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Regulation of glucose homeostasis by insulin depends

on b-cell growth and function. Nutrients and growth

factor stimuli converge on the conserved protein ki-

nase mechanistic target of rapamycin (mTOR), existing

in two complexes, mTORC1 and mTORC2. To understand

the functional relevance of mTOR enzymatic activity in

b-cell development and glucose homeostasis, we gener-

ated mice overexpressing either one or two copies of a

kinase-dead mTOR mutant (KD-mTOR) transgene exclu-

sively in b-cells. We examined glucose homeostasis and

b-cell function of these mice fed a control chow or high-

fat diet. Mice with two copies of the transgene [RIPCre;

KD-mTOR (Homozygous)] develop glucose intolerance

due to a defect in b-cell function without alterations in

b-cell mass with control chow. Islets from RIPCre;KD-

mTOR (Homozygous) mice showed reduced mTORC1

and mTORC2 signaling along with transcripts and protein

levels of Pdx-1. Islets with reduced mTORC2 signaling in

their b-cells (RIPCre;Rictorfl/fl) also showed reduced Pdx-1.

When challenged with a high-fat diet, mice carrying one

copy of KD-mTOR mutant transgene developed glucose

intolerance and b-cell insulin secretion defect but showed

no changes in b-cell mass. These findings suggest that

the mTOR-mediated signaling pathway is not essential to

b-cell growth but is involved in regulating b-cell function

in normal and diabetogenic conditions.

Pancreatic b-cell failure, involving impaired insulin se-

cretion and decreased b-cell mass, is a major hallmark of

type 2 diabetes. The capacity of b-cells to adapt to increased

insulin demand (i.e., to efficiently produce and secrete in-
sulin) is a critical factor in the pathogenesis of this disease.

The molecular mechanisms and signals driving how b-cells

adapt to conditions of insulin resistance have not been

completely elucidated. Given that insulin resistance is asso-

ciated with states of overnutrition and obesity, we hypoth-

esize that the nutrient environment and alterations in

different nutrients in circulation modulate the adaptation

of b-cells to obesity and insulin resistance. The mammalian
target of rapamycin (mTOR) senses nutrients, energy,

growth factors, and environmental cues to transmit sig-

nals to downstream targets to regulate multiple biological

processes. However, how mTOR signaling inactivation im-

pacts on b-cell mass and function in vivo has not been

explored.

mTOR exists in two distinct complexes, mTORC1 and

mTORC2, and regulates glucose homeostasis by modulating
b-cell mass and function (1–4). mTOR complex 1, contain-

ing regulatory associated protein of mTOR (Raptor), is

sensitive to rapamycin and regulates multiple biological

processes by regulating S6K and eukaryotic translation ini-

tiation factor 4E binding protein. mTOR also forms com-

plex 2 (mTORC2), which contains Rictor, thought to be

insensitive to low-dose and short-term exposure to rapamy-

cin, and is the kinase responsible for phosphorylating Akt
on S473 (5). A significant amount of information about

mTORC1 has been gained by the use of the immunosup-

pressant rapamycin. Studies using rapamycin have shown
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that this pathway regulates b-cell growth, proliferation,
size, protein translation, and insulin secretion (6,7). How-

ever, there are many limitations to the use of this inhibitor

including specificity and differential inhibition of down-

stream targets (8). In addition, gain-of-function mTORC1

through b-cell deletion of tuberous sclerosis complex 1 or

2 has a positive impact on proliferation and b-cell mass

(1,2). Overexpression of the protein Ras homolog enriched

in brain (Rheb), a Ras-like small GTPase that activates
mTORC1, also promotes b-cell growth (by increasing cell

size) and higher insulin secretion (9). Loss of the other

mTOR complex, mTORC2, by conditional Rictor deletion

in b-cells leads to insulin secretion dysfunction (4). Al-

though these genetic models have been valuable in under-

standing the function of different mTOR complexes, the

effect of conditional inactivation of mTOR (both mTORC1

and mTORC2) in pancreatic b-cells is unknown. In addition,
a major limitation for studying mTOR in physiology has

been the lethality of global mTOR-deficient mice. Therefore,

developing b-cell models of partial decrease in function that

could reflect more physiological conditions can provide crit-

ical information about the role of this nutrient sensor in

b-cells.

The goal of the current study was to determine the

effects of incomplete loss of b-cell mTOR (both complex
1 and complex 2) activity on glucose homeostasis and b-cell

mass and function with basal and high-fat diet (HFD) con-

ditions. Using Tet-off inducible mice overexpressing a

kinase-dead mTOR mutant in b-cells (RIPCre;KD-mTOR),

we identified a role of mTOR in glucose homeostasis due

to a defect in b-cell function, and unexpectedly, with-

out alterations in b-cell mass. We found that RIPCre;

KD-mTOR mice exhibited defective adaptation to HFD
mainly by alterations in insulin secretion. Interestingly,

we showed that the defects in insulin secretion by inhi-

bition of mTOR signaling were caused in part by the de-

crease in Pdx-1 levels, identifying a novel mTOR–Pdx-1

axis in b-cells.

