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Raptor levels are critical for 3-cell adaptation to
a high-fat diet in male mice
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ABSTRACT

Objective: The essential role of raptor/mTORC1 signaling in B-cell survival and insulin processing has been recently demonstrated using raptor
knock-out models. Our aim was to evaluate the role of mTORC1 function in adaptation of B-cells to insulin resistant state.

Method: Here, we use mice with heterozygous deletion of raptorin B-cells (,BraH“"’) to assess whether reduced mTORC1 function is critical for [3-
cell function in normal conditions or during 3-cell adaptation to high-fat diet (HFD).

Results: Deletion of a raptor allele in B-cells showed no differences at the metabolic level, islets morphology, or B-cell function in mice fed
regular chow. Surprisingly, deletion of only one allele of raptor increases apoptosis without altering proliferation rate and is sufficient to impair
insulin secretion when fed a HFD. This is accompanied by reduced levels of critical B-cell genes like Ins1, MafA, Ucn3, Glut2, Glp1r, and specially
PDX1 suggesting an improper B-cell adaptation to HFD.

Conclusion: This study identifies that raptor levels play a key role in maintaining PDX1 levels and B-cell function during the adaptation of B-cell
to HFD. Finally, we identified that Raptor levels regulate PDX1 levels and B-cell function during B-cell adaptation to HFD by reduction of the
mTORC1-mediated negative feedback and activation of the AKT/FOXA2/PDX1 axis. We suggest that Raptor levels are critical to maintaining PDX1

levels and B-cell function in conditions of insulin resistance in male mice.
© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

Type 2 diabetes (T2D) is characterized by defective insulin secretion
and [-cell expansion in conditions of insulin resistance. B-Cell
adaptation to insulin resistance is regulated by the interplay of signals
from growth factors, cytokines, insulin, and nutrients such as glucose,
fatty acids, and amino acids (AAs). The mTOR complex 1 (mTORC1) is
activated by nutrients (AAs, glucose, lipids) and growth factors, thereby
linking growth factor, diet, and nutrient excess to B-cell responses.
Abnormalities in mTORC1 signaling have been implicated in human
diseases including diabetes. Published observations underscore the
importance of mTORC1 signaling on modulation of 3-cell mass, insulin
secretion and adaptation to insulin resistance.

mTORC1 is a protein complex that functions as a nutrient sensor and it
is composed of mTOR itself, the regulatory-associated protein of mTOR
(Raptor), mammalian lethal with mLST8, PRAS40, and DEPTOR [1].
mTORC1 controls growth, proliferation and metabolism by directly
modulating 4 E-BPs and S6 kinases (S6K). One consequence of

chronic mTORC1 hyperactivation is the induction of an S6K1-
dependent negative feedback loop leading to attenuation of AKT
signaling in multiple tissues and insulin resistance [2—5]. Activation of
mTORC1 by conditional deletion of TSC2 in B-cells (37SC2~ /*) in-
duces improved glucose tolerance as a result of increased [B-cell
mass, proliferation and cell size [6]. The importance of endogenous
mTORC1 signaling in B-cells has been recently demonstrated using
raptor knock-out models [7—9]. These studies have shown a key role
of Raptor in proliferation, size, survival, and maturation of the B-cell,
and both in function and insulin processing. /n vivo and in vitro studies
have shown that inhibition of mTORC1 has a protective effect in
conditions of excessive proinsulin misfolding by stimulating autophagy
and alleviating ER stress [10,11]. On the other hand, previous studies
have suggested the importance of mTORC1 in the adaptation to states
of insulin resistance [10—14] including in T2D patients [15] and
increased mTORC1 activity has been reported in prediabetic db/db
mice compared to nondiabetic littermates [14]. Leibowitz et al.
demonstrated that blocking mTORC1 by rapamycin in P. obesus
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caused severe impairment of B-cells function, increased B-cells
apoptosis, and progression of diabetes [11]. These studies are
consistent with other studies showing that the use of rapamycin has
been also linked with antiproliferative effects, and alteration in the cell
cycle what could negatively impact the adaptation of B-cells to insulin
resistance [12]. However, several questions remain unanswered as
whether reduced in endogenous mTORC1 function is critical for f-cell
function in normal conditions or during B-cell adaptation to insulin
resistance. Finally, the role of mTORC1 function in adaptation of 3-cells
to insulin resistant states has not been directly evaluated.

In the present study, we use mice with heterozygous deletion of Raptor
in B-cells (Bra™) to assess whether reduced mTORC1 function is
critical for B-cell function in normal conditions or during -cell adap-
tation to high-fat diet (HFD). Bra™ mice showed no differences at the
metabolic level, islets morphology, or B-cell function when fed regular
chow. Surprisingly, deletion of only one allele of Raptor is sufficient to
impair insulin secretion when fed a HFD, increases apoptosis without
altering proliferation rate, accompanied by a reduced levels of critical 3-
cell genes like Ins1 and 2, MafA, Ucn3, Glut2, Glp1r, and especially
Pdx1, suggesting an improper B-cell adaptation to HFD. Our data
demonstrate that Raptor protein levels are also of main importance in
the maintenance of the PDX1 levels and B-cell function in the adaptation
of B-cell to HFD. Finally, our data showing that increasing FOXA2 levels
inislets from ﬂra"’ermice exposed to HFD rescue PDX1 levels and insulin
secretion highlights the importance of this pathway in HFD adaptation.
These set of studies underscore a key role of Raptor levels in main-
taining PDX1 levels and B-cell function in conditions of insulin resis-
tance by controlling the mTORC1-dependent negative feedback loop.

2. MATERIALS AND METHODS

2.1. Animal generation

RIP-Cre and raptor”" mice have been previously described [8,16,17].
Mice with transgenic overexpression of a rapamycin resistant consti-
tutively active form of S6K in B-cells (caS6K) and (raK0;caS6K have
been previously described [8,18]. Studies were performed on mice on
C57BL6J background. Results of the experiments are shown for male
mice at ages shown in figure legends. All animals were maintained on
a 12 h light—dark cycle. All procedures were performed in accordance
with the University of Miami-approved protocols.

2.2. Metabolic studies

Adult mice were given a normal chow diet or a high-fat diet of 60%
kcal fat (D12492, Research Diets). Blood glucose levels were deter-
mined from blood obtained from the tail vein using Contour glucometer
(Bayer). Fasting glucose and insulin were measured after overnight
fasting. Glucose tolerance tests and GSIS were performed on
overnight-fasted animals by injecting glucose intraperitoneally (2 and
3 mg kg‘1, respectively). Plasma insulin and proinsulin levels were
determined using a Mouse Ultrasensitive Insulin ELISA kit and Mouse
Proinsulin ELISA kit, respectively (ALPCO Immunoassays).

2.3. Immunofluorescence staining and morphometric analysis

Formalin-fixed pancreatic tissues were embedded in paraffin. Immu-
nofluorescence staining was performed using primary antibodies
described on Supplementary Table 1. Fluorescent images were ac-
quired using a microscope (Leica DM5500B) with a motorized stage
using a camera (Leica Microsystems, DFC360FX), interfaced with the
0ASIS-blue PCI controller, and controlled by the Leica Application Suite
X (LAS X). B-Cell ratio assessment was calculated by measuring insulin
and acinar areas using Adobe Photoshop 2021 in five insulin-stained

sections (5 um) that were 200 um apart. To calculate B-cell mass,
the B-cell to acinar ratio was then multiplied by the pancreas weight.
Islets number was examined using standard histological methods on
stained pancreas sections with an insulin antibody. Assessment of
proliferation was performed in insulin- and Ki67-stained sections.
Apoptosis was determined using TUNEL assay (ApopTag Red in Situ
Apoptosis Detection Kit, Chemicon) in insulin-stained sections. At least
3,000 B-cells were counted for each animal. For dispersed cell
staining, islets were gently dispersed after 5 min incubation with
trypsin—EDTA (0.25% trypsin and 1 mM EDTA) in Hanks’ balanced salt
solution without Ca?* and Mg®™ (Gibco Invitrogen) at 37 °C followed
by fixation in 4% methanol-free formaldehyde onto poly-L-lysine-
coated slides. All the morphologic measurements were performed in
blinded manner.

