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Abstract

Aims/hypothesis The mammalian target of rapamycin com-
plex 1 (mTORC1)/p70 ribosomal S6 kinase (S6K)1 pathway
is overactivated in obesity, leading to inhibition of
phosphoinositide 3-kinase (PI3K)/Akt signalling and insulin
resistance. However, chronic mTORCI1 inhibition by
rapamycin impairs glucose homeostasis because of robust in-
duction of liver gluconeogenesis. Here, we compared the ef-
fect of rapamycin with that of the selective S6K1 inhibitor,
PF-4708671, on glucose metabolism in vitro and in vivo.
Methods We used L6 myocytes and FAO hepatocytes to ex-
plore the effect of PF-4708671 on the regulation of glucose
uptake, glucose production and insulin signalling. We also
treated high-fat (HF)-fed obese mice for 7 days with
PF-4708671 in comparison with rapamycin to assess glucose
tolerance, insulin resistance and insulin signalling in vivo.
Results Chronic rapamycin treatment induced insulin re-
sistance and impaired glucose metabolism in hepatic and
muscle cells. Conversely, chronic S6K1 inhibition with
PF-4708671 reduced glucose production in hepatocytes
and enhanced glucose uptake in myocytes. Whereas
rapamycin treatment inhibited Akt phosphorylation,
PF-4708671 increased Akt phosphorylation in both cell
lines. These opposite effects of the mTORC1 and S6K1
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inhibitors were also observed in vivo. Indeed, while
rapamycin treatment induced glucose intolerance and
failed to improve Akt phosphorylation in liver and mus-
cle of HF-fed mice, PF-4708671 treatment improved
glucose tolerance and increased Akt phosphorylation in
metabolic tissues of these obese mice.
Conclusions/interpretation Chronic S6K1 inhibition by
PF-4708671 improves glucose homeostasis in obese mice
through enhanced Akt activation in liver and muscle. Our
results suggest that specific S6K 1 blockade is a valid pharma-
cological approach to improve glucose disposal in obese dia-
betic individuals.

Keywords Akt - Glucose tolerance - Glucose uptake -
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S6K p70 ribosomal S6 kinase
TG Triacylglycerol
Introduction

Insulin is an essential hormone that regulates many physio-
logical pathways such as cellular growth, proliferation, glu-
cose and lipid homeostasis. Impaired insulin action has been
shown to play major roles in metabolic diseases, such as obe-
sity and type 2 diabetes. Several Ser/Thr kinases have been
found to phosphorylate multiple Ser residues in IRS-1 in
response to growth factors, nutrient excess or inflammatory
stimuli, which inhibit insulin signalling and contribute to in-
sulin resistance. These include the mammalian target of
rapamycin (mTOR) and p70 ribosomal S6 kinase (S6K) as
well as c-Jun NH,-terminal kinase (JNK) and inhibitor of
nuclear factor-kB (IKK) [1, 2].

Both ribosomal S6 kinases—p70 ribosomal S6 kinase
(S6K) and p90 ribosomal S6 kinase (RSK)—are well
recognised key insulin signalling proteins [3, 4]. The two
S6K isoforms, S6K1 and S6K2, were originally thought to
be redundant proteins due to their high homology. However,
recent studies suggest distinct roles for each isoform
(reviewed in [5]). Indeed, S6K1 participates in insulin-
mediated cell growth but—like mTORC1—also operates ne-
gative feedback loops at various levels of regulation. For ex-
ample, several studies have shown that both mTORC1 and/or
S6K1 phosphorylate specific serine residues on IRS proteins
[6, 7]. Moreover, some of these IRS-1 sites, notably Ser 1101
and Ser 636, were differentially regulated by mTOR and
S6K1 [8, 9]. We have further reported that Ser 1101 is an
important target of S6K1 and that this site is
hyperphosphorylated in animal models of obesity and upon
nutrient excess in humans [10]. Recently, Liu et al [11] report-
ed that S6K1 can also disrupt mTORC2 by phosphorylating
Sinl on both T86 and T398 residues. All these negative feed-
back control mechanisms reveal the importance of S6K1 in
the regulation of insulin’s pleiotropic actions.

The metabolic functions of S6K1 were also demonstrated
using genetic models. Indeed, S6K 1 knockout (KO) mice are
resistant to high-fat (HF)-diet-induced obesity, and showed
improvement of glucose tolerance and insulin signalling
[12]. However, S6K1 KO mice on standard low-fat diet are
also hypoinsulinaemic, glucose intolerant and have reduced
beta cell mass due to a lesion in glucose sensing or insulin
production [13]. Younis et al [14] further observed an im-
provement in glucose tolerance using antisense oligonucleo-
tides against S6K1 in mice for 4 weeks; however, this was
associated with a decrease in body weight and food intake.
Interestingly, adeno-associated virus (AAV)-mediated hepatic
S6K1/2 depletion was recently shown to improve systemic
insulin resistance, hepatic gluconeogenesis and hepatic

steatosis [15]. These studies suggest that S6K1 inhibition
may be an interesting therapeutic option to alleviate obesity-
linked insulin resistance and type 2 diabetes.

