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Absence of the kinase S6k1 mimics the effect of
chronic endurance exercise on glucose tolerance
and muscle oxidative stress
C. Binsch 1,4,5, T. Jelenik 2,4,5, A. Pfitzer 1, M. Dille 1,4, S. Müller-Lühlhoff 1, S. Hartwig 1,4, S. Karpinski 1,
S. Lehr 1,4, D.G. Kabra 1,4, A. Chadt 1,4, M. Roden 2,3,4, H. Al-Hasani 1,4,*, T.R. Castañeda 1
ABSTRACT

Objective: Ribosomal protein S6 Kinase-1 (S6K1) has been linked to resistance exercise-mediated improvements in glycemia. We hypothesized
that S6K1 may also play a role in regulating glycemic control in response to endurance exercise training.
Methods: S6k1-knockout (S6K1KO) and WT mice on a 60 cal% high-fat diet were trained for 4 weeks on treadmills, metabolically phenotyped,
and compared to sedentary controls.
Results: WT mice showed improved glucose tolerance after training. In contrast, S6K1KO mice displayed equally high glucose tolerance already
in the sedentary state with no further improvement after training. Similarly, training decreased mitochondrial ROS production in skeletal muscle of
WT mice, whereas ROS levels were already low in the sedentary S6K1KO mice with no further decrease after training. Nevertheless, trained
S6K1KO mice displayed an increased running capacity compared to trained WT mice, as well as substantially reduced triglyceride contents in liver
and skeletal muscle. The improvements in glucose handling and running endurance in S6K1KO mice were associated with markedly increased
ketogenesis and a higher respiratory exchange ratio.
Conclusions: In high-fat fed mice, loss of S6K1 mimics endurance exercise training by reducing mitochondrial ROS production and upregulating
oxidative utilization of ketone bodies. Pharmacological targeting of S6K1 may improve the outcome of exercise-based interventions in obesity and
diabetes.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords S6K1; Exercise; Glycemic control; Metabolic phenotyping; Reactive oxidative species
1. INTRODUCTION

Physical exercise training is associated with increased insulin sensi-
tivity, improved glycemic control, and reduced risk for developing type
2 diabetes mellitus. While the beneficial effect of exercise has been
attributed to metabolic adaptation in energy substrate preference,
mitochondrial density, and skeletal muscle function, the regulatory
network responsible for the diabetes-protective effect of exercise is not
well understood.
The ribosomal protein S6 kinase beta-1 (S6K1), also known as p70S6
kinase, is part of the mTORC1 (mammalian target of rapamycin
complex 1) signaling pathway that regulates cell growth, motility, and
survival [1]. Chronic resistance training that implies high-intensity
muscle contraction activates the mTORC1 pathway, thereby
increasing protein synthesis and muscle mass, as evidenced by the
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positive correlation between the exercise-induced increase in S6K1
phosphorylation and skeletal muscle hypertrophy [2]. Conversely,
muscle atrophy resulting from muscle unloading decreased mTORC1
signaling, respectively [3,4]. Moreover, rapamycin, an inhibitor of
mTORC1, blunted protein synthesis and muscle growth in response to
increased mechanical loading [5] but did not affect endurance exercise
mediated muscle myofibrillar and mitochondrial protein synthesis [6].
On the other hand, endurance training that induces low-intensity high-
volume muscle contraction, increases muscle oxidative capacity and
glucose uptake [7,8] through the activation of AMPK [9,10]. The
disruption of the mTORC1 pathway through the absence of S6k results
in enhanced lipid utilization in mice consuming a high fat diet (HFD),
and protection from HFD-induced insulin resistance mediated by
phosphorylation of IRS-1 at Ser-1101 [11e13]. Hence, both increased
lipid oxidation and lower inhibitory Ser-1101 phosphorylation of IRS-1
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may improve glucose metabolism and insulin sensitivity, and protect
against type 2 diabetes mellitus. Mice deficient in S6k1 as well as
S6k1/S6k2 double knockouts show higher expression of Ppargc1a in
plantaris muscle and higher AMPK activation in hepatocytes and adi-
pose tissue [12,14], which could lead to increased mitochondrial
biogenesis. Therefore, it is possible that the absence of S6k1 ame-
liorates the decrease in AMPK activation induced by HFD consumption
[15], thus facilitating synergistic improvements of glucose homeostasis
through changes in mitochondrial activity.
The aim of our present study was to investigate the impact of S6k1
deletion on chronic endurance exercise, glucose metabolism, and
running performance in mice on a HFD and whether the effects relate
to lipid utilization and mitochondrial activity in skeletal muscle.