2.4, Islets studies

After islet isolation, islets were maintained at 37 °C in an atmosphere
containing 20% oxygen and 5% CO.. Insulin secretion from isolated
islets was assessed by static incubation. Briefly, after overnight culture
in RPMI containing 5 mM glucose and 10% FBS, islets were pre-
cultured for 1 h in Krebs—Ringer medium containing 2 mM glucose.
Groups of 10 islets in triplicates were then incubated in Krebs—Ringer
medium containing 2 or 16 mM glucose for 1 h. Secreted insulin in the
supernatant and insulin content was then measured using Mouse UI-
trasensitive Insulin ELISA kit (ALPCO Immunoassays) and normalized to
DNA content. Isolated islets were treated in vitro with proinflammatory
cytokines (IL-1 (50U/ml), IFN-y and TNF-o. (1000U/ml) (Peprotech,
Thermo Fisher Scientific), thapsigargin (1 puM) or palmitate (0.4 miM)
(Millipore, Bedford, MA). After 24 h treatment, islets were dispersed into
a single cell suspension and fixed for flow cytometry analysis.

2.5. Western blotting

Islets from an individual mouse (120—150 islets) were lysed in lysis
buffer (125 mM Tris, pH 7, 2% SDS and 1 mM dithiothreitol) containing
a protease inhibitor cocktail (Roche Diagnostics). Protein quantity was
measured by a bicinchoninic acid assay method, and 40 pg of protein
were loaded on SDS—PAGE gels and separated by electrophoresis.
Separated proteins were transferred onto polyvinylidene difluoride
membranes (Millipore, Bedford, MA) overnight. After blocking for 1 h in
Li-Cor Blocking buffer, membranes were incubated overnight at 4 °C
with a primary antibody diluted in 1 x Tris-buffered saline—1% Tween
20—5% milk followed by 1 h incubation at room temperature with
horseradish peroxidase-conjugated secondary antibodies. Antibodies
used for immunoblotting are included in Supplementary Table 1, and
membranes were developed using Western Bright Sirius Kit (Bio-
Express). Band densitometry was determined by measuring pixel in-
tensity using NIH Image J software (v1.49 d [19] freely available at
http://rsb.info.nih.gov/ij/index.html) and normalized to tubulin, actin or
total protein in the same membrane. Images have been cropped for
presentation. Full-size images for the most important western blots are
presented in Supplementary Figures.

2.6. Flow cytometry

After overnight culture in RPMI containing 5 mM glucose, islets were
dispersed into a single-cell suspension and fixed with BD Pharmingen
Transcription Factor Phospho Buffer Set (BD Biosciences). Dispersed
cells were incubated overnight with conjugated antibodies at 4 °C.
Dead cells were excluded by Ghost Dye Red 780 (Tonbo), and signal
intensity from single stained cells and GFP was analyzed by mean
fluorescent intensity in insulin-positive cells using BD LSR Il (BD Bio-
sciences). Antibodies used are included in Supplementary Table 1.
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2.7. Quantitative real-time PCR

Total RNA was isolated using RNeasy (Qiagen) followed by cDNA
synthesis using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) according to the manufacturer’s protocol. Real-time PCR
was performed on an ABI 7000 sequence detection system using
POWER SYBR-Green PCR Master MIX (Applied Biosystems). Primers
were purchased from IDT Technologies. Primer pair for:

pdx1 was as follows: 5'-CCC CAG TTT ACA AGC TCG CT-3' (forward);
5'-CTC GGT TCC ATT CGG GAA AGG-3’ (reverse), ins7: 5’-CAC CCC
ACC TGG AGA CCT TA-3' (forward); 5’-TGA AAC AAT GAC CTG CTT GCT
G-3’ (reverse) and ins2: 5'-GCA AGC AGG AAG GTT ATT GTT TCA-3'
(forward); 5’-GCT TGA CAA AAG CCT GGG TG-3’ (reverse).

2.8. RNA-Seq library preparation, sequencing, and data analysis
RNA Quality Control and DNase Treatment: A total of 12 mice islets
RNA samples were submitted to Ocean Ridge Biosciences (Deerfield
Beach, FL) for mRNA-Sequencing. Total RNA was quantified by 0.D.
measurement and assessed for quality on a 1% agarose — 2%
formaldehyde RNA Quality Control (QC) gel. The RNA was then digested
with RNase free DNase | (Epicentre; Part #D9905K) and re-purified
using Agencourt RNAClean XP beads (Beckman Coulter; Part #
A63987). The newly digested RNA samples were then quantified by
0.D. measurement. The newly digested RNA samples were then
quantified by 0.D. measurement and checked for quality.

Library Preparation: Amplified cDNA libraries suitable for sequencing
were prepared from 250 ng (ng) of DNA-free total RNA using the
TruSeq Stranded mRNA Library Prep (lllumina Inc.; Part # 20,020,595).
The quality and size distribution of the amplified libraries were
determined by chip-based capillary electrophoresis (Bioanalyzer 2100,
Agilent Technologies). Libraries were quantified using the KAPA Library
Quantification Kit (Kapa Biosystems, Boston, MA).

2.9. Sequencing

The 8 libraries were pooled at equimolar concentrations and
sequenced in a total of 3 runs on the lllumina NextSeq 500
sequencer using two Mid Output v2 150 cycle kits (part# FC-404-
2001) and one High Output v2.5 150 cycle kit (part# 20,024,907).
In each case the libraries were sequenced with 76 nt paired-end
reads plus 8 nt dual-index reads on the instrument running Next-
Seq Control Software version 2.2.0.4. Real time image analysis and
base calling were performed on the instrument using the Real-Time
Analysis (RTA) software version 2.4.11. Generation of FASTQ files:
Base calls from the NextSeq 500 RTA were converted to sequencing
reads in FASTQ format using Illumina’s bcl2fastq program
v2.17.1.14 with default settings. Sequencing adapters were not
trimmed in this step.

2.10. Adenoviral infection

After overnight culture in RPMI containing 5 mM glucose, islets were
infected with adenoviruses carrying the cytomegalovirus promoter (Ad.
CMV) or FOXA2 and GFP under the control of the CMV promoter (Ad.
FOXA2-GFP (ADV-209226), Vector BioLabs). The particle:plaque-
forming unit ratio of the stock virus used in the experiments was 300.

2.11. Statistical analysis

Data are presented as mean =+ s.e.m. and were considered statistically
significant when the P value was <0.05. Student’s unpaired # test was
used to assess statistical difference between 2 groups using Prism
version 9 (GraphPad Software, San Diego, CA). Comparison between
more than 2 groups was performed using 2-way ANOVA with repeated
measures followed by post hoc 2-tailed Student’s t tests. The results
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were considered statistically significant when the p value was equal than
0.05.

2.12. Data availability
All relevant data are available from the authors on request.

3. RESULTS

3.1. Heterozygous raptor deletion in B-cells exhibits normal
glucose homeostasis

To decrease endogenous mTORC1 function, we generated mice with
heterozygous deletion of Raptorin B-cells by crossing raptor” with Rip-
Cre mice (ﬂra"’e') (Figure 1A), both previously described [8,16,17]. To
further test if decreased Raptor levels would affect mTORC1 activity, we
performed starvation/refeeding with AAs to assess the phosphorylation
of S6. Islets from 6raﬁ“” exhibit decreased phosphorylation of S6 after
stimulation with amino acids, indicating that -cells from (r: ® are not
able to fully activate mTORC1 (Supp Figure. 1a). However, weight,
random fed and fasting blood glucose and insulin levels were normal in
the Br: ® mice at 3 months of age (Figure 1B—F). Examination of
glucose tolerance and glucose-stimulated insulin secretion in ,6ra”‘*’
mice showed no differences when compared to the control mice (raptorf/
fand Rip-Cre) at 3 months of age (Figure 1G—H). These studies suggest
that, in contrast to 3rak0 mice (homozygous deletion of raptorin B-cells)
[8], deletion of one raptor allele (5raH85 displayed normal glucose levels
and glucose tolerance in regular chow (RC). Consistent with the results
in glucose homeostasis, 6raﬂe’ mice exhibited normal -cell mass with
similar levels in proliferation, survival, and cell size (Figure 11-L). While
we previously demonstrated that Raptor/mTORC1 is necessary for
maintaining postnatal [3-cell mass by controlling apoptosis, size, and
proliferation [8], the heterozygous deletion of Raptor does not appear to
affect the maintenance of postnatal B-cell mass.