Acute pharmacological inhibition of the mTORC1/S6K 1
pathway with rapamycin increases insulin signalling and glu-
cose metabolism in vitro and in animal models of insulin
resistance [ 10, 16—18]. However, chronic rapamycin treatment
causes diabetes-like symptoms due to alterations in hepatic
gluconeogenic genes and lipid storage in fat [9, 19, 20].
However, no studies have yet evaluated the effect of specifi-
cally inhibiting S6K1 on cellular insulin signalling, glucose
metabolism and whole-body glucose homeostasis. Recently,
the selective S6K1 inhibitor—PF-4708671—has been
characterised [21], allowing us to test the effect of pharmaco-
logical inhibition of S6K1 on glucose metabolism for the first
time. Here, we observed that PF-4708671 reduced hepatic
glucose production and stimulated muscle glucose uptake
in vitro, in association with increased Akt phosphorylation
in both hepatocytes and myocytes. Moreover, PF-4708671
improved glucose tolerance in HF-fed obese mice by restoring
Akt S473 phosphorylation in metabolic tissues, suggesting
that S6K1 inhibition may represent a valid approach to im-
prove glucose control in obese individuals with type 2
diabetes.

Methods

Reagents and antibodies Reagents and antibodies are includ-
ed in Electronic Supplementary Material (ESM) Methods.

Cell culture L6 myoblasts were grown in x-MEM
(Invitrogen, Burlington, ON, Canada) supplemented with
10% (vol./vol.) FBS and differentiated into myotubes in
«-MEM with 2% (vol./vol.) FBS as previously described
[22]. L6 cells were serum-deprived for 5 h prior to the exper-
iments, and 100 nmol/l of insulin was used to stimulate the
cells during the last 5 min of deprivation. FAO hepatocytes
were maintained in RPMI media (Invitrogen), serum-deprived
overnight and stimulated with the indicated concentration of
insulin. Vehicle (dimethyl sulfoxide, DMSO 0.02%
[vol./vol.]) or rapamycin (25 nmol/l) or PF-4708671
(10 umol/l) were used since p70 S6 kinase is fully inhibited
at this dose [21]. Only mycoplasma free cells were used.

Western analyses Western blots were performed as described
[19]. Briefly, equal amounts of proteins were separated by
SDS-PAGE (7.5% [wt/vol.]) and transferred onto nitrocellulose
membrane. Membranes were blocked in 5% (wt/vol.) fish ge-
latin diluted in Tris pH 7.4+0.1% (vol./vol.) Tween (TBS-T)
and incubated overnight at 4°C with the respective antibodies
diluted in 1% (wt/vol.) fish gelatin in TBS-T.
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Glucose uptake Glucose (2-DG) uptake was performed as
previously described [22] (see ESM Methods).

Glucose production Glucose production was evaluated in
FAO hepatocytes as described previously [23] (see ESM
Methods).

Animal studies Animal handling and treatment were ap-
proved by the Animal Care and Handling Committee of
Laval University. Male C57B1/6 mice (6 weeks old) were
purchased from Charles River Laboratories (St Constant,
QC, Canada) and housed individually in cages in a room kept
at 23+1°C with a 12 h light/12 h dark cycle. Mice were
randomly distributed among groups but matched for body
weight at the beginning of the studies. The glucose and pyru-
vate tolerance tests were done blinded. Male C57Bl/6 mice
(6 weeks old) were fed high-fat diet (HFD, 60% energy from
fat, Research Diets, D12492 (New Brunswick, NJ, USA)) for
12 weeks before being randomly assigned to three groups: (1)
control (HF) receiving vehicle (8% EtOH [vol./vol.], 0.2%
[wt/vol.] carboxymethylcellulose sterile); (2) treated with
PF-4708671 (35 mg kg ' day ', i.p.); or (3) treated with
rapamycin (2 mg kg ' day ", i.p.) for 7 days while being kept
on the same HFD (ESM Methods).

i.p. glucose and pyruvate tolerance tests After 12 weeks of
HFD feeding, mice were fasted for 6 h and injected i.p. with
glucose (1 g/kg) diluted in saline, 0.9% (wt/vol.) (NaCl
154 mmol/l). For the pyruvate tolerance test (PTT),
mice were fasted for 6 h and injected i.p. with pyruvate
(2 g/kg; Sigma-Aldrich, Oakville, ON, Canada) diluted in
saline, 0. 9% (wt/vol.).