RESEARCH DESIGN AND METHODS

Animal Generation

Constitutive overexpression of RIPCre;KD-mTOR was

achieved by breeding mice harboring the transgene (KD-

mTOR) (Fig. 1A) with RIP-CreHerr mice (10). The pcDNA3/

mTOR eukaryotic expression plasmid encoding kinase-dead

(D2338A) mTOR was generated as described previously

(11). The kdmTOR transgene construct used to generate

these mice was built on a backbone knock-in single cassette

vector for the ROSA26 locus and contains the splice-
acceptor sequence, neomycin cassette, tetracycline trans-

activator (tTA) gene, insulator sequence, CMV promoter

responsive to tTA, rabbit b-globin intron, kdmTOR cDNA,

internal ribosome entry site, and enhanced green fluores-

cence protein (EGFP) cDNA (Fig. 1A). The linearized vector

was electroporated into embryonic stem cells by the Univer-

sity of Michigan Transgenic Animal Model Core. After neomy-

cin selection, three clones were karyotyped and used for

blastocyst injection to generate chimeric mice (12). After iden-
tifying germline transmission, two independently derived

founder lines were selected and bred into C57BL/6J back-

ground. Both lines had similar phenotypes and one line was

used to generate all the experiments presented here. Mice

were bred to contain one copy (heterozygous [Het] al-

lele) or two copies (homozygous [Homo] alleles) of the

transgene. In this Tet-off model, expression of the tTA is

turned on upon Cre-mediated recombination, and re-
moval of the neo gene cassette induces KD-mTOR ex-

pression in the absence of doxycycline. Genotyping of all

mice was performed by PCR using DNA from tail biopsy

(primer sequences available upon request). Raptorfl/fl and

Rictorfl/fl mice were a generous gift from Drs. Michael

N. Hall and Marcus A. Rüegg at the University of Basel,

Basel, Switzerland (13,14). The University of Michigan and

University of Miami Animal Studies Committees approved
all the procedures.

Islet Isolation, cAMP, and Insulin Secretion Assay

Primary mouse islets from RIPCre;KD-mTOR (Homo) mice

were isolated using collagenase (1 mg/mL, Roche Applied

Science) and handpicked after filtration with a 70-mm cell

strainer (BD Falcon) as described previously (15). The islets

were allowed to recover in RPMI media supplemented with
5 mmol/L glucose and 10% FBS overnight.

Insulin secretion ex vivo was assessed using isolated

islets by static incubation. Briefly, after overnight culture in

RPMI containing 5 mmol/L glucose, groups of 10 islets/

mouse were placed in 8-mm cell culture inserts (Millicell),

preincubated in low-glucose KREB (2 mmol/L glucose) for

1 h, and incubated subsequently for 30 min in each exper-

imental condition. Secreted insulin levels and islet insulin
content were measured with an ELISA (ALPCO Mouse

Ultrasensitive Insulin ELISA). All data are represented as

secreted insulin in the culture medium normalized to islet

insulin content for each insert of islets and presented as

fold change. cAMP levels were measured in islets from mice

overexpressing the mutant KD-mTOR and control. Isolated

islets were allowed to recover overnight in RPMI media

supplemented with 10% FBS and 5 mmol/L glucose. The
next day islets were incubated for 1 h in RPMI without

serum and 2 mmol/L glucose at 37°C as recommended by

the cAMP-Glo Assay Kit (Promega). Twenty islets (n = 6 per

group) were placed in a 96-well plate and exposed to either

2 or 16 mmol/L glucose for 15 min. Islets were then lysed

using lysis buffer provided in the kit and cAMP levels were

measured using the Promega GloMax Discover luminometer

per kit instructions.

Western Blotting

Immunoblotting was performed as described previously

(15). Briefly, islet cells were washed after treatments with

PBS before adding cell lysis buffer (Cell Signaling) with pro-

tease inhibitor cocktail and PhosStop tablets (Roche Applied

Science). Primary antibodies against GFP, phosphorylated

S6 (Ser240) and Akt (Ser473), and total Akt were purchased

diabetes.diabetesjournals.org Alejandro and Associates 2151
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Figure 1—Expression of KD-mTOR mutant in b-cells reduces S6 phosphorylation. A: Transgene construct of the KD-mTOR and generation of

b-cell–specific RIPCre;KD-mTOR mice. IRES, internal ribosome entry site; NEO, neomycin cassette; SA, splice-acceptor sequence. B: Recom-

bination efficiency was assessed by EGFP expression in islets of RIPCre;KD-mTOR (Homo) mice. Adult pancreas was stained for insulin (blue),

phosphorylatedS6 (S240) (red), andGFP (green). Images shown are 403magnification.C and D: Increased expression of GFP (transgene reporter) by

Western blotting (C) in islets and acini from 3-month-old male RIPCre;KD-mTOR (Homo) (KD) and control (C) mice. Quantification of GFP to Actin

is shown in D, n = 3. E and F: Immunoblotting and quantification for mTOR levels in adult islets from RIPCre;KD-mTOR (Homo) and control mice.