3.2. Heterozygous raptor deletion in B-cells exhibits normal insulin
secretion and intracellular calcium responses ex vivo

The results obtained with the Gra™® mice indicate that decreased
mTORC1 is not critical for B-cell mass maintenance. While glucose
tolerance was normal in vivo, assessment of insulin content demon-
strated a significant decrease in islets from 5ra"’3t mice (Figure 2A);
however, the decrease in insulin content was not due to a decrease in
mRNA levels (Figure 2B). Moreover, and in contrast to 3rak0 mice [8],
proinsulin levels were not increased in B-cells from 6ra""e’ mice
compared to controls (Figure 2C). To further characterize the normal
glucose tolerance, we measured 3-cell function by static incubation and
glucose-mediated calcium imaging in islets from 6ra"’e’ and control
mice. Glucose-dependent insulin release by static incubation exhibited
no differences between islets from Bra™" and control (Figure 2D). To
complement the insulin secretory responses, Ca>* imaging using the
calcium indicator Fluo-4AM was determined in islets from (r. e and
control mice. Intracellular Ca®* responses to secretagogues such as
16 mM glucose, tolbutamide, or 30 mM KCI were not significantly
different between gr: é and control islets (Figure 2E—G). These studies
demonstrate that although B-cells from Gra’™® mice exhibit a slight
decrease in insulin content, this was not sufficient to alter glucose
tolerance at 3 months old (Figure 1C—H) and the responses to glucose
and other secretagogues in regular conditions were conserved.

3.3. Bra"’“ mice exhibit impaired glucose homeostasis in HFD

Given that (r: e mice fed-RC showed no significant differences in
glucose homeostasis, islet morphology and B-cell function, we decided
to assess the adaptation to insulin resistance by administering HFD for
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Figure 1: Bra™! exhibits normal glucose homeostasis. (A) Immunoblotting and quantification of raptor and tubulin in control and Bra™ islets. (B—F) Body weight, random fed
serum insulin levels, random fed glucose levels, fasting glucose levels and fasting insulin levels in control and ﬁra”"' mice at 3 months of age. (G) Intraperitoneal glucose tolerance
test (IPGTT) at 3 months of age. (H) Glucos estimulated insulin secretion (GSIS) in 3-month-old mice. (I—L) Assessments of B-cell mass, proliferation rate by Ki67 staining,
apoptosis by TUNEL, and cell size in B-cells. (n > 4). Data expressed as means =+ s.e.m.
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Figure 2: ﬁra”e‘ exhibits normal insulin secretion. (A) Assessment of insulin content in 20 islets equivalent by ELISA from control and 6ra”“” mice at 3 months of age. (B) Ins1
and Ins2 expression at the mRNA level by RT-PCR in islets from control and Sra™ mice. (C) Assessment of proinsulin levels in insulin positive cells by FACS. (D) Glucose stimulated
insulin secretion (GSIS) in vitro using isolated islets from 3-month-old mice. (n > 4). (E—G) Quantification (left) and traces (right) showing relative changes in [Ca®*]; (fluorescence
(Fluo-4M)) induced by glucose (16 mM), tolbutamide, and KCl in islets from control and Bra™! mice. The numbers of cells analyzed are shown as dots. Data are from three different
mice. Data expressed as means =+ s.e.m., *p < 0.05.

12 weeks. In response to HFD, 6ra”"" and control littermates exhibited ~ Raptor alleles are necessary for B-cell adaptation to HFD. While
similar weight through the 12 weeks experiment (Figure 3A). Inter-  glucose tolerance was normal before HFD (Figure 3D), Sr: e mice fed
estingly, after 8—12 weeks in HFD, Bra"""’ mice exhibit higher fasting-  HFD developed abnormal glucose tolerance by 4 weeks, and this was
and fed/random glucose levels (Figure 3B—C) suggesting that both  more severely impaired at 12 weeks (Figure 3E—F). Consistent with

MOLECULAR METABOLISM 75 (2023) 101769 © 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 5
www.molecularmetabolism.com


http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

High-Fat Diet

A B C
501 -~ Control -m- pgrgtet = 3007 -e- Control - pratet 2507 - Control -m- prgtet
) =
N 2 i s }
o 9 2001 g’ 200+
< 8 =
% 8 8 4
= 2, 1004 S 1504 ¥
[72]
©
[T
0+ T T T T T 1 0 —r—r—r—TTrT 100 T T T T T 1
0 2 4 6 8 10 12 01 2 3 4 5 6 7 8 0 2 4 6 8 10 12
Weeks in HFD Weeks in HFD Weeks in HFD
D E F -e- Control == Brgttet
6001 == Control 8007 -~ Control -e- pra™ . ; ;
*
He —~ —~
= = Bratet S 6001 I . 5 *
K, r D (o)) r
S 400 g } £ 400 {
? g 4001 ?
2 Q Q
S 200 S S 200%
o ® 200y (] o
0 Before HFD 0 4 weeks in HFD 12 weeks in HFD
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (min) Time (min) Time (min)
G H
Het
12, T Control e fra® 12 Weeks in HFD
. . .- _teeeksin Arb
1.0 = N
E 08 s T
2 £ 4 #
< 061 £ *
E 04-/ I 2 v
E= Ty > 21 Before HFD M
0.24 o -_—
10 weeks in HFD v
0.0 T T T T T ] 0 T
0 5 10 15 20 25 30 Control pratet Control Bratet
Time (min)

Figure 3: Bra"™ mice exhibit impaired glucose homeostasis in HFD. (A—C) Body weight, fasting glucose levels and random fed glucose levels in control and Bra"*" mice
during 12 weeks in HFD. (D) IPGTT before HFD at 2 months of age. (E—F) IPGTT after 4 and 12 weeks in HFD. (G) Glucose stimulated insulin secretion (GSIS) in after 10 weeks in
HFD. (n > 4) (H) Random fed serum insulin levels before and after 12 weeks in HFD. Data expressed as means + s.e.m., *p < 0.05 compared to control before HFD and

*#p < 0.05 compared to Bra" before HFD.

these results, glucose-stimulated insulin secretion (GSIS) was also
impaired in (r. ° mice at 10 weeks of HFD (Figure 3G). In agreement
with these results, although random-fed insulin values in 6raHe’ mice
were increased after 12 weeks of HFD, this increase was significantly
less than in controls (Figure 3H).

3.4. B-cells from heterozygous raptor mice exhibit reduced B-cell
survival and area and are more susceptible to palmitate treatment
in vitro

Assessment of pancreas morphology showed a decreased in B-cell
area and no differences in acinar area (Figure 4A—B), or islets number
(control 81.33 + 19.67 n= 6 vs (r: °1101 £ 10.58, n= 4, p=0.1)

after 12 weeks in HFD. A decreased in B-cell area could be due to
decreased size and/or proliferation or increased apoptosis. Assess-
ment of proliferation by Ki67, apoptosis by TUNEL, and size showed
that B-cells from Gr: ® mice exhibit higher levels of apoptosis when
challenged to HFD (Figure 4C—E). We next investigated the mecha-
nisms responsible for B-cell loss in ﬁra”e’ mice in HFD by assessing
apoptosis in isolated islets exposed for 24 h to ER stress, oxidative
stress inducers such as proinflammatory cytokines, and lipotoxicity.
Assessment of apoptosis in insulin positive cells by cleaved-caspase 3
levels in dispersed islets using FACs showed no differences between
pr. et and control B-cells after treatment with proinflammatory cyto-
kines (IL1-B (50U/ml), TNF-o. and IFN-y (1000U/ml) (Figure 4F).
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for 24 h. (I—J) Immunoblotting and quantification of pS6 (240) and actin in contro/ and ra™ islets treated with high glucose (16 mM) with or without palmitate (0.4 mM) for 24 h.
(n > 4). Data expressed as means + s.e.m., *p < 0.05.
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Unexpectedly, B-cells from ﬁra"’e’ mice were more resistant to thap-
sigargin (Figure 4G). In contrast, B-cells from (r. ®! mice were more
susceptible to apoptosis induced by lipotoxicity (Figure 4H), indicating
that B-cells from Gr: ® islets are particularly sensitive to conditions of
excess of lipids. To further dissect the effect of glucose and palmitate
on mTORC1 activation, we designed experiments to assess mTORC1
activity by S6 phosphorylation in high glucose and glucolipotoxicity
conditions. No difference in mTORC1 activation measured by S6
phosphorylation was found when the islets were cultured only with
high glucose (16 mM) for 24 h (Figure 4l). In contrast, a 30%
decreased in S6 phosphorylation was observed when the islets were
cultured with high glucose + palmitate (Figure 4J). Together, these
data demonstrate that deletion of one allele of Raptor has no effect in
activation of mTORC1 signaling by high levels of glucose, but it is
involved in the response to high glucose and palmitate.