Plasma/tissue determinations Blood glucose levels were
measured by a One Touch Mini Ultra Glucometer (LifeScan,
CA, USA). Plasma insulin was determined by radioimmuno-
assay (Linco Research, St Charles, MO, USA).
Triacylglycerol (TG) levels in plasma and liver were measured
by enzymatic methods according to the manufacturers’
instructions (Randox Lab kit, WV, USA). Total lipid was iso-
lated from 0.1 g frozen liver using chloroform—methanol ex-
traction [24]. Hepatic TG content was enzymatically deter-
mined from reconstituted lipid extract. Liver glycogen was
determined using the phenolsulphuric acid reaction [25].

Nuclear extracts Liver nuclear extracts were prepared as pre-
viously described [19] and subjected to immunoblotting as
described above.

RNA extraction and quantitative PCR analysis RNA
extraction and quantitative PCR analysis were performed as
described previously [19] (see ESM Methods).
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Quantification and statistical analyses One- and two-way
ANOVA with Newman—Keuls post hoc was performed with
Sigma Plot version 12 (Systat Software, San Jose, CA, USA);
p values were considered significant if they were <0.05. SEMs
are represented in the graphs. The criterion for exclusion of
animals was a >20% deviation from the mean weight of the
other animals of the same group. The criterion for the exclu-
sion of any data point was a distance>=2.5 % SD from the
mean of the other data from the same group.

Results

S6K1 inhibition decreases S6 phosphorylation
and increases Akt phosphorylation in hepatocytes

As the main target of S6K1, ribosomal S6 protein phospho-
rylation was first measured after treatment with PF-4708671
in hepatocytes. Both basal and insulin-stimulated S6 phospho-
rylation on S235/6 were rapidly inhibited by PF-4708671, and
the inhibitory effect was maintained for up to 24 h in insulin-
treated cells (Fig. 1). Moreover, S6K1 Thr389 phosphoryla-
tion increased after PF-4708671 treatment, a finding that is in
line with previous reports, and that was suggested to involve
some feedback pathways by which S6K1 might regulate its
own phosphorylation by mTORCI1 [21, 26]. As previously
shown using genetic tools in cells [10], pharmacological
S6K1 inhibition by PF-4708671 reduced insulin-stimulated
IRS1 S1101 phosphorylation. PF-4708671 treatment in-
creased insulin-induced Akt phosphorylation from 5 h and this
effect was sustained for up to 24 h (Fig. 1b, ¢). We also ruled
out that PF-4708671 might inhibit mitogen and stress activa-
ted kinase 1 (MSK1) since this inhibitor did not inhibit Thr581
MSKI1 and Ser133 cAMP response element-binding protein
(CREB) induced by phorbol myristate acetate (PMA) in he-
patocytes (ESM Fig. 1), in line with previous work by Pearce
et al [21].

S6K1 inhibition decreases glucose production in hepatic
cells To evaluate the role of S6K 1 in liver glucose metabolism,
we measured basal and insulin-suppressed glucose production
in FAO hepatic cells. PF-4708671 treatment for 5 h decreased
basal glucose production, which was further reduced with
increasing concentrations of insulin (Fig. 2a). We previously
reported that chronic rapamycin treatment increased hepatic
glucose production in rats and FAO cells [19]. We thus com-
pared the effect of chronic PF-4708671 treatment with that of
rapamycin by treating FAO cells for 72 h with either drug
before measuring glucose production. As illustrated in
Fig. 2b, chronic S6K1 inhibition reduced basal glucose produc-
tion while chronic rapamycin treatment increased it. When
corrected for differences in basal rates of glucose production,
the results revealed that rapamycin treatment reduced the
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suppressing effect of insulin while insulin action on glucose
production remained unaffected by S6K1 inhibition (Fig. 2c,
d). Nuclear extractions of proteins involved in gluconeogenic
enzyme expression revealed that hepatocyte nuclear factor 4o
(HNF4«), forkhead box O (FOXO) and CREB were decreased
after 72 h inhibition of S6K1 while chronic rapamycin treat-
ment increased the levels of these proteins compared with ve-
hicle (Fig. 2e). However, peroxisome proliferator-activated re-
ceptor 7y, coactivator 1oc (PGClex) expression in the nucleus
was not affected by the treatments. In line with these results,
FAO cells treated with PF-4708671 showed reduced mRNA
expression of the gluconeogenic enzymes PEPCK (also known
as Pckl) and G6Pase (also known as G6pc) (Fig. 2f). Chronic
rapamycin treatment increased G6Pase protein content but
PF-4708671 failed to affect glucose-6-phosphate (G6Pase)
and PEPCK protein levels (Fig. 2g). As expected, both acute
and chronic PF-4708671 treatment reduced insulin-mediated
S6 phosphorylation (Fig. 2h). On the other hand, chronic
rapamycin treatment completely reduced both basal and
insulin-stimulated S6 phosphorylation, even below the level
of vehicle-treated control cells. Interestingly, acute and chronic
inhibition of S6K1 increased insulin-induced Akt phosphory-
lation while this was fully abrogated in cells chronically ex-
posed to rapamycin (Fig. 2h). Whereas rapamycin treatment
increased basal Akt T308 phosphorylation, insulin-induced
Akt S473 phosphorylation was disrupted by the inhibitor.

