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The Combined Deletion of S6K1 and Akt2 Deteriorates Glycemic
Control in a High-Fat Diet
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Signaling downstream of mechanistic target of rapamycin complexes 1 and 2 (mTORC1 and mTORC2) controls specific and dis-
tinct aspects of insulin action and nutrient homeostasis in an interconnected and as yet unclear way. Mice lacking the nTORC1
substrate S6 kinase 1 (S6K1) maintain proper glycemic control with a high-fat diet. This phenotype is accompanied by insulin
hypersensitivity, Akt- and AMP-activated kinase upregulation, and increased lipolysis in adipose tissue and skeletal muscle.
Here, we show that, when S6K1 inactivation is combined with the deletion of the mMTORC2 substrate Akt2, glucose homeostasis
is compromised due to defects in both insulin action and B-cell function. After a high-fat diet, the S6K1~'~ Akt2~'~ double-mu-
tant mice do not become obese, though they are severely hyperglycemic. Our data demonstrate that S6K1 is required for pancre-
atic 3-cell growth and function during adaptation to insulin resistance states. Strikingly, the inactivation of two targets of mTOR

and phosphatidylinositol 3-kinase signaling is sufficient to reproduce major hallmarks of type 2 diabetes.

he activation of S6 kinase 1 (S6K1) by the mammalian target of

rapamycin (mTOR; now officially called mechanistic target of
rapamycin) signals food abundance and adapts organismal
growth, metabolism, and life span to the environmental cues (40).
S6K1 is phosphorylated by mTOR complex 1 (mTORCI) under
the control of the small GTPase families Rheb and Rag, which
transduce signals from growth factor peptides (e.g., insulin and
insulin-like growth factors) and nutrients (e.g., amino acids and
glucose), respectively (18). Strikingly S6K loss-of-function mu-
tant mice, flies, and worms mimic specific features of a caloric
restriction state. The body size of mutants is small throughout
development to adult life (33). In addition, S6K1-deficient mice
fed with a high-fat diet (HFD) do not gain weight and are pro-
tected against obesity (36). These defects of adipose tissue in stor-
ing fat are ascribed to increased lipolysis and mitochondrial un-
coupling, in combination with a lack of adipose precursor cell
proliferation (4, 36). S6K1-deficient skeletal muscles and pancre-
atic B cells are resistant to mass loss after starvation (1, 23, 26).
Finally, S6K inactivation in mice and worms promotes longevity,
an effect on the life span that is also triggered by caloric restriction
and by the allosteric mTORCI inhibitor rapamycin (13, 24, 31).
Thus, genetic, nutritional, or pharmacological interventions that
downregulate mMTORCI1/S6K1 signaling have potentially interest-
ing outcomes to fight obesity, metabolic syndromes, and ageing.

At the molecular level, the mTORCI1/S6K1 cassette is involved
in negative-feedback mechanisms that are triggered by overnutri-
tion and that downregulate further nutrient uptake. One putative
molecular mechanism is the phosphorylation by S6K1 of insulin
receptor substrate 1 (IRS1) on serine/threonine residues, which
negatively affects insulin action (12, 32). S6K1 also phosphorylates
partners of mTOR complexes, notably mTOR itself and the
mTORC2 component Rictor, suggesting additional targets for
feedback regulation of insulin and mTOR signaling by S6K1 (8,
14, 16, 35). Consequently, inhibition of S6K1 upregulates the ac-
tivity of Akt, a major kinase family downstream of the phosphati-
dylinositol 3-kinase (PI3K) and mTORC2 pathways that mediates
multiple metabolic actions of insulin, including glucose uptake,
glycogen synthesis, lipid synthesis, and suppression of gluconeo-
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genesis (21). mTORCI1/S6K1 signaling may affect another major
pathway stimulating nutrient uptake. By affecting the AMP-to-
ATP ratio, mTORC1/S6K1 negatively regulates the AMP-acti-
vated kinase (AMPK), which is involved in glucose uptake after
endurance exercise (1, 27). Of note, the upregulation of AMPK
has been implicated in the beneficial effect of S6K inhibition on
life span and age-related diseases (31). Thus, inhibition of the
S6K1 branch of mTORCI signaling may ameliorate insulin sensi-
tivity and glycemic control in multiple ways.