G–I: Reduced phosphorylated S6 (S240) (G and H) and phosphorylated Akt (S473) (G and I) in adult islets from RIPCre;KD-mTOR (Homo)

comparedwith control mice. Quantification is shown for phosphorylatedS6 (S240) (H) and phosphorylated Akt (S473) (I). *P< 0.05 between RIPCre;KD-

mTOR and control mice unless otherwise indicated. Statistical analyses were conducted using unpaired, nonparametric Mann-Whitney U test.
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from Cell Signaling. Pdx-1 antibody was purchased from
Millipore. Antibodies against b-actin and tubulin were

purchased from Sigma.

Pancreatic b-Cell Mass and Proliferation Analysis

Formalin-fixed pancreas tissues were embedded in paraffin.

Sections were deparaffinized, rehydrated, and incubated

with blocking solution as previously described (15). Sections

were incubated overnight at 4°C with antibodies against
insulin (Dako) and Ki67 (Millipore), followed by sec-

ondary antibodies conjugated to FITC and Cy3 (Jackson

ImmunoResearch). DAPI-containing mounting media (Vector

Laboratories) was added to coverslips. b-Cell mass analysis

entailed assessing total pancreas and insulin-positive cell

areas from five insulin-stained sections (5 mm) separated

by 200 mm and measured by using Image-Pro software

(Media Cybernetics). b-Cell mass (average b-cell fraction
multiplied by pancreas weight) assessment was performed

using Surveyor software (Objective Imaging) automated

scanning with a Leica fluorescent microscope (Leica Micro-

systems). Cell proliferation was analyzed using costaining of

Ki67 with insulin on tissue sections of control and trans-

genic mice. Apoptotic cells in insulin-positive cells were

assessed using the ApopTag Red In Situ Apoptosis Detec-

tion kit (Millipore) on tissue sections of control and trans-
genic mice.

Glucose and Insulin Tolerance Tests

Fasting glucose levels were measured after 12-h overnight

fasting. Glucose tolerance was assessed by intraperitoneal

(IP) delivery of 2 g/kg glucose to mice after 12-h fasting.

Insulin tolerance test was assessed by IP delivery of 0.75

unit/kg insulin (Humalog; Eli Lilly) to mice after 6-h
fasting. Blood glucose was monitored every 30 min for 2 h

after glucose or insulin injection using the AlphaTRAK

glucose meter. Plasma insulin levels were collected and

measured using Ultrasensitive Mouse Insulin ELISA Kit

(ALPCO).

Measurement of Intracellular Ca2+

Isolated islets were allowed to recover overnight from islet
isolation prior to measurement of intracellular Ca2+. Islets

were preloaded with 2.5 mmol/L Fura2-AM (molecular

probes) in 0.1% DMSO for 30 min at 37°C and washed

for 10 min before recording. The recording solution con-

tained, in mmol/L, 145 NaCl, 5 KCl, 1.2 MgCl2, 2.6 CaCl2,

10 HEPES, and glucose as indicated. pH 7.4. Ca2+ is reported

as the ratio of alternative excitation at 340 nm/380 nm,

with emission measured at 510 nm.

Statistical Analysis

All values are expressed as mean6 SEM. Statistical analyses

were conducted using unpaired, nonparametric Mann-

Whitney U test or ANOVA followed by post hoc analy-

sis, where appropriate, by using GraphPad Prism (version

6.0c, GraphPad Software, La Jolla, CA). Results were con-

sidered significant with a P # 0.05.

RESULTS

Expression of KD-mTOR Mutant in b-Cells Reduces S6

Phosphorylation

To determine the impact of reduced mTOR signaling on

b-cells, we generated a mouse with constitutive overexpres-

sion of KD-mTOR mutant. After Cre recombination, tTA

transcription is activated and induces expression of a

KD-mTOR mutant (Asp2338 to Ala mutation) and EGFP,

allowing visualization of KD-mTOR–expressing cells. To in-

duce KD-mTOR expression specifically in b-cells, we crossed
the KD-mTOR and RIP (rat insulin promoter) Cre trans-

genic mice (9) (Fig. 1A). To assess the effect of dose re-

sponse inhibition of mTOR, we generated two KD-mTOR

transgenic lines: one with one copy of the transgene,

RIPCre;KD-mTOR (Het), and one with two copies, RIPCre;

KD-mTOR (Homo). Functionality of the system in vivo was

demonstrated by immunofluorescence for EGFP and insulin

in RIPCre;KD-mTOR (Homo) and control mice (Supplemen-
tary Fig. 1A). EGFP fluorescence was demonstrated exclu-

sively in b-cells (Supplementary Fig. 1A) but not in a-cells

from RIPCre;KD-mTOR mice at postnatal day 0 (Supple-

mentary Fig. 1B). We found that approximately 80% of

insulin-producing cells express GFP in neonate RIPCre;