3.5. B-cell function is affected in ﬁraHe’ mice fed HFD

We next designed experiments to assess the mechanisms responsible
for the abnormalities in insulin secretion in 5ra”e’ and control mice fed
HFD. Similar to the findings in RC (Figure 2A,C), islets from (r: ® mice
fed HFD also exhibit a decrease in insulin content (Figure 5A vs 2a) and
conserved insulin processing measured by proinsulin levels (Figure 5B
vs 2c). Dynamic glucose-responsive insulin secretion by islet peri-
fusion studies using isolated islets from 6ra”e’ mice fed HFD showed a
decreased response to 16 mM glucose and KCI when compared to
control islets (Figure 5C—D). All together, these data suggest that
exposure to HFD uncovered a defect in B-cell function in Bra™! mice.

3.6. 5ra"’et mice fed HFD exhibit decreased levels of B-cell identity
markers

The previous results indicate that B-cell function and mass in (r: et
islets are reduced after HFD. To obtain a mechanistic insight for these
abnormalities, we performed RNAseq in islets from control mice fed
regular chow (RC), control mice fed HFD (HFD), and ﬁra"’et fed HFD
([3ra”"” + HFD) for 8 weeks. Analyzes of tissue-cell-specific genes
related and acinar genes and using the meta-analysis tools Metascape
[20] and TRRUST [21] to evaluate acinar cell contamination in the
RNAseq datasets (Supp Figures. 2a—b) shows no significant differ-
ences among the three groups. Next, we determined the effects of
heterozygous deletion of Raptor in HFD by comparing the RC, HFD and
Gr. e | HFD data sets. The unbiased RNAseq analysis revealed 962
affected genes (RC vs HFD) (Figure 6 and Supp Figure. 2c). This
analysis of key B-cell identity genes showed that mRNA for Ins?, MafA,
Ucn3, Pppiria, Pdx1 and Ero1b were significantly increased in HFD
compared to RC (Figure 6A). The increase in these identity genes by
HFD was significantly reduced in gr: ® L HFD (Figure 6A). More
importantly, Pdx7 mRNA was also lower in ra™ + HFD mice when
compared to HFD littermates (Figure 6A). To identify the biological
processes induced by HFD and the role of Raptor heterozygous dele-
tion, we first performed Gene Ontology (GO) analysis on differentially
expressed genes (DEGs) between RC and HFD groups (Figure 6B). This
analysis showed that HFD regulates critical genes for B-cell function
such as hormone/protein secretion, insulin secretion, secretory path-
ways, and vesicle exocytosis (Figure 6B). Then, we performed GO
analysis on DEGs between HFD and Bra”™-HFD mice (Figure 6C). This
study showed that B-cells with heterozygous Raptor deletion displayed
a decreased in insulin/normone/protein secretions, and proteolysis
defects among others (Figure 6C). The abnormalities in insulin
secretion and increase in apoptosis are reminiscent of the phenotype
observed in PDX1 heterozygous mice [22,23] and led us to hypothesize
that PDX1 reduction could be responsible, at least in part, for the

ﬁra"’et-HFD phenotype. In addition, previous studies by Hagman et al.
showed that palmitate inhibits insulin gene expression by reducing the
binding of PDX1 and MafA to the insulin promoter [24]. To test this
hypothesis, we first assessed PDX1 levels in HFD and (r: *LHFD. A
decrease in PDX1 was observed at the protein level by immunostaining
and immunoblotting in ﬁraHeI-HFD mice for 12 weeks (Figure 6D—E).
Evaluation of PDX1 protein levels by immunoblotting showed no dif-
ferences in islets from ﬂra"""t compared to control littermates in RC
(Supp Figure. 3). The reduction in PDX1 levels exclusively in ﬂra”e’-
HFD could explain in part the differences in B-cell area and function in
HFD but not in RC (Figures 1-2). Analysis of PDX1 target genes in the
RNAseq data shows that in addition to MafA, other important down-
stream targets of PDX1 such as Glp1r, and Slc2aZ2 (Glut2) [25,26] were
also decreased in Bra’™®-HFD mice compared to HFD mice (Figure 6F).

3.7. BraHm mice fed HFD exhibit decreased levels of PDX1 and
nuclear FOXA2

Previous work has shown that PDX1 is regulated by different tran-
scription factors, including HNF-33/FOXA2, HNF6, HNF-1o,, HNF-1p,
SP1/3, USF1/2, and PDX-1 itself [27,28]. Analysis of these transcrip-
tion factors in the RNAseq data showed no differences in these Pdx71
transcriptional regulators among RC, HFD and ﬁra"’e’-HFD suggesting
that some of these transcription factors could be regulated at the
protein level or cellular localization (Supp Figure. 4a). Interestingly,
analysis by TRRUST of PDX1 regulators and transcription factors that
share targets with PDX1 confirm the synergism of HNF6, MafA, FOXA2
and PDX1 in regulation of B-cell identity (Supp Figures. 4b—d) [25].
FOXA2 has been previously implicated in pancreatic development and
[-cell maturation acting upstream of PDX1 [27,29], and its cooperative
function with PDX1 is critical for proper -cell function [25]. In addition,
our group recently identified a novel link between mTORC1 and FOXA2
in transcriptional regulation in ac-cells [30]. Based on these studies, we
hypothesized that FOXA2 and PDX1 could be involved in the adaptation
defect observed in ﬁra"’et-HFD. FOXA2 expression levels were similar
in control and ﬁra"’"’islets from mice fed HFD for 12 weeks (Figure 7A).
To assess if FOXA2 activation and nuclear/cytosolic localization plays a
role in this process we assessed the phosphorylation of FOXA2.
Phosphorylation of FOXA2 in T156 was significantly elevated in §r: et
HFD when compared to control-HFD but not in RC (Figure 7B and Supp
Figure. 5). This suggests that AKT activity could be differentially
induced in Gr: *_HFD as T156 phosphorylation of FOXA2 is mediated
by AKT [31]. Since AKT has been previously shown to regulate PDX1
transcription by inducing phosphorylation and exclusion of FOXA2 to
the cytosol [31], we assessed FOXA2 cellular localization. Immuno-
staining and quantification of pancreas sections demonstrated a 70%
decreased in nuclear FOXA2 staining in B-cells from Gr: ® mice fed
HFD (Figure 7C). Indeed, AKT (T308) phosphorylation was significantly
elevated in 6raHe’-HFD islets compared to control-HFD and it was
increased by almost 3-fold when compared to islets from (r: et RC-
fed mice (Figure 7D). Consistent with reduction in mTORC1 activity,
phosphorylation of S6 (Ser240) was totally blunted in Br: *LHFD
(Figure 7E). Therefore, we hypothesized that the decreased levels of S6
phosphorylation in response to palmitate (Figure 4J) and S6 phos-
phorylation in Gr: °LHFD was associated with a decreased in the
previously described mTORC1-mediated feedback inhibition on IRS1/2
[3,4,32] and AKT phosphorylation, ultimately affecting PDX1 levels.