To evaluate a possible improvement of glucose homeostasis by
S6K1 inhibition and interaction with other components of insulin
signal transduction, we challenged S6K1-deficient mice with ge-
netic and nutritional models of insulin resistance by combining
Akt2 gene deletion and feeding mice on an HFD. Akt2-deficient
mice display mild glucose intolerance and insulin resistance due
to a partial defect in glucose uptake in peripheral tissues and an
increased hepatic glucose output, which is compensated for by
pancreatic 3-cell growth and hyperinsulinemia (5, 19). Strikingly,
we found that the combined deletion of S6KI and Akt2 deterio-
rates glucose tolerance. Surprisingly, this defect is especially evi-
dent after an HFD, despite the lack of obesity in S6K1 ™/~ Akt2™'~
mice. Our data point to the complementary actions of S6K1 and
Akt2 kinases in the control of glucose homeostasis, highlighting
the essential role of S6K1 in the growth adaptations of pancreatic
B cells in insulin resistance states. Thus, we provide evidence for a
polygenic model of type 2 diabetes in which two loss-of-function
mutations in downstream targets of PI3K and mTOR alter the

Received 19 April 2012 Returned for modification 25 May 2012
Accepted 19 July 2012

Published ahead of print 30 July 2012

Address correspondence to Mario Pende, mario.pende@inserm fr.
CT.and S.A. contributed equally to this work.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.00514-12

mcb.asm.org 4001


http://dx.doi.org/10.1128/MCB.00514-12
http://mcb.asm.org

Treins et al.

physiological responses of insulin sensitivity and -cell function,
leading to the onset of the disease.

MATERIALS AND METHODS

Animals. Both S6K1 and Akt2 gene deletions were in the C57BL/6 genetic
background. The generation of C57BL/6 S6K1 ™'~ mice has been previ-
ously described (33). C57BL/6 Akt2~/~ mice were generated by 10 back-
crosses with Akr2™/'~ 129/svj (5) and C57BL/6 wild-type (WT) mice. The
S6K1~'~ and Akt2~'~ strains were crossed to obtain S6K1"/~ Akt2™/~
mice, which were intercrossed. The mice were housed in plastic cages
and maintained at 22°C with a 12-hour dark/12-hour light cycle and had
free access to food. All animal studies were approved by the Direction
Départementale des Services Vétérinaires, Préfecture de Police, Paris,
France (authorization number 75-1313). All experiments were performed
on males. Two-month-old animals were fed either a control standard
chow diet (Teklad global protein diet; 20% protein, 75% carbohydrate,
5% fat) or a high-fat diet (Diet D12492; Researchdiets; 20% protein, 20%
carbohydrate, and 60% fat) for 16 weeks. Food intake was measured every
second day for 15 consecutive days. For streptozotocine treatment, mice
were injected with 40 mg/kg of body weight of streptozotocine for 5 con-
secutive days.

Metabolic studies. After an overnight fast for the 3- and 12-month-
old mice or a 3-h fast for HFD-fed mice, blood was collected from the tail
vein for determination of glucose levels with a Glucotrend glucometer
(Roche Diagnostics). At 3 and 12 months, a glucose tolerance test was
performed after an overnight fast. The mice were intraperitoneally in-
jected with 2 g/kg glucose, and blood was collected from the tail vein for
determination of glucose levels. At 6 months, a glucose tolerance test upon
lean mass was performed after an overnight fast. Mice were intraperito-
neally injected with 2 g glucose/kg of lean mass, and blood was collected
from the tail vein for determination of glucose levels. To test for insulin
resistance, at 3 or 12 months or after 12 weeks of HFD, an insulin tolerance
test was performed. Three- and 12-month-old mice that fasted overnight
or HFD-fed mice that fasted for 3 h were intraperitoneally injected with 1
U insulin/kg (Actrapid), and the glucose concentration in whole blood
from the tail vein was measured at 0, 15, 30, and 60 min. At 3 and 12
months, insulin levels were measured by enzyme-linked immunosorbent
assay (ELISA) after an overnight fast (Crystal Chem., Inc.).

Liver triglyceride measurement. Powdered liver tissue (50 to 100 mg)
was used for acetone extraction. Triglyceride levels were determined using
a Triglycerides FS Kit (Diasys) according to the manufacturer’s instruc-
tions.

Oil red O staining. Frozen sections of the liver, gastrocnemius, and
pancreas were stained with Oil red O and counterstained with hematox-
ylin.