2. MATERIALS AND METHODS

2.1. Animals
Age- and sex-matched S6k1 knockout (S6K1KO) mice were generated
as described [11,12]. Male S6K1KO mice and the corresponding wild
type (WT) littermate controls were originally generated in a mixed 129/
SveJ� C57Bl/6 line [16]. All mice were housed under a 12:12 h lighte
dark cycle (lights on at 6 a.m.) with ad libitum access to a chow diet
(V153x R/M-H, Ssniff, Soest, Germany) and tap water for three months.
Subsequently, the mice were placed on a HFD (60% kcal from fat
[D12492], Research Diets Inc., New Brunswick, NJ, USA) for one
month before and during the four weeks of the exercise training
intervention. All experiments were approved by the Ethics Committee
of the State Ministry of Agriculture, Nutrition and Forestry (State of
North Rhine-Westphalia, Germany).

2.2. Genotyping
Isolation of DNA from mouse tail tips was performed with the InViSorb
Genomic DNA Kit II (Invitek, Berlin, Germany). Genotyping of mice was
performed by a two-step PCR with primers for the S6k1 knockout.
Isolated genomic DNA served as template for the first PCR (WT outside
fwd: 50- GATGGGGCAGGGCTTAGGAGGC -30, WT outside Rev: 50-
CGCTGTGTCCCTTCCTCTCCC -30, Neo outside: 50- GAGCTTGGCGGC-
GAATGGGCTG -30). For the subsequent second PCR, the product of the
first PCR was used as template (WT inside forward: 50- GAAGGAGC-
TACTGGCTATTGGGG -30, WT inside reverse: 50- CTCCCCCCT-
CTGCCCCCCTC -30, Neo inside: 50- GGGCTGACCGCTTCCTCGTGC -30).

2.3. Exercise training protocol
Four months old male mice consuming HFD for one month were
subsequently trained on 4-lane treadmills (TSE systems, Bad Hom-
burg, Germany) for 4 weeks, 1 h per day, 5 days per week followed by
a two-day recovery phase. During these 4 weeks, training parameters
were gradually increased from low intensities in the first week to
higher intensities in the last week (i.e. maximum speed up to 18 m/
min, running time up to 45 min and treadmill slope from 0� to 10� in
order to simulate uphill running). Glucose tolerance and running per-
formance were analyzed in the last week of the training intervention.
Tissues were harvested after 2 h fasting (1 h after the last training
bout) for subsequent analyses.

2.4. Running performance test
In the 4th week of training, mice performed a running performance test
on the treadmill until exhaustion. At a 10� slope, the mice underwent a
15 min adaptation and warm-up phase and the subsequent mea-
surement phase, which spanned over a time course of max. 2 h and
gradually increased speed up to 18 m/min. Mice were motivated by
1444 MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017The Authors. Published by Elsevier GmbH.
gentle tail tapping. Exhaustion was considered when an animal did not
respond to motivation stimuli and broke a light barrier at the rear of the
system three times within 15 s. Mice refusing to exercise were also
considered exhausted.

2.5. Measurements of body weight and body composition
Body weight was measured with an electronic scale (Sartorius, Göt-
tingen, Germany) and body composition (fat and lean mass) was
analyzed using nuclear magnetic resonance technology (Whole Body
Composition Analyzer; Echo MRI, TX, USA) at the beginning and the
end of the training intervention.

2.6. Intraperitoneal glucose tolerance test (i.p. GTT)
Mice were fasted for 6 h, and glucose was injected intraperitoneally
with 2 g glucose per kg body weight (BW) (Glucose 20%, B. Braun
Melsungen AG, Melsungen, Germany). Tail-blood glucose levels
(mg/dl) were measured with a glucometer and standard glucose strips
(Bayer Vital GmbH, Leverkusen, Germany) before (0 min) and at 15, 30,
45, 60, and 120 min after injection.