KD-mTOR (Homo) mice (Supplementary Fig. 1C). Then,

we analyzed EGFP expression to assess the levels of the

mutant KD-mTOR expression in adult mice. b-Cells from
RIPCre;KD-mTOR (Het) mice exhibited positivity for EGFP

in b-cells (Supplementary Fig. 2A). RIPCre;KD-mTOR

(Homo) mice exhibited a more robust expression of EGFP

(Fig. 1B and Supplementary Fig. 2B) compared with RIPCre;

KD-mTOR (Het) mice (Supplementary Fig. 2A). Western

blotting analysis showed EGFP expression only in islets

from RIPCre;KD-mTOR (Homo) mice (Fig. 1C and D). No

EGFP protein was detected in acinar cells from both control
or RIPCre;KD-mTOR (Homo) mice (Fig. 1C). Islets from

adult RIPCre;KD-mTOR (Homo) mice demonstrated a re-

duction in phosphorylated S6 (S240) staining in EGFP and

insulin-positive cells (Fig. 1B) and phosphorylation levels

by Western blotting (Fig. 1E and F). Phosphorylation of

mTORC1 and mTORC2 targets, S6 (S240) protein and Akt

(S473), respectively, were reduced in islets from adult RIPCre;

KD-mTOR (Homo) mice indicating that expression of the
KD-mTOR mutant transgene reduced mTOR signaling (Fig.

1G–I). These data demonstrated successful generation of a

mouse model with dox-regulated expression of a KD-mTOR

mutant and inhibition of mTORC1 and mTORC2 signaling.

RIPCre;KD-mTOR (Homo) Mice Exhibit Normal Islet

Architecture and b-Cell Mass in Neonates

Neonatal RIPCre;KD-mTOR (Homo) mice were viable and

indistinguishable from wild-type control mice, without alter-
ation in body weight and length and circulating glucose levels

(Fig. 2A–C). In addition, the b-cell area between RIPCre;KD-

mTOR (Homo) and control neonates was comparable

(Fig. 2D). Because this was an unexpected result, we next

assessed the b-cell area in neonates lacking either mTORC1

or mTORC2 by deleting Raptor or Rictor, respectively, in

diabetes.diabetesjournals.org Alejandro and Associates 2153
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Figure 2—RIPCre;KD-mTOR mice exhibit normal islet architecture and b-cell mass in neonates and glucose intolerance later in life. A–C: Body

length, body weight, and glucose levels in newborn RIPCre;KD-mTOR (Homo) and control mice. D: b-Cell area (insulin positive)/pancreas area

ratio between RIPCre;KD-mTOR (Homo) and littermate control mice. E and F: Normal body weight (E) and random blood glucose (F) levels in

RIPCre;KD-mTOR (Het), RIPCre;KD-mTOR (Homo), and control mice.G: Twelve-week-old male RIPCre;KD-mTOR (Homo) mice showed impaired

glucose tolerance via IP compared with RIPCre;KD-mTOR (Het) and littermate control mice fed a normal chow diet. H: Area under the curve

(AUC) for G. I: Normal insulin sensitivity between all genotypes fed a normal chow diet. n = 4–10. Statistical analyses were conducted using two-

way ANOVA in E, F, G, and I, showing only significant interaction and genotype differences between control and RIPCre;KD-mTOR (Homo) in G.

Mann-Whitney U tests were done in A–D and H by prism. *P < 0.05 between RIPCre;KD-mTOR and control mice, unless otherwise indicated.
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b-cells. In accordance with the neonatal data in RIPCre;
KD-mTOR (Homo) mice, there was no alteration in body

weight, circulating glucose levels, and b-cell area between

RIPCre;Raptorfl/fl, RIPCre;Rictorfl/fl, and control mice (Sup-

plementary Fig. 3A–F). These data suggest that reduction of

b-cell mTOR signaling during development is dispensable

for b-cell development.

RIPCre;KD-mTOR (Homo) Mice Exhibit Glucose

Intolerance

To determine the impact of mTOR inhibition in b-cells on

glucose homeostasis in vivo, we assessed body weight and

random glucose and performed glucose and insulin toler-

ance tests in 3-month-old male RIPCre;KD-mTOR (Het),
RIPCre;KD-mTOR (Homo), and control mice. No significant

changes in body weight were observed in RIPCre;KD-mTOR

(Het) or RIPCre;KD-mTOR (Homo) mice compared with

control mice indicating that potential leaky expression of

the kdmTOR transgene in the hypothalamus was not phys-

iologically significant to alter energy homeostasis (Fig. 2E).

Fed glucose in RIPCre;KD-mTOR (Het) or RIPCre;KD-

mTOR (Homo) mice was comparable to that of control
mice (Fig. 2F). However, RIPCre;KD-mTOR (Homo) trans-

genic mice exhibited glucose intolerance when compared

with RIPCre;KD-mTOR (Het) and control mice (Fig. 2G and

H). No differences in insulin sensitivity between genotypes

were observed (Fig. 2I). Together, these data suggest that

RIPCre;KD-mTOR (Homo) mice exhibit normal islet archi-

tecture and b-cell mass in neonates but develop glucose

intolerance later in life.