RNA extraction and RT-qPCR. Total RNAs were prepared from liver
tissue. A piece of frozen liver was homogenized in 3 ml of the lysis solution
(4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 100
mM 2-mercaptoethanol, pH 7), and total RNA was extracted as described
previously (6). Total RNA from hepatocytes was isolated using an RNeasy
Mini Kit (Qiagen) according to the manufacturer’s instructions. Single-
stranded cDNA was synthesized from 1 ug of total RNA with random
hexamer primers and SuperScript II (Invitrogen). Real-time quantitative
PCR (RT-qPCR) was performed with a Stratagene instrument (Strat-
agene) according to the manufacturer’s instructions using SYBR green
PCR Master Mix (Stratagene). We determined the relative amounts of the
mRNAs studied by means of the 2722 method, with the beta-glucu-
ronidase (GUS) gene as the reference gene and WT samples as the invari-
ant controls for all studies. The murine primer sequences used were GUS
sense, 5'-TGGTATGAACGGGAAGCAATC-3', and antisense, 5'-AATC
CCATTCACCCACACAACT-3'; G6PC sense, 5'-ATGAACATTCTCCA
TGACTTTGGG-3', and antisense, 5'-GACAGGGAACTGCTTTATTAT
AGG-3’; and GCK sense, 5-TGAGCCGGATGCAGAAGGA-3', and
antisense, 5'-CTCCCAGGTCTAAGGAGAGAAA-3'. The results of RT-

4002 mcb.asm.org

qPCR are given in arbitrary units and expressed as fold changes in mRNA
levels relative to wild-type controls.

Hepatocyte culture. Primary hepatocytes were isolated from mice by
the collagenase perfusion method as described previously (9). Cells (5 X
10%) were plated in 6-well plates in William’s medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (FBS), insulin (4 pg/ml), bovine
serum albumin (BSA) (1 mg/ml), 10 units/ml penicillin, 10 g/ml strepto-
mycin, 0.5 pwg/ml Fungizone, and 25 nM dexamethasone (Sigma). Hepa-
tocytes were kept in full medium for 48 h before protein and RNA extrac-
tions.

Western blotting. Cells were rinsed twice with ice-cold phosphate-
buffered saline (PBS) and lysed in ice-cold lysis buffer (20 mM Tris-HCl
[pH 8.0], 138 mM NaCl, 2.7 mM KCI, 5 mM EDTA, 20 mM NaF, 5%
glycerol, 1% NP-40) in the presence of complete protease inhibitor cock-
tail tablets (Roche) and phosphatase inhibitor cocktail tablets (Phospho
Stop; Roche). To remove cell debris, homogenates were spun at 12,000
rpm for 10 min at 4°C. Protein extracts were resolved by SDS-PAGE
before transfer onto a polyvinylidene difluoride (PVDF) membrane and
incubated with anti-G6PC (a gift from G. Mithieux, INSERM U855),
anti-a-tubulin (Sigma).

Immunohistochemistry and morphometric analysis. Pancreases
were dissected, fixed overnight in 4% paraformaldehyde, weighed, em-
bedded in paraffin, and cut into 5-pm-thick sections. For the quantifica-
tion of the endocrine mass, three sections per pancreas, from three
distinct levels more than 200 wm apart, were immunostained with anti-
insulin antibody (Dako) and counterstained with hematoxylin. Pictures
of all sections were analyzed using National Institutes of Health (NIH)
Image J software (v1.31, which is freely available at http://rsb.info.nih.gov
/ij/index.html) to quantify the B-cell area versus the total pancreas area.
The percentage of B-cell area in the section was determined by dividing the
area of all insulin-positive cells by the total surface area of the section.
The B-cell mass was calculated by multiplying the pancreas weight by the
percent (3-cell area to get the absolute endocrine mass. For determination
of B-cell density, pancreas sections were stained with eosin-hematoxylin.
The B-cell density was assessed by counting the nuclei in a 1,720-p.m? islet
area. Between 3 and 26 areas, depending on the islet size, were counted in
aminimum of 5 islets per mouse. More than 3 mice per genotype and per
diet were analyzed, representing more than 5,500 nuclei counted per con-
dition. For the determination of the proliferation rate of 3 cells, a mini-
mum of 2 pancreas sections per mouse, from distinct levels more than 200
pm apart, were immunostained with anti-Ki67 antibody (Neomarker)
and counterstained with hematoxylin. The proliferation of B cells was
assessed by counting Ki67-positive cells over total endocrine cells. More
than 6 mice per genotype and per diet were analyzed, representing more
than 7,000 endocrine cells counted per condition. A terminal deoxynucleo-
tidyltransferase-mediated dUTP-biotin nick end-labeling (TUNEL) assay
was performed with the ApopTag peroxidase in situ apoptosis detection
kit (Millipore) according to the manufacturer’s instructions.

Statistical analysis. Statistical analysis was performed with Prism soft-
ware (Graphpad Software) using one-way analysis of variance (ANOVA)
with a Newman-Keuls posttest. An unpaired Student’s ¢ test was per-
formed when only two conditions were studied. P values of less than 0.05
were considered significant. Statistical analyses were performed on the
log,, values for insulinemia and endocrine mass measurements. All values
are expressed as means and standard errors of the mean (SEM).