2.7. Indirect calorimetry
In the 3rd week of the exercise protocol, the animals were placed in a
customized calorimetric cage system (TSE PhenoMaster, TSE systems,
Bad Homburg, Germany) for the assessment of spontaneous physical
activity (SPA), respiratory exchange ratio (RER), and energy expendi-
ture (EE) as described [17]. Measurements were taken on line for 3
consecutive days, every 30 min starting 1 h after the exercise inter-
vention. During this time, the animals were not removed from the
cages or further trained, since the measurements were taken in the
protocols recovery phase. SPA measurements were taken with a non-
invasive infrared based light beam system and the RER and EE
measurements through O2 consumption and CO2 production quanti-
fication at a cage in-flow rate of 0.4 l/min and a sampling flow rate of
0.38 l/min. Total food intake (FI) was quantified manually in parallel.
Whole-body carbohydrate and fat oxidation rates (g/min) were calcu-
lated using the following equations: carbohydrate oxidation
rate ¼ 4.585 � VCO2 (l/min) � 3.226 � VO2 (l/min); fat oxidation
rate ¼ 1.695 � VO2 (l/min) � 1.701 � VCO2 (l/min) [18].

2.8. Plasma analysis
Mice were euthanized by decapitation at the end of the study; blood
was collected and added to an anticoagulant cocktail (for 50 ml: 25 ml
0.5 M EDTA, 92 mg aprotinin dissolved in 21 ml saline [0.15 M], 4 ml
heparin [10,000 U/ml], 21.6 mg diprotin A) and subsequently centri-
fuged (15 min, 3000�g, 4 �C). Cholesterol and non-esterified fatty
acid (NEFA) levels were measured using enzymatic assay kits (Bio-
latest, Erba Lachema, Karasek, Czech Republic and Autokit NEFA
HR(2), Wako, Neuss, Germany), triglyceride levels were determined
using Triacylglycerols Liquid 1000 (Erba Lachema, Karásek, Brno,
Czech Republic), plasma glucose was measured using LabAssay
Glucose (Wako, Neuss, Germany), lactate was measured using Lactate
Assay Kit (Sigma-Aldrichm St. Louis, MO, USA), and ketone bodies
were assessed with Autokit Total Ketone Bodies, Autokit
3-hydroxybutyrate and ketone body calibrator 300 as standard (all:
Wako, Neuss, Germany). The samples were run in technical duplicates
and within the same assay according to the manufacturer’s
instructions.
Plasma corticosterone levels were measured using a [125I] radioim-
munoassay kit from MP Biomedicals (Orangeburg, NY, USA). Two
multiplex bead based immunoassays (Bio-Plex Pro� Mouse Diabetes
8-plex, Diabetes adiponectin, Biorad, Hercules, CA, USA) were used to
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determine plasma levels of adiponectin, leptin, insulin, resistin,
glucagon, plasminogen activator inhibitor-1 (PAI-1), glucagon-like
peptide-1 (GLP-1), gastric inhibitory polypeptide (GIP), and ghrelin.
Analysis was performed using a Bioplex 200 suspension array system
(Biorad, Hercules, CA, USA) according to the manufacturer’s in-
structions. Protein concentrations were calculated from the appropriate
optimized standard curves using Bio-Plex Manager Software version
6.0 (Biorad, Hercules, CA, USA).