3.8. Overexpression of FOXA2 in Sra™ mice fed HFD rescues
PDX1 levels and insulin secretion

To determine if FOXA2 was responsible for the decreased levels of
PDX1 and the function defect of Gra* islets in HFD, FOXA2 levels were
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control islets from mice exposed for 8 weeks to HFD. (D) Immunostaining of insulin (green), PDX1 (red) and DAPI (blue) in pancreas sections from control and 6ra””mice exposed
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mice in columns. (n > 4). Data expressed as means =+ s.e.m., *p < 0.05.

increased by transduction with control or FOXA2-GFP adenoviruses
(Ad. FOXA2-GFP™) in islets from control and Bra™ mice HFD-fed for
12 weeks. Immunostaining studies were performed to confirm the
increased expression of FOXA2 in B-cells nuclei (Supp Figure. 6). As
previously shown, PDX1 levels were reduced in islets from ﬂra"’et
compared to controls mice (Figure 8A). PDX1 levels are reduced by
20% in islets from control mice fed HFD cultured with the control
adenovirus (Figure 8A). Interestingly, an increase in FOXA2 levels is
sufficient to rescue PDX1 levels significantly in Gra” islets similar to
the control + adenovirus level (Figure 8A). Moreover, to test whether
these increases in FOXA2 and PDX1 levels are also sufficient to rescue
B-cell function in Bra™ islets, a similar experiment was performed to
evaluate insulin secretion. Confirming our hypothesis and previous
results, insulin secretion was impaired in 6raH9t islets and rescued to
control levels when FOXA2 was overexpressed similarly to PDX1 levels
in Figure 8A (Figure 8B). To strength our conclusions, we assessed
PDX1 levels by immunostaining in control, 8rak0, and (rakKO mice
overexpressing a constitutively active form of S6K (8rak0;caS6K)
previously described [8]. As previously published, PDX1 levels were
decreased in B-cells with Raptor deletion [7,9]. Notably, genetic
reconstitution of S6K activity increases PDX1 levels in B-cells with
Raptor deletion (Figure 8C).

10

4. DISCUSSION

The current studies provide novel insights into how mTORC1 regulates
the adaptation of B-cell to HFD. We showed that deletion of one raptor
allele is sufficient to impair glucose homeostasis by a defect in insulin
secretion. The studies herein also identified that 1) heterozygous deletion
of Raptor in B-cells renders these cells more susceptible to lipotoxicity
and HFD conditions, 2) mTORC1 regulates B-cell genes that are critical
for the adaptation to HFD such as Ins1, MafA, Ucn3, Glut2and Gip1r, 3) a
novel AKT/FOXA2/PDX1 axis activation regulating B-cell adaptation to
HFD in conditions of decrease in mTORC1 signaling (Figure 8D). The
increase in FOXA2 levels rescuing PDX1 levels and insulin secretion in
islets with heterozygous deletion of raptor suggest that this pathway
could play a role in humans treated with mTORC1 inhibitors [33,34]. In
addition, it has been hypothesized that in conditions that require adaptive
cell proliferation, such as weight increase or metabolic syndrome,
mTORC1 inhibitors could contribute to the development of new-onset
diabetes after transplantation (NODAT) development [4,35—38]. There-
fore, studying the molecular interactions between mTORC1 signaling,
FOXA2, and PDX1 and the downstream effects of this pathway in human
islets from donors treated with mTORC1 inhibitors, would provide clinical
insight, and guide the development of personalized approaches to
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optimize patient outcomes. 4) These studies demonstrate a pathophys-
iological role for mTORC1-dependent negative feedback loop in adap-
tation of B-cells to diet induced obesity.

Our group and others have shown that inhibition of mTORC1 in mouse
genetic models and mTOR inhibitors augment apoptosis and/or impair
B-cell function [7—9,11,12,39—43]. However, raptor appears to be
dispensable for 3-cell development as mice with total deletion of raptor
are born with normal B-cell mass [7—9]. It is not surprising that ﬁra""’t
exhibited no phenotype on B-cell growth and function in normal
conditions. Therefore, assessments of fasted and fed insulin and
glucose levels were normal in 3r: ® mice in regular chow (Figure 1B—
H). In contrast to mice with complete deletion of Raptor in B-cell
(GraK0), decreased Raptor levels were not sufficient to alter proinsulin
content [8]. Although insulin content per cell was significantly
decreased in 6ra"’“"t mice, static glucose-stimulated insulin secretion
and intracellular calcium levels were similar to control mice (Figure. 2).
In addition, islet morphology was also comparable to control mice
(Figures. 1I-L), demonstrating that a decrease in raptor levels is not
critical to maintaining adult B-cell mass and function. Together, our
data demonstrate that partial Raptor deletion has no deleterious effects
on B-cell mass and function in normal diet conditions. Furthermore,
the decrease in raptor levels appears to have no impact on maintaining
basal levels of pS6 (Figures 1A and 4l). This finding is consistent with
the absence of a phenotype in normal diet conditions. However,

notable differences in pS6 levels emerge when mTORC1 activity is
challenged with palmitate or amino acids after starvation and this
explains in part the phenotype of these mice when exposed to HFD
(Figure 4J and Supp Figure. 1).

mTORC1 activity is highly upregulated in the liver, fat, muscle and
pancreatic islets of obese and high-fat-fed rodents and in islets of T2D
humans [2,5,44—A47]. One consequence of chronic mTORC1 hyper-
activation is the induction of an S6K1-dependent negative feedback
loop leading to attenuation of AKT signaling in multiple tissues and
insulin resistance [2—5]. The current published evidence supports the
concept that mTORC1 has a biphasic regulatory pattern that is
consistent with the widely accepted model of B-cell deterioration
‘compensation/decompensation switch’ during the progression of T2D
[15,47—49]. Metabolic stressors such as insulin resistance and
nutrient excess increase P-cell mTORC1 in the initial functional
compensatory phase [50]. This correlates with hyperinsulinemia and
compensatory B-cell hypertrophy and hyperplasia, suggesting that
mTORC1 is a key positive regulator of B-cell function and mass [50].
Consistent with this concept, previous studies have shown an
improvement of the B-cell mass and function in states of insulin
resistance with mTORC1 inhibitors [10,11]. Thus, it would have been
anticipated that glucose homeostasis would have been improved in the
Bra'™ mice when fed HFD. Surprisingly, Sra™' mice exhibit defective
adaptation to HFD with B-cell area reduction by increase in apoptosis
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suggesting that B-cells in these mice are more susceptible to meta-
bolic changes induced by dietary fat. This was validated by increase
susceptibility of Bra™ B-cells to lipotoxicity. The increase suscepti-
bility to lipotoxicity and impaired mTORC1 activity upon palmitate
treatment is consistent with previous studies showing that glucose and
palmitate induce activation of mTORC1 and ER protein load in -cell
[51—53]. Together, these results highlight the importance of adequate
levels of Raptor for the function and survival of the B-cell in conditions
of lipid excess and during insulin resistance induced by HFD. The
reduction in adaptive responses during HFD associated with reduction
in critical B-cell genes for B-cell identity such as Ins1, MafA, Ucn3,
Glut2, Glp1r and more importantly, Pax7 [7,54,55] is consistent with
recently published results showing that complete deletion of Raptor
alters function and maturation of the B-cell by controlling Pdx1, Mafa,
and Ucn3 among others [7,9]. Further, published and current studies
are consistent with a model in which complete Raptor deletion results
in low Ucn3 and Glut2 followed by a defect in B-cell identity [7].
However, the conditions of complete mTORC1 inhibition are not
observed in physiology or during disease states. Therefore, the current
work extends previous published studies by showing that mTORC1
activity is required for B-cell adaptation in a model of T2D by main-
taining the activity of the mTORC1-mediated feedback inhibitory loop
(Figure. 6). This is consistent with the concept that mTORC1 activation
could initially play a physiological role in adaptation nutrient excess and
obesity. However, chronic mTORC1 hyperactivation caused by sus-
tained nutrient overload induces an mTORC1/S6K1-dependent nega-
tive feedback loop causing B-cell exhaustion, functional collapse and
ultimate cell death (decompensatory phase) [56—59]. Finally, the
resistance of 6ra"’et B-cells to thapsigargin induced apoptosis is
intriguing and likely consistent with previously published experiments
showing that inhibition of mTORC1 has a protective effect alleviating
ER stress possibly by decrease in protein synthesis [10,11,60]. Taken
together, these studies suggest that decrease mTORC1 activity can
regulate B-cells survival to specific stressors.