RESULTS

S6K1~'~ Akt2™'~ mice are hyperglycemic and glucose intoler-
ant. We crossed the S6K1 '/~ and Akt2™/~ strains to obtain
S6KI"'~ Akt2™'~ mice, which were intercrossed. S6KI1~/~
Akt2™"~ mice were born at the expected Mendelian ratio in the
progeny from these crosses. Adult mice were viable and were com-
pared to wild-type, S6K17'~, and Akt2™'~ mice at two different
ages, i.e., 3 months and 1 year old. As previously reported (33),
S6K1 gene deletion caused a 20 to 30% reduction in body weight
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FIG 1 S6K1~'~ Akt2~/~ mice are hyperglycemic and glucose intolerant. (A) Body weights in 3-month-old (left) and 1-year-old (right) mice of the indicated
genotypes (n = 4). (B) Glucose levels after an overnight fast in 3-month-old (left) and 1-year-old (right) mice of the indicated genotypes (n = 10). (C) Glucose
tolerance test after intraperitoneal injection of glucose in 3-month-old (left) and 1-year-old (right) mice of the indicated genotypes (n = 5). All values are
expressed as means and SEM. a, P < 0.05 versus the wild-type group; b, P < 0.05 versus the S6K1 '~ group; ¢, P < 0.05 versus the Ak2~/~ group.

compared to the wild type, while the effect of Akt2 deletion was
mild in young mice and became more pronounced in old mice
(Fig. 1A). The combination of both gene deletions further de-
creased body weight, though the effect was less than additive, in-
dicating that S6K1 and Akt2 control body weight by overlapping
yet distinct mechanisms.

To assess glucose homeostasis, we measured blood glucose lev-
els after an overnight fast and during a glucose load. S6K1~/~
Akt2™'~ mice were slightly hyperglycemic while fasting compared
to the other genotypes (Fig. 1B). After the intraperitoneal injec-
tion of glucose at a dose of 2 g/kg, Akt2-deficient mice were mildly
glucose intolerant at 3 months of age, but not at 1 year of age
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(Fig. 1C). However, the combined deletion of S6K1 in the Akt2 ™/~
background deteriorated glucose tolerance at both ages, demon-
strating the need for both signaling elements in the proper main-
tenance of glucose homeostasis.

Lack of ectopic fat deposition in the mutant mouse lines.
Given the reduced whole-body weight of the S6K1 and Akt2 mu-
tant mice, we measured gastrocnemius muscle and epididymal
adipose tissue weights as an indication of lean and fat mass, re-
spectively. As shown in Fig. 2A, the reduction of gastrocnemius
weight in the mutant mice compared to wild-type controls was
proportional to the changes in whole-body weight. Conversely,
the epididymal fat mass was decreased in S6K1~/~ and S6K1~'~
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FIG 2 Reduced adiposity in S6K1~/~ Akt2~/~ mice. (A) Absolute weights (top) and weights normalized over body weight (bottom) of gastrocnemius and
epididymal adipose tissues of 6-month-old mice of the indicated genotypes starved for 6 h (n = 5). (B) Oil red O staining of frozen liver sections from wild-type
or S6KI1~/~ Akt2~/~ mice starved for 6 h (scale bars, 50 wm). Liver sections from mice fed a high-fat diet for 16 weeks were used as positive controls. (C)
Triglyceride concentration in liver tissue of wild-type or S6K1~/~ Akt2~/~ mice starved for 6 h (n = 6). (D) Oil red O staining of frozen gastrocnemius sections
from wild-type or S6K1~/~ Akt2~’~ mice starved for 6 h. Gastrocnemius sections from mice fed a high-fat diet for 16 weeks were used as positive controls (scale
bars, 100 wm). (E) Oil red O staining of frozen pancreas sections from wild-type or S6K1~/~ Akt2™/~ mice starved for 6 h (scale bars, 50 um). (F) Glucose
tolerance test after intraperitoneal injection of glucose indexed over lean mass in 6-month-old mice of the indicated genotypes (n = 7). All values are expressed
as means and SEM. a, P < 0.05 versus the wild-type group; b, P < 0.05 versus the S6K1'~ group; ¢, P < 0.05 versus the Akt2™'~ group.
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¢, P < 0.05 versus the Akt2~'~ group.