2.9. Muscle mitochondrial respiration and reactive oxygen species
(ROS) production
Ex vivo mitochondrial respiration was measured in freshly per-
meabilized Soleus muscle using the Oxygraph-2k (Oroboros In-
struments, Innsbruck, Austria) as described [19]. Defined respiratory
states were obtained by the following protocols: (i) tricarboxylic acid
cycle (TCA)-linked respiration using 2 mM malate, 10 mM pyruvate
(state 2, complex I), 2.5 mM ADP, 10 mM glutamate and (state 3,
complex I), 10 mM succinate (state 3, complex I þ II), 10 mM cyto-
chrome c (mitochondrial membrane integrity check), and carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (stepwise in-
crements of 0.25 mM up to the final concentration of max. 1.25 mM,
uncoupled state) and (ii) b-oxidation-linked respiration using 2 mM
malate, 1 mM octanoyl-carnitine (state 2, complex Iþ II), 2.5 mM ADP
(state 3, complex I þ II), 10 mM cytochrome c (mitochondrial mem-
brane integrity check), and FCCP (stepwise increments of 0.25 mM up
to the final concentration of max. 1.25 mM, uncoupled state). No in-
crease in oxygen consumption upon addition of cytochrome c indicated
integrity of the outer mitochondrial membrane after saponin per-
meabilization. Furthermore, ROS production was assessed simulta-
neously with respiration by measuring the H2O2 levels fluorometrically
(O2k-Fluorescence Modul, Oroboros Instruments) using Amplex Red
(Amplex� Red, Invitrogen, Karlsruhe, Germany) [20]. The same pro-
tocols as for respiration were used except from addition of 5 nM oli-
gomycin instead of cytochrome C and FCCP, to induce state 4. Citrate
synthase activity was measured spectrophotometrically using a com-
mercial kit (Citrate Synthase Assay Kit, SigmaeAldrich, MO, USA) [20].

2.10. RNA extraction, cDNA synthesis, and Quantitative Real-Time
PCR
RNA was extracted and cDNA was synthesized as described previously
[21]. Quantitative Real-time PCR was performed with a 7500 Fast
Real-Time PCR System using SYBR� Green Real-Time PCR (Thermo
Fisher Scientific, Waltham, MA, USA). Expression of genes was
normalized to Gapdh according to the DCt method [22]. Primer se-
quences are listed in Supplementary Table 2.

2.11. SDS-PAGE and western blotting
Tissues were homogenized and lysed in lysis buffer (20 mM TriseHCl,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton-X 100),
including proteinase and phosphatase inhibitors (Complete� and
PhosSTOP�, Roche Diagnostics, Mannheim, Germany), using an
automatic tissue lyser (TissueLyser II, Qiagen, Hilden, Germany) for
4 min at 25 Hz. After centrifugation (13,500�g, 10 min, 4 �C), su-
pernatants were collected, and protein content was determined using
BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Equal amounts of
protein from each sample diluted with Laemmli sample buffer were
separated by SDS-PAGE and transferred to nitrocellulose membranes
(BioRad, München, Germany). Membranes were probed with primary
antibodies (Supplementary Table 3), followed by HRP-conjugated goat
anti-rabbit IgG (Dianova, Hamburg, Germany) diluted 1:10,000 in 1�
TTBS þ 5% non-fat dry milk as secondary antibody for 1 h at room
MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017TheAuthors. Published by ElsevierGmbH. This is an o
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temperature. Specific protein bands were visualized using enhanced
chemiluminescence reagents for Western blot analysis (Perkin Elmer,
Waltham, MA, USA). Protein bands were quantified using Quantity One
software (BioRad, Munich, Germany).

2.12. Measurement of triglycerides and glycogen in liver and
muscle
Thirty mg frozen tissue (wet weight) was pestled and analyzed using
the Triglycerides (TRIGS) GPO-PAP Kit (Randox, Crumlin, UK). Glycogen
was determined by the amyloglucosidase method [23]. Briefly, tissue
homogenates were incubated with 1 M KOH at 70 �C for 30 min.
Subsequently, samples were supplemented with acetic acid and assay
buffer containing sodium acetate and amyloglucosidase and incubated
O/N at 37 �C. Glucose was then measured enzymatically by a glucose
oxidase-based colorimetric detection kit (Glucose liquicolor, Human,
Taunusstein, Germany).

2.13. Statistical analysis
Quantitative data are presented as mean � standard error of the
mean (SEM). Data were compared by two-tailed unpaired Student’s
t-test and two-way analysis of variance with post-hoc Bonferroni test
(GraphPad Prism software). The significance level was set at
p < 0.05.