S6K1 inhibition increases glucose uptake in L6 myocytes
We next determined whether S6K 1 inhibition improves glucose
uptake using L6 myocytes. PF-4708671 markedly increased
basal glucose uptake after 5 h and this effect persisted up to
48 h compared with vehicle-treated cells (Fig. 3a). Insulin did
not further increase the effect of the S6K 1 inhibitor on glucose
uptake. Conversely, 48 h rapamycin treatment significantly

reduced basal and insulin-mediated glucose uptake in these
muscle cells. The stimulatory effect of PF-4708671 on glucose
uptake was fully abolished by Akt inhibition using the Akt
inhibitor, Viii (Fig. 3b). As in hepatocytes, PF-4708671 re-
duced insulin-induced S6 phosphorylation while chronic
rapamycin treatment fully abrogated this response in L6 muscle
cells (Fig. 3c). After 48 h treatment, S6K1 inhibition increased
Akt phosphorylation. However, rapamycin was found to de-
crease Akt S473 while increasing both basal and insulin-
mediated Akt T308 phosphorylation (Fig. 3c). Recently,
PF-4708671 was reported to enhance AMP kinase (AMPK)
phosphorylation in mouse embryonic fibroblasts lacking S6K
[27]. However, AMPK Thr172 phosphorylation was not in-
creased after 5 and 72 h treatment of L6 myocytes with the
S6K1 inhibitor (Fig. 3d). Collectively, these results demonstrate
that glucose metabolism is increased after PF-4708671 expo-
sure in both muscle and hepatic cells.

In vivo treatment with PF-4708671 improves glucose
homeostasis in obese mice To evaluate the therapeutic poten-
tial of PF-4708671 in vivo, we treated HFD-fed obese mice
with PF-4708671 for 1 week and compared its effect with that
of rapamycin. As expected, the HFD induced body weight
gain, adiposity, hyperglycaemia and hyperinsulinemia as
compared with mice fed the chow diet (Table 1). While
PF-4708671 did not affect body weight or adiposity,
rapamycin treatment was found to significantly reduce body
weight, which was partly related to decreased inguinal adipose
tissue weight. Interestingly, only 1 week of PF-4708671 treat-
ment was found to improve fasting glucose whereas
rapamycin further increased fasting hyperglycaemia in obese
mice. In addition to fasting glucose, rapamycin treatment was
also found to increase fasting insulinaemia as previously re-
ported in various rodent models [19, 20, 28, 29].
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Fig. 2 S6K1 inhibition decreased glucose production and increased Akt
phosphorylation in hepatocytes. Glucose production was evaluated in
FAO cells as described in Methods. Cells were treated with vehicle (black
circles) or with 10 umol/l PF-4708671 (black squares) for 5 h (a, ¢) or
72 h (b, d) and compared with cells treated with 25 nmol/l rapamycin
(black triangles) for 72 h; n=3-5; Tp<0.05 for rapamycin- vs vehicle-
and PF-4708671-treated cells; *p <0.05, ***p <0.001 for PF-4708671
vs vehicle. (e) Representative blots and quantification of CREB (white
bars), HNF4«x (grey bars), PGClx (black bars), FOXO (hatched bars)
and histone H3 of nuclear extracts from FAO cells treated with 10 pmol/l
PF-4708671 or 25 nmol/l rapamycin. 'p<0.05 vs vehicle from the same
treatment group. (f) mRNA levels of G6pase (white bars) and Pepck
(black bars) were assessed by semi-quantitative RT-PCR in FAO cells

To determine the impact of S6K1 inhibition on glucose
homeostasis, we next performed a glucose tolerance test
(GTT). The HFD induced glucose intolerance, which was
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treated with PF-4708671 or insulin (100 nmol/l, 24 h). The graphs depict
mRNA expression in FAO cells of target genes corrected for the expres-
sion of 36B4 (also known as Rplp0) as a control gene, n=3, ¥*p<0.05 vs
vehicle. (g) Protein levels of G6Pase (white bars) and PEPCK (black bars)
were measured in FAO cells treated with PF-4708671, rapamycin or insulin
(100 nmol/l, 24 h), n=3, *p <0.05 vs vehicle. (h) Phospho-S6 235/36 and
Akt phosphorylation levels were measured in FAO cells treated with
10 umol/I PF-4708671 or 25 nmol/l rapamycin and basal (white bars) or
5 min insulin-stimulated cells (black bars) (100 nmol/l) were analysed.
#9<0.05 vs insulin- and PF-insulin-treated groups, *p<0.05, {p<0.05 vs
vehicle treated cells, as indicated. I, insulin; PF, PF-4708671; R, rapamycin;
Veh, vehicle