Akt2”'~ mice even after normalization to the whole-body mass.
To evaluate the possibility of ectopic fat deposition, lipid accumu-
lation was analyzed by histology or biochemical assays in liver,
skeletal muscle, and pancreas from single-mutant (data not
shown) and double-mutant (Fig. 2B, C, D, and E) mice. The pres-
ence of lipid droplets, as assessed by Oil red O staining (Fig. 2B)
and triglyceride levels (Fig. 2C), did not differ in S6K1 '~ Akt2™'~
livers and the wild type. Similarly, we did not detect abnormal fat
accumulation in double-mutant skeletal muscle and pancreas
(Fig. 2D and E). Similar results were obtained with S6K1 ~/~and
Akt2™!~ single-mutant tissues (data not shown). The lack of ecto-
pic fat deposition in S6KI ™/~ Akt2™'~ mice is consistent with
increased lipolysis in white adipose tissues and elevated oxygen
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consumption in S6K1~'~ mice (36). Finally, a glucose tolerance
test was performed, taking into account the difference in lean
mass, as recommended (3). When the dose of glucose was indexed
over the lean mass as measured by dual-energy X-ray absorptiom-
etry densitometry, S6K1~'~ Akt2~'~ mice were still glucose intol-
erant compared to the wild type (Fig. 2F).

S6K1~'~ Akt2™'~ mice have impaired insulin sensitivity. To
address the cause of hyperglycemia in the S6K1~/~ Akt2™'~ mice,
the hypoglycemic action of insulin was assessed among the dis-
tinct genotypes after an intraperitoneal injection of insulin at a
dose of 1 U/kg. As shown in Fig. 3A, the S6KI '~ mice were
insulin hypersensitive while the Akt2~/~ mice were insulin resis-
tant. The combined deletion of the S6K1 and Akt2 genes led to an
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FIG4 S6K1~/~ Akt2~/~ mice have impaired insulin levels and B-cell mass. (A) Plasma insulin levels after an overnight fast in 3-month-old (left) and 1-year-old
(right) mice of the indicated genotypes (1 = 6). (B) Histological analysis of pancreatic sections from 6-month-old mice of the indicated genotypes starved for 6
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fication of the endocrine mass (1 = 6) (right). All values are expressed as means and SEM. a, P < 0.05 versus the wild-type group; b, P < 0.05 versus the S6K1~/~

group; ¢, P < 0.05 versus the Akt2~/~ group.

insulin-resistant state compared to the wild-type control. Inter-
estingly, this effect was more pronounced in old animals, when the
lack of insulin response in S6K1 '~ Akt2™'~ mice was similar to
that in Ak2™/~ mice.

The hepatic insulin resistance in Akt2~/~ mice is accompanied
by alterations in gene expression consistent with the lack of insulin
effect in the liver (19, 25). In particular, the expression of glucoki-
nase (GCK) was downregulated in the liver tissue and in cultured
hepatocytes from Akt2~'~ mice compared to the wild-type con-
trol (Fig. 3B and C). Despite the improvement in insulin sensitiv-
ity by S6K1 deletion, as evidenced by improved insulin tolerance
test results and GCK levels (Fig. 3A and B), in the background of
Akt2 deletion, S6K1~'~ Akt2~'~ mice had reduced GCK gene ex-
pression that was comparable to that of Akr2~/~ mice (Fig. 3B).
Similarly, the expression level of another key insulin target gene,
the glucose-6-phosphatase catalytic subunit (G6Pc) gene, was de-
regulated in both Ak2™'~ and S6K1~'~ Akt2~'~ mice compared
to wild-type and S6K1~'~ mice (Fig. 3B and D). These data indi-
cate that S6K1 deletion does not rescue the changes in hepatic
glycolytic and gluconeogenic gene expression triggered by the ab-
sence of Akt2 in vivo and in vitro, suggesting a cell-autonomous
mechanism.
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S6K1~'~ Akt2~'~ mice have impaired insulin levels and
[3-cell growth. As previously reported (5, 26), plasma insulin lev-
els were decreased by approximately half in S6K1~/~ mice com-
pared to wild-type controls, while they were increased by more
than 2-fold in young and old Akt2~/~ mice (Fig. 4A). Although
the S6K1~'~ Akt2™'~ mice had higher blood glucose levels than
the Akt2~'~ mice (Fig. 1B), the upregulation of plasma insulin
levels was blunted in the double-mutant mice compared to
Akt2™'~ mice. Thus, the S6K1 deletion impairs the insulin secre-
tory response that maintains the euglycemic control in the
Akt2™'~ background. Given the reduced body size of S6K1~'~
Akt2™'" mice, diminished insulin levels might be due to a dispro-
portionate decrease in overall pancreatic size. However, analysis
of the ratio of mouse whole-body weight to pancreatic weight
revealed no significant difference between Akt2~/~ and S6K1 '~
Akt2”'~ mice at 6 months (mouse weights, 29.3 * 0.7 g and
21.3 + 0.6 g, versus pancreas weights of 517 = 18 mgand 310 * 26
mg, respectively; n = 8), suggesting that reduced -cell mass may
be responsible for decreased insulin levels in S6K1~'~ Ak2™'~
mice. As shown in Fig. 4B, the insulin resistance in Ak27'™ mice
was accompanied by a marked increase in the mass of the islets of
Langerhans. Strikingly the combined deletion of S6KI induced a
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FIG 5 S6K1~/~ Akt2~/~ mice have impaired B-cell growth. (A) Histological analysis of pancreatic sections from 6-month-old mice of the indicated genotypes
starved for 6 h. The sections were immunostained for Ki67 and counterstained with hematoxylin. Shown are representative islets (left) (scale bar, 50 pm) and
quantification of Ki67-positive cells over total endocrine cells (n = 6) (right). (B) TUNEL staining in pancreas sections from 6-month-old mice of the indicated
genotypes starved for 6 h. The pancreas from a mouse treated with streptozotocin (STZ) was used as a positive control. Apoptotic cells are stained brown; the
arrows indicate representative cells. Scale bars, 50 wm. (C) Histological analysis of pancreatic sections from 6-month-old mice of the indicated genotypes starved
for 6 h. The sections were stained with hematoxylin and eosin. Shown are representative islets (left) (scale bars, 50 wm) and quantification of B-cell density
assessed by counting the nuclei in a 1,720-um? islet area (n = 4) (right). All values are expressed as means and SEM. a, P < 0.05 versus the wild-type group; b,