RIPCre;KD-mTOR (Homo) Mice Have Normal b-Cell

Mass and Insulin Content

Next, we assessed the contribution of b-cell mass to the

alterations in glucose homeostasis observed in 3-month-old

male RIPCre;KD-mTOR (Homo) mice. b-Cell mass and archi-
tecture between adult RIPCre;KD-mTOR (Homo) and con-

trol mice was comparable (Fig. 1C, Supplementary Fig. 2B,

and Fig. 3A). No changes in the percentage of TUNEL-positive

b-cells were observed between control and RIPCre;KD-mTOR

mice (Fig. 3A’). We next determined if alteration of insulin

and other important b-cell genes could contribute to the

defect in insulin secretion. We observed a significant reduc-

tion of insulin 1 and insulin 2, as well as Pdx-1 transcription in
islets from RIPCre;KD-mTOR (Homo) mice compared with

control mice (Fig. 3B–D). No significant changes were ob-

served in MafA and NeuroD1 expression between the trans-

genic and control mice (Fig. 3E and F). Despite significant

changes in insulin and Pdx-1 mRNA, no alteration in insulin

content was observed between RIPCre;KD-mTOR (Homo)

and control mice (Fig. 3G). Together, these data suggest that

reduced mTOR signaling caused by the KD-mTOR transgene is
not sufficient to affect b-cell mass and insulin content.

RIPCre;KD-mTOR (Homo) Mice Show Impaired Insulin

Secretion as a Result of Defects Distal to Calcium Influx

To further assess the mechanisms of alteration in glucose

tolerance, we performed in vivo glucose-stimulated insulin

secretion (GSIS) in 3-month-old male mice. RIPCre;KD-
mTOR (Homo) mice showed abnormal insulin secretory

responses after glucose load (Fig. 4A). Assessment of GSIS

in vitro demonstrated impaired insulin secretory responses

to high glucose in RIPCre;KD-mTOR (Homo) mice (Fig. 4B).

Intracellular calcium concentration in response to high glu-

cose was elevated in control mice, and these levels were not

different than those of RIPCre;KD-mTOR (Homo) mice

(Fig. 4C and D). Because insulin secretion can be augmented
by cAMP-mediated metabolic or neurohormonal amplifica-

tion, we assessed cAMP levels in response to glucose. Levels

of cAMP (nmol/L per mg protein) in low glucose (2.754 6

0.9743 vs. 2.599 6 0.6674, n = 6, P = 0.8) or high glucose

(fold change 7.253 6 2.891 vs. 6.336 6 4.056, n = 6, P =

0.7) were similar between control and islets overexpressing

KD-mTOR, indicating that this pathway was not involved.

These studies suggest that inhibition of mTOR signaling
regulates distal events of insulin secretion.

Islets From RIPCre;KD-mTOR (Homo) Mice Have

Reduced mTORC1 and mTORC2 Signaling, Which Was

Associated With Decrease in Pdx-1 Protein Levels

To understand the mechanisms impinging on insulin

secretion, we assessed the levels of mTORC1 and mTORC2

signaling. We assessed phosphorylated levels of S6 on S240

(an mTORC1-specific downstream target) and Akt on S473,

a surrogate of mTORC2 activity (Fig. 1E–G). Islets from

RIPCre;KD-mTOR (Homo) mice showed reduced phosphor-
ylated S6 (S240) compared with control mice (Fig. 1E and

F). Phosphorylated Akt (S473) was also reduced in RIPCre;

KD-mTOR (Homo) mice without changes in total Akt levels

(Fig. 1E and G). These data suggest that both mTORC1 and

mTORC2 could be playing a role on the insulin secretory

defect observed in the RIPCre;KD-mTOR mice. Pdx-1 is a

critical transcription factor regulating pancreas development

and b-cell function and survival, and recent data have
shown that levels of this transcription factor are regulated

by Akt/GSK3 signaling (16–21). We observed a significant

reduction of Pdx-1 protein levels in islets from RIPCre;KD-

mTOR mice (Fig. 5A and B). To further assess if the re-

duction of mTOR activity regulates Pdx-1 in an mTORC1

or mTORC2 manner, we evaluated the level of Pdx-1 in

islets from mice with loss of mTORC1 (RIPCre;Raptorfl/fl)

or mTORC2 (RIPCre;Rictorfl/fl) signaling specifically in
b-cells. Pdx-1 protein was significantly reduced in nondiabetic

RIPCre;Rictorfl/fl mice compared with control mice (Fig. 5C

and D). In contrast, no alteration in Pdx-1 was observed in

nondiabetic RIPCre;Raptorfl/fl islets (Fig. 5C and E). These

data suggest that Pdx-1 protein reduction is downstream of

mTORC2.