partially reversed by S6K1 inhibition but further exacerbated
by rapamycin treatment (Fig. 4a, b). The improvement of
glucose tolerance by S6K1 inhibition was independent of
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Fig. 3 S6KI1 inhibition increased glucose uptake and increased Akt
phosphorylation in L6 myotubes. (a) Glucose (2-DG) uptake was evalu-
ated in L6 cells treated with vehicle (white bars) or 10 pmol/l
PF-4708671 (5 h, grey bars; 48 h, black bars) or 25 nmol/l rapamycin
for 48 h (hatched bars) as described in the Methods. Results are presented
as fold over basal conditions and are the means + SEM of three indepen-
dent experiments. 'p<0.05 for insulin vs basal conditions (white bars).
(b) Cells were used as in (a) with or without Akt inhibitor-Viii (Akt i;
10 umol/l) for the last hour. (¢) Phospho-S6 235/36 and Akt phosphory-
lation levels were measured in L6 cells treated with 10 pmol/l

Actin

changes in plasma insulin levels while rapamycin in-
creased the insulin response during the GTT (Fig. 4c).
HF feeding also increased liver TG but decreased liver
glycogen content (Fig. 4d, e¢). PF-4708671 tended to de-
crease slightly liver TG and glycogen content compared
with the HF group while rapamycin tended to increase
them leading to a statistically significant difference be-
tween the drugs.

Chronic PF-4708671 and rapamycin effect on gluconeo-
genesis in vivo The rapamycin-induced deterioration of glu-
cose tolerance was also associated with increased gluconeo-
genesis as measured by a PTT, which was not affected by PF-
4798671 treatment (Fig. 5a). Accordingly,
PF-4798671-treated mice expressed a similar level of nu-
clear PGCla, HNF4x and CREB compared with HF-fed
control mice (Fig. 5b). As expected from the increased

PF-4708671 or 25 nmol/l rapamycin and basal (white bars) or 5 min
insulin-stimulated cells (black bars) (100 nmol/l) were analysed, n=
4-5. ¥p<0.05 vs insulin- and PF-insulin-treated groups (black bars),
"p<0.05 vs vehicle treated cells. (d) Phospho-Thr172 AMPK and
phospho-S6 235/36 levels were measured in L6 cells pre-treated with
10 pmol/l PF-4708671 or vehicle (DMSO 0.02%) and basal (white bars)
or 5 min insulin-stimulated cells (black bars) (100 nmol/l) were analysed,
n=3.%*p<0.05, **p<0.01, ***p <0.001 in all figure parts, as indicated.
AMPK, AMP kinase; PF, PF-4708671; R/Rapa, rapamycin; Veh, vehicle

hepatic gluconeogenesis in the rapamycin-treated mice,
we found higher nuclear expression of CREB and
HNF4o in the liver of these animals. HF-fed mice treat-
ed with the S6K1 inhibitor expressed similar mRNA
levels of gluconeogenic enzymes compared with
vehicle-treated HF-fed controls while G6Pase mRNA
levels were increased in liver of rapamycin-treated mice
(Fig. 5¢).

Chronic PF-4708671 improved Akt S473 phosphorylation
in HF-fed mice tissues To further explore the mechanisms
underlying the metabolic phenotype of PF-4708671-treated
mice, we next analysed Akt phosphorylation in liver, muscle
and adipose tissues. In liver, the HFD induced a decrease in
insulin-stimulated Akt S473 phosphorylation in all tissues,
which was fully restored by PF-4708671 in liver and muscle,
but only partially improved in adipose tissue. In contrast,
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Table 1 Effect of 7-day
PF-4708671 and rapamycin treat-
ment on weight, food intake and
metabolic variables of treated
mice

Metabolic variable Standard diet HFD

Vehicle Vehicle PF Rapa
Body weight (g) 28.78+0.33° 39.21+123° 38.75+0.74> ¢ 35.51+£0.90°
Energy intake (kJ/day) 45.63+1.08 45.93+1.51 41.49+0.96 44344151
Fasting glucose (mmol/l) 8.80+£0.26" 10.46+0.54° 9.18+£0.26" 12.83+£0.45°
Fasting insulin (pmol/l) 103.26+10.33*  368.29+34.42° 411.32+41.30° 619.56+58.51¢
TG (mmol/l) 0.50+0.06° 0.56+0.04%"® 0.45+0.05%"® 0.60+0.04°
Liver (g) 1.30+0.03 1.18+0.08 1.20+0.03 1.15+0.04
Pancreas (g) 0.22+0.02 0.19+0.02 0.22+0.02 0.19+0.01
Gastrocnemius (g) 0.33+0.01 0.32+0.01 0.32+0.01 0.33+0.01
Heart (g) 0.15+0.01° 0.13+0.01*° 0.13+0.01%" 0.12+0.01°
Inguinal WAT (g) 0.24+0.02° 1.22+0.15> ¢ 1.47+0.13° 0.99+0.10°
Ret WAT (g) 0.11+0.02* 0.73+0.05° 0.68+0.04° 0.62+0.54°
Epididymal WAT (g) 0.42+0.03 2.11+0.10° 2.10+0.09° 1.90+0.09°
BAT (g) 0.09+0.01 0.12+0.01 0.12+0.01 0.10+0.01
Fat mass (%) 2.41+0.06" 11.99+147° 11.05+0.78° 11.83+0.93°
Lean mass (g) 22.64+0.55 22.34+0.73 22.81+0.51 21.16+0.33