P < 0.05 versus the S6K1~/~ group; ¢, P < 0.05 versus the Akt2~/~ group.

sharp decrease in 3-cell mass (Fig. 4B). The disproportionate de-
crease in the B-cell mass was evidenced by calculating the percent-
age of endocrine mass over total pancreas mass (0.94% = 0.7% for
the wild type, 0.7% = 0.05% for S6K17'~ mice, 4.4% *+0.3 for
Akt2™'~ mice, and 1.1% = 0.1 for S6K1~'~ Akt2™/~ mice). Im-
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munofluorescence-staining analysis with anti-glucagon and anti-
insulin antibodies detected a normal distribution of o and {3 cells
in the islets from S6KI1~'~ Akt2™'~ mice (data not shown). The
proliferation and survival rates of pancreatic 8 cells did not differ
among the experimental groups, as indicated by Ki67 immuno-

mcb.asm.org 4007


http://mcb.asm.org

Treins et al.

staining and TUNEL assays, respectively (Fig. 5A and B). In con-
trast, S6K1 deletion shrank 3-cell size compared to wild-type and
Akt2™'" mice, as assessed by the analysis of B-cell numbers per
islet surface (Fig. 5C). In conclusion, although we cannot exclude
the possibility that differences in proliferation and survival rates at
earlier time points may contribute to the final B-cell mass, in
6-month-old mice, S6K1~'~ Akt2~'~ B cells display a severe de-
fect in size under steady-state conditions. Thus, the combined
deletion of S6K1 and Akt2 genes reveals the dominant effect of
S6K1 on the control of B-cell mass. Taken together, our findings
suggest that S6KI1~/~ mice or Akt2~'~ mice maintain proper con-
trol of glycemia while fasting due to insulin hypersensitivity or
hyperinsulinemia, respectively. Combining the two mutations
blunts these compensatory mechanisms and causes glucose intol-
erance.

Interaction of S6K1 and Akt2 in the control of weight gain
and glycemia after a high-fat diet. Since S6K1 ™/~ mice are exqui-
sitely resistant to high-fat diet-induced obesity and hyperglycemia
(36), we asked whether S6K1~/~ Ak2™'~ mice also showed im-
provements in glucose homeostasis under these diet conditions.
The food intake of S6K1~'~ Akt2~'~ mice under a standard chow
or high-fat diet was comparable to that of the wild type, consistent
with data on single mutants (references 5 and 36 and data not
shown) (Fig. 6A). Wild-type animals gained more than 70% of
their body weight after 16 weeks on a high-fat diet compared to
standard-chow-fed controls (Fig. 6B). In contrast, the deletion of
the S6K1 and Akt2 genes alone was sufficient to blunt weight gain
to 38% and 18%, respectively. Importantly, the combined dele-
tion had a more pronounced effect on body weight, which did not
increase over 10% after the high-fat diet. In the S6K1 /" mice, the
lack of obesity onset was associated with an amelioration of glu-
cose homeostasis and insulin sensitivity compared to high-fat-fed
wild-type animals (Fig. 6C and D). However, the S6KI1 '~
Akt2™'" mice displayed severe hyperglycemia, despite their lean
phenotype (Fig. 6C). As observed under standard-chow condi-
tions, after the high-fat diet, the S6K1 ™/~ Akt2~/~ mice were in-
sulin resistant compared to wild-type mice and S6KI '/~ mice
(Fig. 6D). Taken together, these data point to the complementar-
ity of S6K1 and Akt2 actions in the control of glucose homeostasis,
depending on the nutritional status.