Abnormal Adaptation of RIPCre;KD-mTOR (Het) and

RIPCre;KD-mTOR (Homo) Mice to HFD

To determine whether the decrease in mTOR signaling is

important for b-cell adaptive responses to insulin resis-

tance, we exposed these mice to HFD. No significant

changes in fed or fasting glucose levels or body weight

diabetes.diabetesjournals.org Alejandro and Associates 2155

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://d

ia
b
e
te

s
jo

u
rn

a
ls

.o
rg

/d
ia

b
e
te

s
/a

rtic
le

-p
d
f/6

6
/8

/2
1
5
0
/5

3
6
1
5
9
/d

b
1
6
1
3
4
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1349/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1349/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1349/-/DC1


were detected between male control and transgenic

mice overexpressing one or two copies of the transgene

(Fig. 6A–C). Fasting insulin levels between control mice and

RIPCre;KD-mTOR (Homo) and RIPCre;KD-mTOR (Het)

mice were comparable (Supplementary Fig. 4A). RIPCre;

KD-mTOR (Homo) and RIPCre;KD-mTOR (Het) mice

exhibited glucose intolerance after 4 and 16 weeks of

HFD (Fig. 6D and E). An insulin tolerance test was

performed after 10 weeks of HFD (Fig. 6F). In vivo insulin

secretory response to glucose was markedly perturbed in

RIPCre;KD-mTOR (Homo) and RIPCre;KD-mTOR (Het)

mice after 16 weeks of HFD (Fig. 6G). b-Cell mass expan-

sion after 16 weeks of HFD was similar among the groups

suggesting that the degree of inhibition of mTOR signaling

in these mice was not sufficient to alter the capacity of

b-cells to expand mass in response to insulin resistance

Figure 3—RIPCre;KD-mTOR mice have normal islet architecture, b-cell mass, and insulin content. A: Comparable b-cell mass between male

RIPCre;KD-mTOR (Homo) and control mice. A’: RIPCre;KD-mTOR (Homo) and control islets showed normal levels of TUNEL+/insulin+ (apo-

ptotic) cells. B–D: Significant reduction of insulin 1, insulin 2, and Pdx-1 mRNA transcripts. E and F: No significant changes were detected in

MafA and NeuroD1 transcripts. G: Despite alterations in insulin and Pdx-1 mRNA levels, insulin content in islets of RIPCre;KD-mTOR (Homo)

mice showed no significant difference compared with littermate control mice. Statistical analyses were conducted using unpaired, nonpara-

metric Mann-Whitney U test. *P < 0.05 between RIPCre;KD-mTOR (Homo) and control mice, n = 4.
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Figure 4—RIPCre;KD-mTOR mice show impaired insulin secretion as a result of defects distal to calcium influx. A: RIPCre;KD-mTOR (Homo)

mice showed blunted insulin secretion compared with littermate control mice in response to high glucose in vivo. B: Islets from RIPCre;KD-

mTOR (Homo) mice also demonstrated blunted insulin secretion in response to high glucose compared with littermate control mice in vitro. C:

Example of intracellular Ca2+ traces in islets preloaded with Fura2-AM from 12-week-old RIPCre;KD-mTOR (Homo) mice in response to

20 mmol/L glucose. D: Quantification of Ca2+ traces, reported as the emission ratio R340/R380, in response to 20 mmol/L glucose, n = 20 islets.

Statistical analyses were conducted using unpaired, nonparametric Mann-Whitney U test. *P < 0.05 between RIPCre;KD-mTOR (Homo) and

control mice. ^P < 0.05 between low and high glucose response. #P < 0.05 between RIPCre;KD-mTOR and control mice in high-glucose

conditions. n = 5 for in vivo GSIS and n = 3 for animals in both in vitro GSIS and Ca2+ studies (;18 islets per n were used).
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and overnutrition (Fig. 6H). We observed no differences in

b-cell proliferation rate between genotypes (Supplementary

Fig. 3B). Together, these data suggest that one copy of the

KD-mTOR transgene is sufficient to induce glucose in-

tolerance and insulin secretion defect in response to

HFD. These findings also suggest that the mTOR-mediated
signaling pathway is not essential to b-cell growth adapta-

tion in response to HFD but is involved in regulating b-cell

function.

DISCUSSION

mTOR kinase is involved in many cell processes including

metabolism and cell growth. The use of the mTOR inhib-

itor, rapamycin, has shed light onto the role of mTOR in
b-cells. However, the specificity of rapamycin and the par-

tial effects on downstream targets are major limitations of

this agent. Although published data evaluated the role of

inactivation of mTORC2 in b-cells in vivo (4), the effect

of concomitant decrease of mTORC1 and mTORC2 activity

in b-cells has not been directly tested. The current study

extends our current knowledge by assessing the ef-

fects of b-cell inactivation of mTOR function in glucose

homeostasis and b-cell mass and function during basal

conditions and after exposure to HFD. To understand

the functional relevance of physiological loss of mTOR en-

zymatic activity in b-cell development and in glucose ho-

meostasis in vivo, we generated a Tet-off mouse model

overexpressing a KD-mTOR mutant in b-cells. This strategy
allowed us to study a more physiological reduction of