Data are means + SE (n="7-10 control and HFD group; n=_8-14 for PF-4708671 and rapamycin group)

Means not sharing a common superscript are significantly different from each other, p <0.05

BAT, brown adipose tissue; PF, PF-4708671; Rapa, rapamycin; Ret, retroperitoneal; WAT, white adipose tissue

rapamycin treatment only partially restored Akt S473 phos-
phorylation in liver but not in muscle and adipose tissues
(Fig. 6a—c). The effect of the drug on Akt Thr308 phospho-
rylation was less clear. Whereas both PF-4708671 and
rapamycin treatments tended to improve insulin-induced

Thr308 phosphorylation in liver and muscle (Fig. 6a, b), only
rapamycin was found to improve the phosphorylation of this
site in adipose tissue of obese mice (Fig. 6¢). Both
PF-4708671 and rapamycin were found to blunt the
HFD-induced increased S1101 phosphorylation of IRS-
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Fig. 4 S6K1 inhibition improved glucose tolerance while rapamycin
exacerbated glucose intolerance in HF-fed mice. Mice were treated with
PF-4708671 and rapamycin as described in the Methods and fasted for
6 h before i.p. GTTs. (a) Plasma glucose, (b) AUC of plasma glucose and
(c) insulin levels were measured during a GTT. Chow-fed mice (white
circles and white bars), and HF-fed mice treated with vehicle (black
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squares and grey bars), PF-4708671 (white squares and black bars) and
rapamycin (white triangles and hatched bars), n = 6-8 for each group. (d)
Liver TG and (e) liver glycogen content were measured as described in
the Methods. n=6-8 for each group. *p <0.05, ***p<0.001. PF,
PF-4708671; Rapa, rapamycin; Veh, vehicle
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Fig. 5 PF-4708671 did not reproduce the deleterious effect of chronic
rapamycin on hepatic gluconeogenesis. (a) Plasma glucose levels were
measured during an i.p. PTT. n=6-8 for each group. Chow-fed mice
(white circles), HF-fed mice (black squares), HF-fed mice treated with
PF-4708671 (white squares) and HF-fed mice treated with rapamycin
(white triangles). (b) mRNA levels of G6pase (white bars) and Pepck
(black bars) were assessed by semi-quantitative RT-PCR; n=6-8. (c)
Representative blots and densitometric analysis of normalisation of total
protein/SP1 protein of PGCla (black bars), HNF4x (grey bars), CREB
(white bars) and SP1 proteins in nuclear extracts prepared from liver sam-
ples. n=3-4 for each group. *p<0.05, ***p<0.001, HF group treated
with vehicle vs PF-4708671 and rapamycin-treated cells. PF,
PF-4708671; Rapa, rapamycin; Veh, vehicle

1 in liver and adipose tissue (ESM Fig. 2). IRS-1 phos-
phorylation on S1101 could not be detected in muscle
(data not shown).

To determine whether the tissue-specific effects of
PF-4708671 on Akt phosphorylation may be related to
differential inhibition of S6K1 in liver, muscle and adipose
tissue, we further evaluated the phosphorylation state of S6
in those tissues. Unexpectedly, PF-4708671 did not inhibit
S6 phosphorylation, which was, however, completely
inhibited by rapamycin under both basal and insulin-
stimulated conditions (Fig. 7a—c). On the other hand, treat-
ment with PF-4708671, but not rapamycin, caused a
marked increase in S6K1 phosphorylation, at least in liver
and adipose tissue (Fig. 7a—c). This is consistent with the
inhibition of S6K1 by PF-4708671, as seen in vitro (Fig. 1)
and previous reports [21, 26], suggesting that other kinases
might phosphorylate ribosomal S6 proteins in those tissues
in vivo.

Discussion
The mTORC1/S6K pathway regulates many essential pro-

cesses such as growth, proliferation, protein synthesis and
lipogenesis. In addition, several studies have emphasised the

role of mMTORC1/S6K1 in metabolism since this pathway
senses nutrients and energy (ATP) but also regulates insulin
signalling at various levels. Acute treatment (<2 h) with the
mTORCI inhibitor, rapamycin, improves the metabolic ac-
tions of insulin through disrupting the negative feedback loop
towards phosphoinositide 3-kinase (PI3K)/Akt signalling in
both cellular and animal models [10, 16—18]. However, when
administered chronically (>24 h) rapamycin also has impor-
tant adverse metabolic effects in rodent models and in
humans, causing hyperlipidaemia, hyperglycaemia and
hyperinsulinaemia [9, 19, 30, 31].