Previous work by our group and others have shown that PDX1 levels
are regulated by mTOR signaling [7,9,40,42,61]. However, how mTOR
regulates PDX1 has not been directly explored. Mice with B-cell-
specific deletion of Raptor exhibit a reduction in Pdx7 mRNA expres-
sion [9]. Using heterozygous deletion of raptor in B-cells, we show
normal PDX1 levels when fed regular chow (Sup. Figure. 3). In HFD,
PDX1 mRNA levels increase in controls but this increase is limited in
Bra"’e’ mice (Figure. 6A). This limited increase in PDX1 levels was
confirmed at the protein levels by WB and staining (Figure 6D—E).
Recently, our group identified a novel mTORC1/FOXA2 axis as a link
between mTORC1 and transcriptional regulation of key genes
responsible for a-cell function and survival [30]. In B-cells, FOXA2 has
been previously proposed to regulate PDX1 levels [27] and low PDX1
levels have been associated with dedifferentiation and impaired insulin
secretion [25,27,62]. Given the key role of FOXA2 in B-cell regulating
maturation, PDX1 expression and insulin secretion, we considered
FOXA2 as a potential candidate to regulate PDX1 in HFD conditions in
gr. ° mice [25,27,63—65]. We found that although there were no
differences in the total levels of FOXA2, the levels of phosphorylated
FOXA2 were significantly higher and this resulted in retention of FOXA2
in the cytoplasm of B-cells from the 6ra”9’ mice in HFD compared to
controls (Figure 7B—C). The mechanistic role of FOXA2 in the defects
observed in Sr: e mice in HFD was further confirmed by rescuing
PDX1 levels and insulin secretion. Together, these data suggest that in
conditions of reduced mTORC1, the AKT/FOXA2 axis activation plays a
critical role in regulating PDX1 levels, a key transcription factor
necessary for B-cell adaptation to HFD.
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5. CONCLUSION

In summary, our results uncover that Raptor levels are critical in -
cells adaptation to insulin resistance but not in normal conditions and
demonstrate the importance of the negative feedback inhibition of
mTORC1/S6K on IRS/AKT signaling. Deletion of only one allele of raptor
is sufficient to impair insulin secretion when fed a HFD, increases
apoptosis without altering proliferation rate, and this is accompanied
by abnormalities in transcription of critical B-cell genes including Pdx17.
These findings also support the concept that a decrease in the
mTORC1/S6K negative feedback loop leads to an increase in AKT
activity and FOXA2 phosphorylation/cytoplasmic retention leading to
reduced levels of PDX1. The importance of this AKT/FOXA2/PDX1 axis
in adaptation of B-cells to insulin resistance is only observed in con-
ditions of reduced mTORC1 activity. The regulation of this axis could
have implications in humans treated with mTOR inhibitors. Finally,
these studies also reveal that increasing FOXA2 levels in islets with
reduced mTORC1 activity rescue PDX1 levels and insulin secretion,
highlighting the importance of the AKT/FOXA2/PDX1 axis as a possible
therapeutic tool to improve B-cells in conditions of insulin resistance.

FOOTNOTES

Author contributions. M.B.-R., R.A.L, J.P-W.-D.-C., C.L. and J.A.
performed the experiments and analyzed results. M.B.-R. and E.B.-M.
wrote the article and designed the experiments. M.A.R and M.N.H.
generated mice. M.B.-R., G.L. and E.B.-M. contributed to discussion
and reviewed and edited the manuscript. M.B.-R. and E.B.-M. are the
guarantors of this work and, as such, had full access to all the data in
the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

DECLARATION OF COMPETING INTEREST

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

DATA AVAILABILITY
Data will be made available on request.

ACKNOWLEDGEMENTS

We acknowledge funding resources for this essential contribution to this work. E.B.-
M. is supported by the National Institutes of Health, United States: Grants RO1-
DK073716, DK132103 and DK133183.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.org/10.1016/j.
molmet.2023.101769.

REFERENCES

[1] Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell
2012;149(2):274—93.

[2] Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, Sticker M, et al. Absence
of S6K1 protects against age- and diet-induced obesity while enhancing in-
sulin sensitivity. Nature 2004;431(7005):200—5.

MOLECULAR METABOLISM 75 (2023) 101769 © 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 13

www.molecularmetabolism.com


https://doi.org/10.1016/j.molmet.2023.101769
https://doi.org/10.1016/j.molmet.2023.101769
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref1
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref1
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref1
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref2
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref2
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref2
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref2
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

Original Article

[3] Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S, Rebholz H, et al.
The TSC1-2 tumor suppressor controls insulin-PI3K signaling via regulation of
IRS proteins. J Cell Biol 2004;166(2):213—23.

[4] Shah 0J, Wang Z, Hunter T. Inappropriate activation of the TSC/Rheb/mTOR/
S6K cassette induces IRS1/2 depletion, insulin resistance, and cell survival
deficiencies. Curr Biol 2004;14(18):1650—6.

[5] Tremblay F, Marette A. Amino acid and insulin signaling via the mTOR/p70 S6

kinase pathway. A negative feedback mechanism leading to insulin resistance

in skeletal muscle cells. J Biol Chem 2001;276(41):38052—60.

Rachdi L, Balcazar N, Osorio-Duque F, Elghazi L, Weiss AJ, Gould AP, et al.

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(27):9250—5.

[7] Yin Q, Ni Q, Wang Y, Zhang H, Li W, Nie A, et al. Raptor determines beta-cell

identity and plasticity independent of hyperglycemia in mice. Nat Commun

2020;11(1):2538.

Blandino-Rosano M, Barbaresso R, Jimenez-Palomares M, Bozadjieva N,

Werneck-de-Castro JP, Hatanaka M, et al. Loss of mTORC1 signalling impairs

beta-cell homeostasis and insulin processing. Nat Commun 2017;8:16014.

[9] Ni Q, GuY, Xie Y, Yin Q, Zhang H, Nie A, et al. Raptor regulates functional
maturation of murine beta cells. Nat Commun 2017;8:15755.

[10] Bachar-Wikstrom E, Wikstrom JD, Kaiser N, Cerasi E, Leibowitz G. Improve-
ment of ER stress-induced diabetes by stimulating autophagy. Autophagy
2013;9(4):626—8.

[11] Leibowitz G, Kaiser N, Cerasi E. Balancing needs and means: the dilemma of the
beta-cell in the modern world. Diabetes Obes Metabol 2009;11(Suppl 4):1—9.

[12] Balcazar N, Sathyamurthy A, Elghazi L, Gould A, Weiss A, Shiojima I, et al.
mTORC1 activation regulates beta-cell mass and proliferation by modulation of
cyclin D2 synthesis and stability. J Biol Chem 2009;284(12):7832—42.

[13] Leibowitz G, Cerasi E, Ketzinel-Gilad M. The role of mTOR in the adaptation
and failure of beta-cells in type 2 diabetes. Diabetes Obes Metabol
2008;10(Suppl 4):157—69.

[14] Ni Q, Song J, Wang Y, Sun J, Xie J, Zhang J, et al. Proper mTORC1 activity is
required for glucose sensing and early adaptation in human pancreatic beta
cells. J Clin Endocrinol Metab 2021;106(2):e562—72.

[15] Yuan T, Rafizadeh S, Gorrepati KD, Lupse B, Oberholzer J, Maedler K, et al.
Reciprocal regulation of mTOR complexes in pancreatic islets from humans
with type 2 diabetes. Diabetologia 2017;60(4):668—78.

[16] Polak P, Cybulski N, Feige JN, Auwerx J, Ruegg MA, Hall MN. Adipose-specific
knockout of raptor results in lean mice with enhanced mitochondrial respi-
ration. Cell Metabol 2008;8(5):399—410.

[17] Herrera PL, Orci L, Vassalli JD. Two transgenic approaches to define the cell
lineages in endocrine pancreas development. Mol Cell Endocrinol
1998;140(1—2):45—50.

[18] Elghazi L, Balcazar N, Blandino-Rosano M, Cras-Meneur C, Fatrai S, Gould AP,
et al. Decreased IRS signaling impairs beta-cell cycle progression and survival
in transgenic mice overexpressing S6K in beta-cells. Diabetes 2010;59(10):
2390—-9.

[19] Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods 2012;9(7):671—5.