mTOR signaling and provided a unique assessment of the

role of kinase activity of mTOR in regulating b-cell mass

and function in vivo. These studies are the first in evaluat-

ing the effect of reduction of mTOR signaling in b-cells

using genetic models and circumvent the limitations of in

vivo and in vitro studies evaluating the effects of rapamycin

in b-cells and glucose homeostasis.
Using RIPCre;KD-mTOR mice, we identified a role of

mTOR on b-cell function. Given the known expression of

Cre recombinase in brain and hypothalamus in this RIPCre

line and the role of hypothalamic mTOR on appetite con-

trol, we examined weight in transgenic and control mice

(22). We have not assessed mTOR expression in the hy-

pothalamus, but no changes in weight were observed in

RIPCre;KD-mTOR mice (Homo or Het) fed control chow

Figure 5—Islets from RIPCre;KD-mTOR mice have reduced Pdx-1 protein levels. A and B: Pdx-1 protein levels in islets from 4-month-old

RIPCre;KD-mTOR (KD) compared with control (C) mice; quantification in B. C: Representative Western blots of Pdx-1 in islets from 3-month-old

RIPCre;Rictorfl/fl and 1-month-old RIPCre;Raptorfl/fl mice compared with control (Ctrl) mice; quantification in D and E, respectively. Statistical

analyses were conducted using unpaired, nonparametric Mann-Whitney U test. *P < 0.05, n = 3–6.
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or HFD, suggesting that potential expression of the trans-

gene in the hypothalamus was not sufficient to alter en-

ergy homeostasis in these mice. Unexpectedly, we did not

observe any alteration in b-cell mass. Moreover, we

found that RIPCre;KD-mTOR mice exhibited defective

adaptation to HFD, mainly by alterations in insulin

Figure 6—Abnormal adaptation of RIPCre;KD-mTOR mice to HFD. A and B: Random and fasting blood glucose during HFD. C: No differences

in body weight were observed between genotypes. Both RIPCre;KD-mTOR (Het) and RIPCre;KD-mTOR (Homo) mice developed impaired

glucose tolerance (D and E), insulin resistance (F), and blunted GSIS (G) in response to HFD in vivo.H: No alteration in b-cell mass in response to

16 weeks of HFD in vivo was observed between genotypes. Statistical analyses were conducted using two-way ANOVA for D, E, and F, and

show significant genotype interaction in D. Individual time points were assessed by statistical analyses using unpaired, nonparametric Mann-

Whitney U test. *P < 0.05 between RIPCre;KD-mTOR (Homo) and control mice; ^P < 0.05 between RIPCre;KD-mTOR (Het) and control mice;

n = 6.
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secretion. Interestingly, we showed that defects in insulin
secretion in RIPCre;KD-mTOR mice were caused in part by

the decrease in Pdx-1 levels, identifying a novel mTOR–

Pdx-1 axis in b-cells. Interestingly, the magnitude of the

reduction in Pdx-1, Ins1, and Ins2 mRNA levels was not

sufficient to alter insulin content. This is not unexpected,

as Ins2
2/2;Ins1+/2 and Pdx-1

+/2 mice exhibit normal insu-

lin content (21,23). These findings could be explained in

part by the abundance and stability of insulin 2 mRNA,
the large amount of stored insulin, and potential post-

transcriptional or translational compensatory mecha-

nisms. Finally, the lack of changes in insulin content

in RIPCre;KD-mTOR mice was observed during normal

conditions, and it is possible that insulin content defects

could be uncovered after exposure of these mice to con-

ditions of increased insulin demand, such as chronic

hyperglycemia or insulin resistance.
The results of these experiments demonstrate that

mTOR activity is essential for normal b-cell function. The

normal calcium responses to glucose in RIPCre;KD-mTOR

(Homo) mice suggested that the defects in insulin secretion

occur distal to calcium influx and at the level of vesicle

trafficking or function of exocytotic machinery proteins. It

is possible that mTOR signaling could regulate expression of

SNARE proteins at the transcriptional or translational level,
and we plan to design experiments to test this hypothesis.

In addition, the amplification pathway in islets expressing

the KD-mTOR mutant appears intact, as demonstrated by

conserved cAMP levels in response to glucose. The individ-

ual contribution of reductions in mTORC1 or mTORC2

signaling to the insulin secretory phenotype of RIPCre;

KD-mTOR mice is unclear, but a role of mTORC2 is sup-

ported by previous evidence showing that mice with loss of
mTORC2 signaling by inactivation of Rictor in b-cells ex-

hibit alterations in insulin secretion (4). Downstream of

mTORC2, activation of Akt signaling by S473 phosphoryla-

tion emerges as a potential mechanism. Support for a role

of the mTORC2/Akt pathway in the regulation of insulin

secretion comes from the observation that mice with re-

duction of Akt activity in b-cells exhibit an insulin secretory

defect that is reminiscent of that observed in the RIPCre;
KD-mTOR mice (24). How the mTORC2/Akt pathway reg-

ulates insulin secretion is not entirely clear, but it is possible

that distal events that regulate vesicle trafficking and exo-

cytosis are involved. In addition to Akt, the role of mTORC2

in actin filament remodeling (25–27) could also potentially

alter vesicle trafficking or exocytosis. Moreover, it is also

possible that the reduction in Pdx-1 contributes to the

alterations in insulin secretion observed in RIPCre;KD-
mTOR mice. Some of the defects in insulin secretion re-

semble the abnormalities described in Pdx-1 heterozygous

mice (28), and it is likely that reduction of this critical

transcription factor could alter b-cell function by regulating

different biological functions. Finally, it is important to

note that reductions in mTORC2, phosphorylated Akt,

and Pdx-1 levels were associated with alteration in GSIS

but not survival as demonstrated by TUNEL. Decrease in

GSIS with conserved mass in these mice is reminiscent of
the phenotype observed in mice with partial reduction of