3. RESULTS

3.1. S6K1KO mice are lean despite increased energy intake
At an age of 14e16 weeks, male S6k1 knockout mice (S6K1KO) and
wildtype littermates (WT) were divided into two groups, sedentary and
trained, and placed on a HFD. After one month and prior to exercise
training, S6K1KO mice hadw30% lower body weight compared to WT
(S6K1KO vs. WT: 29.55 � 0.46 g vs. 41.49 � 1.26; p < 0.05), due to
lower gain of both lean and fat mass (Figure 1AeC). Exercise training
resulted in a modest reduction in body weight in both S6K1KO and WT
mice (Figure 1A) and prevented an increase in fat mass in S6K1KO
mice (Figure 1C).
Total food intake was not different between WT and S6K1KO mice in
both sedentary and trained states (Figure 1D). However, normalized to
body weight S6K1KO mice displayed increased food intake in both
sedentary (WT vs. S6K1KO: 0.10 � 0.018 vs. 0.280 � 0.012 g/g;
p < 0.05) and trained states (WT vs. S6K1KO: 0.249 � 0.012 vs.
0.331� 0.021 g/g; p< 0.05) (Figure 1E). Plasma levels of adiponectin
were lower in S6K1KO than in WT mice (Figure 1F, Supplementary
Table 1).

3.2. S6K1KO mice show enhanced running performance and
improved glycemia after training
Compared to WT, S6K1KO mice displayed markedly increased running
performance after training on treadmills. Both running time (WT vs.
S6K1KO: 48.41 � 9.05 vs. 82.44 � 9.45 min; p < 0.05) and running
distance (WT vs. S6K1KO: 764.9 � 145.5 vs. 1324.8 � 159.5 m;
p < 0.05) were increased approx. 1.7-fold in the knockout mice
(Figure 2A and B). The increase in exercise performance was not
accompanied by changes in the abundance or phosphorylation of
proteins involved in skeletal muscle energy metabolism, including ri-
bosomal protein S6, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1a), acetyl-CoA carboxylase (ACC),
50-AMP-activated protein kinase (AMPK), eukaryotic translation initi-
ation factor 2 (eIF2a), PRKR-like endoplasmic reticulum kinase (PERK),
C-Jun-amino-terminal kinase (SAPK/JNK), and mTOR (Figure 2C;
Supplementary Figure S1). Furthermore, running performance
pen access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1445
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Figure 1: Endurance exercise training prevents HFD-induced gain of body weight in wildtype and S6K1KO mice. Body composition in terms of (A) Body weight, (B) lean
mass, (C) fat mass, (D) total food intake, (E) food intake/body weight of 3 consecutive days (n ¼ 5e6), (F) final plasma adiponectin of WT and S6K1KO mice before (pre) and after
(post) 4 weeks of chronic endurance exercise compared to respective sedentary littermate controls. Mice were fasted for 2 h before euthanization. Data presented as mean � SEM.
Statistical analyses were done by two-way ANOVA with Bonferroni’s multiple comparison test. n ¼ 9e11; *p < 0.05, **p < 0.01, ***p < 0.001.
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assessed by distance and time did not correlate with body weight or fat
mass of the animals (Supplementary Figure S2).
Sedentary WT and S6K1KO mice exhibited similar fasted (6 h) plasma
glucose levels (Figure 3A). Only in S6K1KO mice exercise training
1446 MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017The Authors. Published by Elsevier GmbH.
decreased fasting plasma glucose levels by w20% (Sedentary vs.
trained: 232.57 � 15.14 vs. 181.95 � 12.78 mg/dl; p < 0.05;
Figure 3A, Supplementary Table 1). Consistent with improved glyce-
mia, WT mice showed a trend towards lower fasting plasma insulin
This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

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


A

)
m(

ecnatsi d
gni nnu

R

500

1000

0

1500

50

0

100
)

%(
gninnur

eci
mf oreb

mu
N

WT S6K1KO

C

B
2000

WT S6K1KO

*

S6K1

AMPK

pAMPK

ACC

pACC

mTOR

pmTOR

GAPDH

OK1K6SOK1K6S TWTW

S6
GAPDH

pS6 (Ser240/244)