In the present study, we show that chronic S6K1 inhibition
does not reproduce the adverse effects observed after chronic
rapamycin treatment. In vitro studies using hepatic and muscle
cells revealed that S6K1 inhibition with PF-4708671 reduced
hepatic glucose production and increased muscle glucose up-
take, and these effects were seen even in the absence of insulin
stimulation. In both cell types we found that, in contrast to
rapamycin treatment, PF-4708671 increased insulin-induced
Akt phosphorylation. The therapeutic relevance of these cel-
lular findings was further demonstrated in HF-fed mice, in
which chronic treatment with PF-4708671 for 7 days was
found to improve glucose tolerance, while chronic rapamycin
exacerbated glucose intolerance in these obese animals. This
improvement in glucose homeostasis after S6K1 inhibition
was associated with a restoration of Akt phosphorylation in
liver, muscle and adipose tissues. Although PF-4708671 did
not inhibit MSK1 (ESM Fig. 1) or RSK1 [23] in muscle and
hepatic cells, we cannot completely exclude that part of its
beneficial effects on glucose homeostasis in vivo is explained
by partial inhibition of these enzymes. However, our finding
that pharmacological inhibition of S6K1 improves glucose
metabolism is in line with previous studies using genetic
models of S6K1 deficiency. Um et al [12] first showed that
S6K 1~ mice are protected against diet-induced obesity and
insulin resistance, and this was associated with increased Akt
S473 phosphorylation in insulin target tissues. More recent
studies have also shown that antisense oligonucleotides
against S6K1 in rats or liver-specific downregulation of
S6K1/2 using a lentiviral approach in the liver of HF-fed mice
improved glucose tolerance and insulin sensitivity, which was
associated with increased Akt S473 phosphorylation in the
liver and adipose tissue in the latter study [14, 15].

Our results show that S6K1 inhibition represents a more
suitable target to improve glucose homeostasis as compared
with abrogating the mTORC1/S6K1 pathway with
rapamycin, which has been reported to impair glucose and
lipid metabolism after chronic in vivo exposure [9, 19, 29].
The adverse effects of chronic rapamycin treatment are partly
due to off-target effects on mTORC2 [29, 32, 33], which im-
pairs Akt S473 phosphorylation and activity [34, 35], but
these side effects were not observed with selective S6K1 in-
hibition in the present study. In contrast, we found that
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Fig. 6 S6KI inhibition increased Akt phosphorylation. Chow-fed mice
(white bars), HF-fed mice treated with vehicle (grey bars), HF-fed mice
treated with PF-4708671 (black bars) and HF-fed mice treated with
rapamycin (hatched bars) were fasted for 6 h before saline or insulin
(3.8 U/kg caudal, 5 min) vein injection and tissues were analysed for
Akt phosphorylation. Liver (a), gastrocnemius muscle (b) and

PF-4708671 increased Akt S473 phosphorylation, which was
associated with blunted inhibitory S1101 phosphorylation on
IRS1 in vitro and in vivo. However, S6K1 is also involved in a
negative feedback loop towards mTORC2/Akt signalling,
which has been recently linked to inhibitory phosphorylation
of the mTORC2 subunit Sinl on Thr86 and Thr398 by S6K1
[11, 34, 36]. Indeed, Sinl phosphorylation by S6K 1 inhibits
the ability of mTORC?2 to phosphorylate Akt at S473. This
may explain the preferential effect of PF-4708671 on Akt
S473 and not Akt T308—as revealed by immunoblot analysis
of Akt phosphorylation sites in FAO cells and insulin target
tissues of HF-fed obese mice. In line with these results, PF-
4708671 has been also shown to be cardioprotective against
myocardial infarction in mice by increasing Akt phosphoryla-
tion [37]. Thus, increased Akt activity likely plays a major role
in the beneficial metabolic outcomes of S6K1 inhibition by
PF-4708671.

Our studies in hepatic and muscle cells further suggest that
PF-4708671 increases glucose metabolism independently
from insulin action. Indeed, we observed that glucose produc-
tion by hepatocytes is reduced after acute and chronic treat-
ment with PF-4708671, whereas insulin-mediated suppres-
sion was not further enhanced by S6K1 inhibition. Similarly,

@ Springer

epididymal white adipose tissue (¢) were lysed and equal amounts of
proteins were separated on SDS-PAGE and processed for western blot
analyses using the indicated antibodies. n = 5-8 for each group.*p <0.05,
**p<0.01, ***p<0.001. PF, PF-4708671; Rapa, rapamycin; Veh,
vehicle

PF-4708671 robustly increased basal glucose uptake in L6
myocytes and insulin did not further increase the stimulatory
effect of PF-4708671 on this process. This insulin-
independent effect of the S6K1 inhibitor is consistent with
the finding that S6K-mediated Sin1 phosphorylation negative-
ly regulates mTORC?2 independently from insulin signalling
[11].