S6K1~'~ Akt2™'~ mice show defects in B-cell proliferation
induced by an HFD. Pancreatic 3-cell growth during adult life is
an important adaptive response to insulin-resistant states for the
maintenance of glucose homeostasis. As expected, 4 months of the
HFD increased the endocrine mass in the wild-type pancreas by
133% compared to the standard chow diet (Fig. 4B and 7A). A
major shortage was observed in the endocrine mass of S6K1~/~
Akt2™"~ mice compared to Akt2~'~ mice after the HFD (Fig. 7A),
similar to what was observed after the standard chow diet
(Fig. 4B). Interestingly, the HFD promoted increases in (3-cell size
that were equivalent among the distinct genotypes without affect-
ing B-cell survival (Fig. 5C and 7B and C). However, the HFD
selectively stimulated proliferation of wild-type and Akt2™/™ islet
cells, as determined by Ki67 staining (Fig. 5A and 7D). These
proliferating cells were insulin-positive 3 cells (data not shown).
Importantly, the combined deletion of Akt2 and S6K1 completely
abrogated B-cell proliferation induced by HFD. Thus, S6K1 plays
amajor role in the control of B-cell growth and proliferation in the
insulin-resistant states due to Akt2 deletion and high-fat feeding.
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DISCUSSION

Type 2 diabetes can be defined as a disease of insulin and nutrient
signal transduction (29, 34). Under healthy conditions, nutrients
regulate the synthesis and the secretion from in pancreatic 3 cells
of the major anabolic hormone insulin. Insulin controls nutrient
usage in peripheral tissues, such as skeletal muscle, fat, and liver.
In turn, nutrient levels in these tissues trigger a negative-feedback
mechanism that modulates insulin action. In this study, we pro-
vide evidence that loss-of-function mutations in two targets of the
mTOR and PI3K signal transduction pathway downstream insu-
lin and nutrients recapitulate type 2 diabetes. Our data reveal the
complementary actions of Akt2 and S6K1 kinases in the control of
glucose homeostasis. The former is required for proper insulin
action in peripheral tissues, such as the liver, while the latter is
required for proper adaptation of pancreatic -cell function and
mass. In particular, the lack of S6K1 is sufficient to deteriorate
glycemic control in insulin resistance states by blunting [-cell
growth. This polygenic model of type 2 diabetes in mice may be
relevant to the human condition, considering that overt type 2
diabetes in the majority of human patients is observed when pan-
creatic 3 cells are unable to compensate for peripheral insulin
resistance.

While S6K1~'~ Akt2~'~ mice show a slight improvement in
insulin resistance compared to Akt2~/~ mice at 3 months of age, at
1 year, the two genotypes display comparable insulin resistance
states (Fig. 3). In agreement with a defect of insulin action in the
liver, expression of key gluconeogenic and glycolytic enzymes is
deregulated to the same extent in S6K1~'~ Akr2™'~ and Akt2™'~
mice. Deregulation of these genes has been reported to be directly
related to insulin resistance in the liver (22). This effect is likely to
be cell autonomous, as it is observed in cultures of hepatocytes
isolated from S6K1~'~ Akt2~'~ mice. Thus, the amelioration of
insulin sensitivity due to S6K1 deletion occurs largely through the
activation of Akt2, as this beneficial effect on glucose homeostasis
is lost if Akt2 is absent.