GAPDH

PGC1a
GAPDH

GAPDH

GAPDH

GAPDH

GAPDH

GAPDH

GAPDH

50 100 150
Running time (min)

0

Figure 2: S6K1KO mice show an improved running performance and increased respiratory control ratio after 4 weeks of chronic endurance exercise. Running
performance was tested after 4 weeks of chronic endurance exercise as described in the methods section. (A) KaplaneMeier plot and (B) total running distance of trained S6K1KO
animals. (C) Representative Western Blots of S6K1, (p-)S6, PGC1a, (p-)ACC in red gastrocnemius muscle and (p-)AMPK and (p-)mTOR in quadriceps muscle of sedentary and
trained S6K1KO mice compared to respective WT controls (n ¼ 4e6). Data presented as mean � SEM. Statistical analyses were done by two-tailed unpaired Student’s t-test.
n¼7e9; *p < 0.05.
after training (Sedentary vs. trained: 10.29 � 1.91 vs. 5.86 � 1.91;
p ¼ 0.052), whereas S6K1KO mice displayed lower insulin levels in
both sedentary and trained states compared to WT (Figure 3B).
Plasma ketone bodies almost doubled in response to training in WT
mice (Figure 3C). Sedentary S6K1KO mice showed higher ketone
bodies which further increased by training (Figure 3C). In WT mice,
exercise training markedly improved glucose tolerance (Figure 3D).
Sedentary S6K1KO mice showed already better glucose tolerance than
WT that was not further enhanced by training (Figure 3D).

3.3. S6K1KO mice display reduced triglycerides in liver and
skeletal muscle after training
Glycogen levels in liver and skeletal muscle were similar in both WT
and S6K1KO mice (Figure 4A and B). However, exercise training
reduced hepatic glycogen in WT mice more than in S6K1KO mice
(DWT vs. DS6K1KO: �51.71 � 11.25 vs. �25.20 � 6.06 mmol
glucose/kg; p < 0.05; Figure 4A and B). Triglyceride content of liver
and skeletal muscle was similar in sedentary WT and S6K1KO mice
MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017TheAuthors. Published by ElsevierGmbH. This is an o
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and did not change in WT mice after training. Conversely, exercise
training reduced triglycerides in both liver (DWT vs.
DS6K1KO: �2.08 � 0.87 vs. �12.05 � 4.03 mg/mg; p < 0.05) and
muscle in S6K1KO mice (DWT vs. DS6K1KO: �2.59 � 1.01
vs. �4.36 � 1.19 mg/mg; p < 0.05; Figure 4C and D). Expression of
peroxisome proliferator activated receptor alpha (Ppara) was not
changed by genotype or exercise (data not shown). Despite a trend for
increased protein abundance of glycogen synthase (GS) in the liver in
response to exercise, hepatic phosphoenolpyruvate carboxy-kinase
(PCK1, PCK2), glycogen synthase kinase 3 (GSK3), and glycogen
phosphorylase B (PYGB) were not different between genotypes or in-
terventions, respectively (Figure 4E and F, Supplementary Figure S1).

3.4. S6K1KO mice show enhanced substrate utilization after
training
S6K1KO mice exhibited higher respiratory exchange ratio (RER)
compared to WT in the sedentary state (WT vs. S6K1KO:
0.777 � 0.003 vs. 0.789 � 0.003; p < 0.05; Figure 5A). After
pen access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1447
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trained S6K1KO and WT mice after intraperitoneal injection of glucose (2 mg/kg) (n ¼ 8e10). Data presented as mean � SEM, Statistical analyses were done by two-way ANOVA
with Bonferroni’s multiple comparison test. *p < 0.05, ***p < 0.001.
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exercise training, both WT and S6K1KO mice showed higher RER than
their sedentary counterparts, (WT 0.800 � 0.003; S6K1KO:
0.804 � 0.005; Figure 5A). S6K1KO mice showed substantially
increased (41%) whole-body carbohydrate oxidation rates and
increased (22%) whole-body fat oxidation rates compared to WT
controls (Figure 5B). Exercise training further increased carbohydrate
oxidation and a concomitant reduction in fat oxidation in both WT and
S6K1KO mice (Figure 5B). While both WT and S6K1KO mice showed a
training-associated shift in energy substrate preference towards
substrates yielding higher RER (Figure 5C), S6K1KO mice showed a
markedly improved substrate utilization in response to training
(Figure 5D).