S6K1 inhibition in hepatic cells was associated with in-
creased Akt S473 phosphorylation and lower mRNA expres-
sion of PEPCK and G6Pase gluconeogenic enzymes as well
as a reduction in CREB, FOXO and HFN4«x nuclear levels.
However, PF-4708671 failed to significantly reduce PEPCK
or G6Pase protein expression despite lower mRNA expres-
sion of these enzymes. It is possible that G6Pase and
PEPCK proteins are only reduced in specific cellular compart-
ments [38—40]. Indeed, we have used a PEPCK 1-specific an-
tibody that recognises the cytosolic isoform, whereas
PEPCK2 is predominantly a mitochondrial form. Moreover,
other important enzymes for gluconeogenic flux such as py-
ruvate carboxylase and fructose 1,6-bisphosphatase, which
are regulated by CREB, HNF4«x and FOXO, might also be
affected by PF-4708671. In addition, previous studies have
showed that hepatic gluconeogenesis can be regulated
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Fig. 7 S6KI1 inhibition did not decrease S6 phosphorylation in HF-fed
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bars) were fasted for 6 h before saline or insulin (3.8 U/kg caudal,
5 min) vein injection and tissues were analysed for S6 and S6K1

independently from the expression of these enzymes. Indeed,
changes in gluconeogenic flux have been previously
described in humans without changes in PEPCK1/2 or
G6Pase protein/mRNA expression [41]. Moreover, Foretz
et al [42] showed that metformin decreases hepatic glucose
production via a transcription-independent process, through
changes in hepatic energy state, which were also independent
from AMPK activation. The detailed molecular mechanisms
underlying the suppressive effect of PF-4708671 on hepatic
glucose production still need to be fully elucidated.

Whereas PF-4708671 treatment was found to improve glu-
cose tolerance in HF-fed obese mice, the drug failed to im-
prove gluconeogenesis, as measured during the PTT and by
determination of the gluconeogenic programme.
Nevertheless, other observations suggest that liver insulin sen-
sitivity was improved in PF-4708671-treated obese mice, es-
pecially when compared with mice chronically exposed to
rapamycin. Indeed, liver Akt S473 phosphorylation was nor-
malised in these mice and liver glycogen content was im-
proved, while hepatic TG levels were decreased in these ani-
mals when compared with rapamycin-treated obese mice.
Although gluconeogenesis is unaffected, one potential
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phosphorylation. Liver (a), gastrocnemius muscle (b) and epididymal
white adipose tissue (¢) were lysed and equal amounts of proteins were
separated on SDS-PAGE and processed for western blot analyses using
the indicated antibodies. n=5-8 for each group.*p <0.05, **p<0.01,
**%p <0.001. PF, PF-4708671; Rapa, rapamycin; Veh, vehicle

mechanism underlying this hepatic phenotype of PF-
4708671-treated obese mice may involve a compensatory in-
crease in S6K2 activity. Previous studies have shown that
S6K2 can compensate for the loss of S6K/ (also known as
Rps6kbl) in S6K1 KO mice and that S6K2 is the major kinase
phosphorylating ribosomal S6 proteins [43, 44]. In mice with
partial genetic deletion of both S6K 7 and S6K2 (also known as
Rps6kb2) in the liver, suppression of hepatic glucose produc-
tion by insulin was increased [15], suggesting that S6K2
might also play a role in gluconeogenesis. Indeed, S6K2-
deficient mice are more insulin sensitive than wild-type mice
exposed to HFD [45]—especially given that S6K2 also inter-
acts with Yin Yang 1 [46], a transcriptional factor that pro-
motes hepatic gluconeogenesis [47]. In addition, based on the
study of Kim et al [48], S6K2 is more activated in liver of
ob/ob mice suggesting that S6K2 might also be more active in
our HF-diet-induced obesity model. The potential role of com-
pensatory mechanisms after chronic inhibition of S6K1 by
PF-4708671 warrants further investigation in future studies.
Current pharmacological treatments fail to achieve optimal
glycaemic control and it is therefore critical to develop new
therapeutic options for patients with type 2 diabetes. In this
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study, we provide evidence that the specific S6K1 inhibitor
PF-4708671 decreased hepatic glucose production and mus-
cle glucose uptake in vitro, and improved glucose tolerance
in vivo, which may be of clinical relevance for type 2 diabetes
treatment. Indeed, unlike mTORC1/S6K1 inhibition by
rapamycin—which has adverse metabolic effects when chron-
ically given in vivo—selective S6K1 inhibition clearly im-
proved glucose tolerance and insulin signalling in metabolic
tissues, as revealed by improvement of Akt phosphorylation
in HF-fed obese mice. Our results thus suggest that pharma-
cological inhibition of S6K1 is a valid therapeutic approach
for treatment of obesity-linked type 2 diabetes.
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