In addition to being insulin resistant, S6K1 /= Akt2™'” mice
present a sharp decrease in plasma insulin levels compared to
Akt2™'~ mice, which is correlated with defects in B-cell growth.
Defects in 3-cell mass adaptations play a key role in the onset of
type 2 diabetes that is frequently observed when the pancreatic 3
cells fail to compensate for insulin resistance and to maintain nor-
moglycemia. Our study reveals that S6K1 plays a key role in the
control of islet compensatory growth in response to two distinct
insulin-resistant states: the deletion of Aks2 and an HFD. S6K1
activity affects both B-cell hypertrophic and hyperplasic re-
sponses. The former effect is revealed under standard-chow con-
ditions, while the latter is especially evident when cell proliferation
is triggered by an HFD. It will be important to determine the direct
targets of S6K1 involved in 3-cell function. It is possible that the
phosphorylation of ribosomal protein S6 (rpS6) contributes to
these effects, as mutant mice in which rpS6 cannot be phosphor-
ylated display defects in B-cell size (28). However, S6K2, and not
S6K1, is the major rpS6 kinase in mouse pancreatic B cells, as
demonstrated by the comparative analysis of S6KI~'~ and
S$6K27'~ mice (2). Since S6K2~'~ mice have no defects in insulin
secretion and glucose homeostasis, these data suggest the exis-
tence of additional S6K1-specific substrates important for 3-cell
function. In other cell types, S6K1 has been shown to phosphory-
late BAD and peroxisome proliferator-activated receptor gamma
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FIG 6 Interaction of S6K1 and Akt2 in the control of weight gain and glycemia after a high-fat diet. (A) Food intake per mouse of the indicated genotypes on an
HFD measured over 15 days or normalized by body weight (n = 6). (B) Body weights of 6-month-old mice of the indicated genotypes fed a chow diet or an HFD
for 16 weeks (n = 11). (C) Glucose levels after a 3-h fast in 5-month-old mice of the indicated genotypes fed a chow diet or an HED for 12 weeks (1 = 6). (D)
Insulin tolerance test after intraperitoneal injection of insulin in 5-month-old mice of the indicated genotypes fed a chow diet or an HED for 12 weeks (1 = 6).
All values are expressed as means and SEM. a, P < 0.05 versus the wild-type group; b, P < 0.05 versus the S6K1 = group; ¢, P < 0.05 versus the Akt2™'~ group;

d, P < 0.05 versus the chow-fed group.

coactivator lae (PGC-1a) (11, 20). Interestingly, both putative
targets are involved in insulin secretion and pancreatic (3-cell
growth in distinct environmental situations, including an HFD (7,
39). Future studies should address whether these proteins or ad-
ditional substrates mediate the action of S6K1 in pancreatic 3
cells.

We found here that the combined deletion of S6KI and Akt2
deteriorates glucose tolerance and leads to establishment of severe
hyperglycemia under nutritional challenge. In agreement with our
findings, there is increasing evidence in animal models and in
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humans suggesting that chronic administration of the mTOR in-
hibitor rapamycin has deleterious effects on glucose homeostasis,
possibly due to a combined deterioration of insulin sensitivity and
insulin secretion (10, 15, 17, 37, 38). Long-term rapamycin treat-
ment in vivo may lead to disruption of both mTORCI1 and
mTORC2, depending on the cell types (17, 30). It is likely that the
detrimental effects of rapamycin on 3-cell function are due at least
in part to S6K1 inhibition, as S6K1-deficient islets are resistant to
growth inhibition by rapamycin (2). Conversely, insulin resis-
tance is rather secondary to the loss of mMTORC2 activity (17). Our
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FIG7 S6K1~'~ Akt2~’~ mice show defects in B-cell proliferation induced by HFD. (A) Histological analysis of pancreatic sections of 6-month-old mice of the indicated
genotypes fed an HFD for 16 weeks and starved for 6 h. The sections were immunostained for insulin and counterstained with hematoxylin. Shown are representative
islets (left) (scale bars, 1,000 um) and quantification of the endocrine mass (n = 5) (right). (B) Histological analysis of pancreatic sections from 6-month-old mice of the
indicated genotypes fed an HED for 16 weeks and starved for 6 h. The sections were stained with hematoxylin and eosin. Shown are representative islets (left) (scale bars,
50 wm) and quantification of B-cell density assessed by counting the nuclei in a 1,720-pum? islet area (1 = 4) (right). (C) TUNEL staining in pancreas sections from
6-month-old mice of the indicated genotypes fed an HFD for 16 weeks and starved for 6 h. Scale bars, 50 pum. (D) Histological analysis of pancreatic sections from
6-month-old mice of the indicated genotypes fed an HFD for 16 weeks and starved for 6 h. The sections were immunostained for Ki67 and counterstained with
hematoxylin. Shown are representative islets (left) (scale bar, 50 wm) and quantification of Ki67-positive cells over total endocrine cells (n = 7) (right). All values are
expressed as means and SEM. a, P < 0.05 versus the wild-type group; b, P < 0.05 versus the S6K1 = group; ¢, P < 0.05 versus the Akt2™'~ group.
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data specifically point to two major mTOR and PI3K targets hav-
ing complementary roles in glucose homeostasis and whose inval-
idation provides an animal model of polygenic type 2 diabetes
with insulin resistance and defects in (-cell mass adaptation.
While the selective inhibition of mTORCI is an interesting strat-
egy against age-related diseases due to the beneficial effects on
longevity, caution should be taken, considering the important role
of mMTORC1/S6K1 during pancreatic 3-cell adaptation in insulin-
resistant states.
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