3.5. S6K1KO mice show reduced hydrogen peroxide emission in
the Soleus muscle
Mitochondrial oxidative capacity was not affected by training or ge-
notype at any of the respiratory conditions (Figure 6A and B and
Supplementary Figure S3). This was paralleled by comparable mito-
chondrial density as assessed from the citrate synthase activity assay
1448 MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017The Authors. Published by Elsevier GmbH.
(Supplementary Figure S3). Respiratory control ratio (RCR), an indicator
of the mitochondrial coupling, was also similar among the groups
(Figure 6C and D). However, the rates of hydrogen peroxide emission
stimulated by TCA substrates were decreased after training in WT mice
(Sedentary vs trained: 15.62 � 4.07 vs 6.49 � 1.78; p < 0.05) and
remained lower in S6K1KO mice (Sedentary vs trained: 6.62� 2.49 vs
6.08 � 1.41; p > 0.05; Figure 6E), independent of the training status.
On the other hand, b-oxidation-linked hydrogen peroxide emission was
similar among the groups (Figure 6F) and transcriptional markers for
ER-stress were not altered through the ablation of S6K1KO nor due to
chronic endurance exercise (Supplementary Figure S4).

4. DISCUSSION

Chronic exercise training is associated with improvements in glycemic
control, but the precise regulatory circuits involved in metabolic
adaptation to physical activity and diabetes protection are not fully
understood. Our results show that deletion of S6k1 mimics the effects
of chronic endurance exercise on glucose tolerance and running
This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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endurance, implicating an important role of S6k1 in aerobic exercise
metabolism. Exercise training resulted in the expected better glucose
tolerance in WT mice on a high fat diet. However, while training did not
further improve glucose tolerance in S6K1KO mice, running perfor-
mance was further increased in the knockouts, independently of body
or fat mass weight. This indicates the involvement of different rate
limiting pathways in training-induced improvements in glucose
handling and exercise performance.
S6K1KO mice are lean and protected from diet-induced obesity [12].
Interestingly, compared to WT littermates, S6K1KO mice showed
MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017TheAuthors. Published by ElsevierGmbH. This is an o
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higher food intake adjusted to body weight, and higher whole-body
oxidation rates for both glucose and fatty acids, indicating altered
energy efficiency of these mice on a high fat diet. Nevertheless,
steady state glycogen or triglyceride concentrations in skeletal
muscle and liver were not different between S6K1KO and WT mice
indicating unaltered energy stores. In line with increased lipid
oxidation, S6K1KO mice exhibited a better glucose tolerance and
lower insulin in the sedentary state, thus reflecting protection from
HFD-induced insulin resistance. This protective effect has been
attributed to both higher fatty acid oxidation and improved insulin
pen access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1449
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signaling downstream of the insulin receptor [11e13]. We found that
the levels of plasma ketone bodies in the sedentary state were higher
in HFD-fed S6K1KO than in WT mice. Ketone bodies are generated
during fatty acid oxidation thereby reflecting states of increased
lipolysis and/or starvation [24]. Interestingly, in chow-fed S6K1KO,
6-h fasting levels of ketone bodies were reportedly unchanged [12],
emphasizing the requirement of dietary lipid oversupply to stimulate
ketogenesis in S6K1KO mice.
Inhibition of mTOR was reported to promote ketogenesis through the
activation of peroxisome proliferator-activated receptor a (PPARa)
[25]. Likewise, knockout of the close S6k1 homolog S6k2 has been
described to increase ketone body production via activation of PPARa
[26]. However, we did not observe changes in mTOR abundance or
Ppara expression in our study, suggesting that elevated substrate
availability per se is sufficient to drive ketone body formation in
S6K1KO mice on a high fat diet.
Exercise training markedly reduced triglyceride content in liver and
skeletal muscle in S6K1KO, whereas glycogen content in these tissues
was unaltered. In contrast, WT mice had lower hepatic glycogen, but
no changes in triglycerides after training. This demonstrates a pref-
erential use of lipids in S6K1KO animals and sparing of glycogen re-
serves in response to the exercise challenge. In WT mice, we did not