[20] Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.
Metascape provides a biologist-oriented resource for the analysis of systems-
level datasets. Nat Commun 2019;10(1):1523.

[21] Han H, Cho JW, Lee S, Yun A, Kim H, Bae D, et al. TRRUST v2: an expanded
reference database of human and mouse transcriptional regulatory in-
teractions. Nucleic Acids Res 2018;46(D1):D380—6.

[22] Johnson JD, Ahmed NT, Luciani DS, Han Z, Tran H, Fujita J, et al. Increased
islet apoptosis in Pdx1+/- mice. J Clin Invest 2003;111(8):1147—60.

[23] Brissova M, Shiota M, Nicholson WE, Gannon M, Knobel SM, Piston DW, et al.
Reduction in pancreatic transcription factor PDX-1 impairs glucose-stimulated
insulin secretion. J Biol Chem 2002;277(13):11225—32.

[6

=

[8

=

14

[24] Hagman DK, Hays LB, Parazzoli SD, Poitout V. Palmitate inhibits insulin gene
expression by altering PDX-1 nuclear localization and reducing MafA
expression in isolated rat islets of Langerhans. J Biol Chem 2005;280(37):
32413-8.

[25] Bastidas-Ponce A, Roscioni SS, Burtscher I, Bader E, Sterr M, Bakhti M, et al.
Foxa2 and Pdx1 cooperatively regulate postnatal maturation of pancreatic
beta-cells. Mol Metabol 2017;6(6):524—34.

[26] Raum JC, Gerrish K, Artner I, Henderson E, Guo M, Sussel L, et al. FoxA2,
Nkx2.2, and PDX-1 regulate islet beta-cell-specific mafA expression through
conserved sequences located between base pairs -8118 and -7750 upstream
from the transcription start site. Mol Cell Biol 2006;26(15):5735—43.

[27] Lee CS, Sund NJ, Vatamaniuk MZ, Matschinsky FM, Stoffers DA, Kaestner KH.
Foxa2 controls Pdx1 gene expression in pancreatic beta-cells in vivo. Diabetes
2002;51(8):2546—51.

[28] Melloul D, Marshak S, Cerasi E. Regulation of pdx-1 gene expression. Diabetes
2002;51(Suppl 3):5320—5.

[29] Gao N, LeLay J, Vatamaniuk MZ, Rieck S, Friedman JR, Kaestner KH. Dynamic
regulation of Pdx1 enhancers by Foxal and Foxa2 is essential for pancreas
development. Genes Dev 2008;22(24):3435—48.

[30] Bozadjieva N, Blandino-Rosano M, Chase J, Dai XQ, Cummings K, Gimeno J,
et al. Loss of mTORC1 signaling alters pancreatic alpha cell mass and impairs
glucagon secretion. J Clin Invest 2017;127(12):4379—93.

[31] Wolfrum C, Besser D, Luca E, Stoffel M. Insulin regulates the activity of forkhead
transcription factor Hnf-3beta/Foxa-2 by Akt-mediated phosphorylation and
nuclear/cytosolic localization. Proc Natl Acad Sci U S A 2003;100(20):11624—9.

[32] Frigerio F, Frasca A, Weissberg |, Parrella S, Friedman A, Vezzani A, et al. Long-
lasting pro-ictogenic effects induced in vivo by rat brain exposure to serum albumin
in the absence of concomitant pathology. Epilepsia 2012;53(11):1887—97.

[33] Granata S, Mercuri S, Troise D, Gesualdo L, Stallone G, Zaza G. mTOR-in-
hibitors and post-transplant diabetes mellitus: a link still debated in kidney
transplantation. Front Med 2023;10:1168967.

[34] Gyurus E, Kaposztas Z, Kahan BD. Sirolimus therapy predisposes to new-onset
diabetes mellitus after renal transplantation: a long-term analysis of various
treatment regimens. Transplant Proc 2011;43(5):1583—92.

[35] Di Paolo S, Teutonico A, Leogrande D, Capobianco C, Schena PF. Chronic
inhibition of mammalian target of rapamycin signaling downregulates insulin
receptor substrates 1 and 2 and AKT activation: a crossroad between cancer
and diabetes? J Am Soc Nephrol 2006;17(8):2236—44.

[36] Vodenik B, Rovira J, Campistol JM. Mammalian target of rapamycin and
diabetes: what does the current evidence tell us? Transplant Proc 2009;41(6
Suppl):S31—8.

[37] Cruzado JM. Nonimmunosuppressive effects of mammalian target of rapa-
mycin inhibitors. Transplant Rev 2008;22(1):73—81.

[38] Hay N, Sonenberg N. Upstream and downstream of mTOR. Genes Dev
2004;18(16):1926—45.

[39] Lakshmipathi J, Alvarez-Perez JC, Rosselot C, Casinelli GP, Stamateris RE,
Rausell-Palamos F, et al. PKCzeta is essential for pancreatic beta-cell repli-
cation during insulin resistance by regulating mTOR and cyclin-D2. Diabetes
2016;65(5):1283—96.

[40] Alejandro EU, Bozadjieva N, Blandino-Rosano M, Wasan MA, Elghazi L,
Vadrevu S, et al. Overexpression of kinase-dead mTOR impairs glucose ho-
meostasis by regulating insulin secretion and not beta-cell mass. Diabetes
2017;66(8):2150—62.

[41] Ding L, YinY, Han L, Li Y, Zhao J, Zhang W. TSC1-mTOR signaling determines
the differentiation of islet cells. J Endocrinol 2017;232(1):59—70.

[42] Elghazi L, Blandino-Rosano M, Alejandro E, Cras-Meneur C, Bernal-Mizrachi E.
Role of nutrients and mTOR signaling in the regulation of pancreatic pro-
genitors development. Mol Metabol 2017;6(6):560—73.

[43] Sinagoga KL, Stone WJ, Schiesser JV, Schweitzer JI, Sampson L, Zheng Y, et al.
Distinct roles for the mTOR pathway in postnatal morphogenesis, maturation and
function of pancreatic islets. Development 2017;144(13):2402—14.

MOLECULAR METABOLISM 75 (2023) 101769

© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(23)00103-5/sref3
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref3
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref3
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref3
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref4
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref4
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref4
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref4
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref5
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref5
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref5
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref5
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref6
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref6
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref6
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref6
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref6
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref7
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref7
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref7
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref8
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref8
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref8
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref9
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref9
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref10
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref10
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref10
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref10
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref11
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref11
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref11
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref12
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref12
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref12
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref12
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref13
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref13
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref13
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref13
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref14
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref14
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref14
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref14
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref15
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref15
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref15
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref15
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref16
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref16
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref16
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref16
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref17
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref17
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref17
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref17
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref17
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref18
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref18
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref18
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref18
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref18
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref19
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref19
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref19
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref20
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref20
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref20
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref21
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref21
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref21
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref21
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref22
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref22
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref22
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref22
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref23
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref23
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref23
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref23
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref24
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref24
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref24
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref24
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref24
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref25
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref25
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref25
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref25
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref26
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref26
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref26
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref26
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref26
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref27
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref27
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref27
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref27
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref28
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref28
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref28
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref29
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref29
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref29
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref29
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref30
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref30
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref30
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref30
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref31
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref31
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref31
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref31
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref32
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref32
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref32
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref32
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref33
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref33
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref33
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref34
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref34
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref34
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref34
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref35
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref35
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref35
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref35
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref35
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref36
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref36
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref36
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref36
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref37
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref37
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref37
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref38
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref38
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref38
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref39
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref39
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref39
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref39
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref39
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref40
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref40
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref40
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref40
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref40
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref41
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref41
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref41
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref42
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref42
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref42
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref42
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref43
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref43
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref43
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref43
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

[44] Khamzina L, Veilleux A, Bergeron S, Marette A. Increased activation of the  [55] NishimuraW, TakahashiS, Yasuda K. MafA is critical for maintenance of the mature
mammalian target of rapamycin pathway in liver and skeletal muscle of obese beta cell phenotype in mice. Diabetologia 2015;58(3):566—74.
rats: possible involvement in obesity-linked insulin resistance. Endocrinology ~ [56] Del Guerra S, Lupi R, Marselli L, Masini M, Bugliani M, Sbrana S, et al.
2005;146(3):1473—81. Functional and molecular defects of pancreatic islets in human type 2 dia-

[45] Tremblay F, Krebs M, Dombrowski L, Brehm A, Bernroider E, Roth E, et al. betes. Diabetes 2005;54(3):727—35.

