancreatic -Cells? 
	Conclusions 
	References