observe a correlation of ectopic fat with glucose tolerance. However,
measurements of lipid metabolites such as diacylgycerols and
1450 MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017The Authors. Published by Elsevier GmbH.
ceramides might be required to further assess the role of cellular lipids
in exercise-mediated improvements of glucose tolerance [27].
Although exercise-mediated ketogenesis was not significantly different
between trained WT and trained S6K1KO mice, plasma cholesterol
levels were higher in the exercised WT mice than in the exercised
S6K1KO animals. As ketone bodies serve as precursors in the
biosynthesis of cholesterol under non-oxidative conditions [28], we
speculate that S6K1KO animals have an elevated oxidative flux of
ketones in response to exercise which could explain their higher ex-
ercise performance when compared to the controls. The tendency of
higher RER values of S6K1KO mice could reflect elevated oxidation of
ketone bodies as fuel [29]. Nevertheless, the extent to which S6K1KO
mice rely on oxidation of ketones under acute exercise conditions
remains to be determined.
Our analysis of mitochondrial function did not reveal any changes in
oxygen fluxes or respiratory control linked to exercise or genotype of
the mice. Likewise, mitochondrial density (CSA) was not significantly
different between genotypes or sedentary and exercised mice.
Remarkably, mitochondrial H2O2 (TCA) production was substantially
reduced only in WT mice in response to training, while it was already
low in sedentary S6K1KO mice and did not decrease further after
training. As a result, the decreased insulin levels in trained WT mice
and S6k1 knockouts and the improvements in glucose tolerance
parallel the mitochondrial H2O2 production. Consistent with a role of
This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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S6K1 in regulating mitochondrial function, knockdown of S6K1 or in-
hibition of mTOR by rapamycin in endothelial cells reduced mito-
chondrial superoxide generation whereas overexpression of a
constitutively active S6K1 mutant had the opposite effect in cultured
cells [30].
While moderate levels of ROS during exercise are part of the natural
adaptive response, high superoxide production may be harmful and
impair insulin action [31,32]. Reduction of mitochondrial H2O2 has
been shown to improve glucose tolerance in mice and to protect
MOLECULAR METABOLISM 6 (2017) 1443e1453 � 2017TheAuthors. Published by ElsevierGmbH. This is an o
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against high-fat diet induced insulin resistance [33]. A more recent
study showed that in obese women, aerobic exercise training reduced
mitochondrial H2O2 production and improved insulin sensitivity [34].
Interestingly, exercise-induced alterations in mitochondrial H2O2 pro-
duction were restricted to obese individuals; however, the levels of
S6K1 activation were not determined in this study. Given the estab-
lished role of S6k1 as a nutritionally regulated kinase, we speculate
that S6k1 may constitute a regulator of mitochondrial H2O2 production
affecting skeletal muscle insulin sensitivity in particular under
pen access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1451

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


Original Article
conditions of lipid-induced mitochondrial stress [35]. Several mito-
chondrial sites of H2O2 generation are known, but their contributions
in vivo and their respective regulatory network are not well understood.
A recent study found that in isolated rat skeletal muscle mitochondria,
H2O2 generation was reduced under conditions mimicking mild and
intense aerobic exercise, thus supporting our findings [36].

5. CONCLUSION

Activation of the mTORC1/S6K pathway may play an important role in
metabolic adaptation to endurance exercise training that relates to
improvements in glucose homeostasis. The absence of S6k1 upre-
gulates ketogenesis and improves oxidative substrate utilization and
conservation of carbohydrate reserves under a HFD consumption, thus
mimicking the condition of chronic endurance exercise. Exercise-
induced improvements in glycemic control are associated with lower
rates of TCA-linked mitochondrial H2O2 production. Since this study is
limited to whole-body knockout of S6k1, further studies using tissue-
specific knockout mice are necessary to elucidate the possible influ-
ence of prenatal development as well as tissue-specific links between
reactive oxygen species production and changes in insulin sensitivity
and exercise.
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