Overactivation of S6 kinase 1 as a cause of human insulin resistance during  [57] Efeyan A, Sabatini DM. mTOR and cancer: many loops in one pathway. Curr
increased amino acid availability. Diabetes 2005;54(9):2674—84. Opin Cell Biol 2010;22(2):169—76.

[46] Tremblay F, Brule S, Hee Um S, Li Y, Masuda K, Roden M, et al. Identification ~ [58] Liu P, Gan W, Inuzuka H, Lazorchak AS, Gao D, Arojo O, et al. Sin1 phos-
of IRS-1 Ser-1101 as a target of S6K1 in nutrient- and obesity-induced insulin phorylation  impairs mTORC2 complex integrity and inhibits
resistance. Proc Natl Acad Sci U S A 2007;104(35):14056—61. downstream Akt signalling to suppress tumorigenesis. Nat Cell Biol

[47] Shigeyama Y, Kobayashi T, Kido Y, Hashimoto N, Asahara SI, Matsuda T, et al. 2013;15(11):1340—50.

Biphasic response of pancreatic {beta} cell mass to ablation of TSC2 in mice. ~ [59] Briaud I, Dickson LM, Lingohr MK, McCuaig JF, Lawrence JC, Rhodes CJ.
Mol Cell Biol 2008. https://doi.org/10.1128/MCB.01695-07. Insulin  receptor substrate-2 proteasomal degradation mediated by a

[48] Barlow AD, Nicholson ML, Herbert TP. Evidence for rapamycin toxicity in mammalian target of rapamycin (mTOR)-induced negative feedback down-
pancreatic beta-cells and a review of the underlying molecular mechanisms. regulates protein kinase B-mediated signaling pathway in {beta}-Cells. J Biol
Diabetes 2013;62(8):2674—82. Chem 2005;280(3):2282—93.

[49] Maedler K, Ardestani A. mTORC in beta cells: more than Only Recognizing [60] Bachar-Wikstrom E, Wikstrom JD, Ariav Y, Tirosh B, Kaiser N, Cerasi E, et al.
Comestibles. J Cell Biol 2017;216(7):1883—5. Stimulation of autophagy improves endoplasmic reticulum stress-induced

[50] Blandino-Rosano M, Chen AY, Scheys JO, Alejandro EU, Gould AP, diabetes. Diabetes 2013;62(4):1227—37.

Taranukha T, et al. mTORC1 signaling and regulation of pancreatic 3-cell  [61] Guillen C, Navarro P, Robledo M, Valverde AM, Benito M. Differential mitogenic
mass. Cell Cycle 2012;11(10):1892—902. signaling in insulin receptor-deficient fetal pancreatic beta-cells. Endocrinology

[51] Bachar E, Ariav Y, Ketzinel-Gilad M, Cerasi E, Kaiser N, Leibowitz G. Glucose 2006;147(4):1959—68.
amplifies fatty acid-induced endoplasmic reticulum stress in pancreatic beta-  [62] Spaeth JM, Gupte M, Perelis M, Yang YP, Cyphert H, Guo S, et al. Defining a
cells via activation of mTORC1. PLoS One 2009;4(3):e4954. novel role for the Pdx1 transcription factor in islet beta-cell maturation and

[52] Las G, Serada SB, Wikstrom JD, Twig G, Shirihai 0S. Fatty acids proliferation during weaning. Diabetes 2017;66(11):2830—9.
suppress autophagic turnover in beta-cells. J Biol Chem 2011;286(49):  [63] Sund NJ, Vatamaniuk Mz, Casey M, Ang SL, Magnuson MA, Stoffers DA, et al.
42534—44. Tissue-specific deletion of Foxa2 in pancreatic beta cells results in hyper-

[53] Hatanaka M, Maier B, Sims EK, Templin AT, Kulkarni RN, Evans-Molina C, insulinemic hypoglycemia. Genes Dev 2001;15(13):1706—15.
et al. Palmitate induces mRNA translation and increases ER protein load in islet ~ [64] Lantz KA, Vatamaniuk MZ, Brestelli JE, Friedman JR, Matschinsky FM,
beta-cells via activation of the mammalian target of rapamycin pathway. Kaestner KH. Foxa2 regulates multiple pathways of insulin secretion. J Clin
Diabetes 2014;63(10):3404—15. Invest 2004;114(4):512—20.

[54] Gao T, McKenna B, Li C, Reichert M, Nguyen J, Singh T, et al. Pdx1 maintains  [65] Gao N, White P, Doliba N, Golson ML, Matschinsky FM, Kaestner KH. Foxa2
beta cell identity and function by repressing an alpha cell program. Cell controls vesicle docking and insulin secretion in mature Beta cells. Cell
Metabol 2014;19(2):259—71. Metabol 2007;6(4):267—79.

MOLECULAR METABOLISM 75 (2023) 101769 © 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 15

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(23)00103-5/sref44
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref44
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref44
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref44
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref44
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref45
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref45
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref45
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref45
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref46
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref46
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref46
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref46
https://doi.org/10.1128/MCB.01695-07
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref48
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref48
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref48
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref48
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref49
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref49
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref49
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref50
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref50
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref50
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref50
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref51
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref51
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref51
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref52
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref52
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref52
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref52
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref53
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref53
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref53
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref53
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref53
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref54
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref54
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref54
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref54
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref55
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref55
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref55
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref56
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref56
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref56
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref56
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref57
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref57
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref57
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref58
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref58
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref58
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref58
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref58
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref59
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref59
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref59
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref59
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref59
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref59
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref60
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref60
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref60
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref60
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref61
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref61
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref61
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref61
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref62
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref62
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref62
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref62
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref63
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref63
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref63
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref63
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref64
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref64
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref64
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref64
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref65
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref65
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref65
http://refhub.elsevier.com/S2212-8778(23)00103-5/sref65
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	Raptor levels are critical for β-cell adaptation to a high-fat diet in male mice
	1. Introduction
	2. Materials and methods
	2.1. Animal generation
	2.2. Metabolic studies
	2.3. Immunofluorescence staining and morphometric analysis
	2.4. Islets studies
	2.5. Western blotting
	2.6. Flow cytometry
	2.7. Quantitative real-time PCR
	2.8. RNA-Seq library preparation, sequencing, and data analysis
	2.9. Sequencing
	2.10. Adenoviral infection
	2.11. Statistical analysis
	2.12. Data availability

	3. Results
	3.1. Heterozygous raptor deletion in β-cells exhibits normal glucose homeostasis
	3.2. Heterozygous raptor deletion in β-cells exhibits normal insulin secretion and intracellular calcium responses ex vivo
	3.3. βraHet mice exhibit impaired glucose homeostasis in HFD
	3.4. β-cells from heterozygous raptor mice exhibit reduced β-cell survival and area and are more susceptible to palmitate treatm ...
	3.5. β-cell function is affected in βraHet mice fed HFD
	3.6. βraHet mice fed HFD exhibit decreased levels of β-cell identity markers
	3.7. βraHet mice fed HFD exhibit decreased levels of PDX1 and nuclear FOXA2
	3.8. Overexpression of FOXA2 in βraHet mice fed HFD rescues PDX1 levels and insulin secretion

	4. Discussion
	5. Conclusion
	Footnotes
	Declaration of Competing Interest
	Declaration of Competing Interest
	Acknowledgements
	Appendix A. Supplementary data
	References