Akt activity in b-cells, suggesting that decrease in Akt ac-

tivity in both models is not sufficient to alter b-cell survival

(24). In addition, it is important to mention that three

isoforms of Akt (Akt 1, 2, and 3) in b-cells contribute to

total Akt activity, and the reduction of Akt1 activity dem-

onstrated in these studies by S473 phosphorylation is not

sufficient to reduce total Akt activity to a level that affects
survival. In addition, it is possible that compensatory path-

ways can contribute to explain the lack of changes in b-cell

mass and survival after decrease in mTOR activity.

In contrast to mTORC2, the evidence linking mTORC1

to the regulation of insulin secretion comes from studies

using rapamycin. In general, rapamycin treatment reduces

insulin secretion but the studies supporting this concept are

less conclusive as the experiments use different concentra-
tions and time of exposures. In addition, the inhibition of

both mTORC1 and mTORC2 by prolonged incubation with

this agent also limits some of the conclusions about the role

of mTORC1 in insulin secretion. Finally, some studies

suggest that rapamycin is a more efficient inhibitor of S6K

and inefficiently and transiently inhibits eukaryotic trans-

lation initiation factor 4E binding protein (4E-BP) phos-

phorylation (29). Future studies using genetic models could
uncover the effect of mTORC1 in insulin secretion.

The current study demonstrates a novel link between

mTOR signaling and regulation of Pdx-1 levels. A potential

explanation for a decrease in Pdx-1 levels in RIPCre;KD-

mTOR mice is through inhibition of the mTORC2/Akt

pathway. Further confirmation of this was supported by the

reduction of Pdx-1 in islets from RIPCre;Rictorfl/fl but not

islets in normoglycemic RIPCre;Raptorfl/fl mice. These data
support the concept that loss of Pdx-1 protein is mediated

by a mTORC2-dependent mechanism. However, the decrease

in Pdx-1 levels observed in these studies was not sufficient

to alter b-cell survival. Downstream of mTORC2, evidence

in the literature suggests that Akt could be involved by

regulating Pdx-1 degradation in a GSK3a-dependent man-

ner (18,20,30). Other proteins such as Pdx-1 C terminus–

interacting factor 1 (Pcif1) has also been demonstrated to
modulate Pdx-1 protein stability (31); however, it is un-

known how mTORC1 or mTORC2 could regulate Pcif1. In

addition, our studies also showed that reduction of Pdx-1

levels in RIPCre;KD-mTOR mice appear to have a tran-

scriptional component. How mTOR could regulate Pdx-1

transcript is unclear. MafA and Foxa2 have been shown to

regulate Pdx-1 transcription (32,33), but we found no dif-

ferences in MafA mRNA in islets from RIPCre;KD-mTOR
mice. Future studies using promoter reporter assays could

further identify critical elements in the Pdx-1 promoter and

the transcription factors involved. It is also possible that

mTORC1 plays a role, but we do not have any evidence for

this mechanism.

The current study revealed that the islet architecture and

b-cell mass, proliferation, and survival in RIPCre;KD-mTOR

mice was conserved in neonates and in adults. In addition,
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the b-cell mass adaptation of RIPCre;KD-mTOR mice to
HFD was also conserved. These results are not surprising

as the degree of mTOR signaling inhibition was partial, and

it is likely that more severe b-cell mass phenotypes are

observed in mice with complete loss of mTOR function in

b-cells. It would be interesting to compare the RIPCre;KD-

mTOR phenotype to that of conditional inactivation of mTOR

in b-cells. In summary, these findings suggest that partial

reduction in mTOR signaling is not essential for b-cell de-
velopment and adaptation of b-cell mass to insulin resis-

tance but is involved in regulating insulin secretion.

In summary, we have assessed the role of mTOR signal-

ing in b-cells by developing an animal model with attenu-

ation of both mTORC1 and mTORC2 signaling. Using this

model, we uncovered that reduction in mTOR signaling

plays an important role in insulin secretion but not b-cell

mass. Thus, these studies extend our current knowledge on
the mechanisms responsible for insulin secretion induced

by nutrient and growth factor signals and identify mTOR as

a critical component of this process in b-cells. Given the

role of overnutrition on obesity-induced insulin resistance,

this work also provides insight into how nutrient signals

regulate b-cell adaptation to insulin resistance.
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