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Impaired glucose metabolism and exercise
capacity with muscle-specific glycogen
synthase 1 (gys1) deletion in adult mice
Chrysovalantou E. Xirouchaki 1, Salvatore P. Mangiafico 1, Katherine Bate, Zheng Ruan, Amy M. Huang,
Bing Wilari Tedjosiswoyo, Benjamin Lamont, Wynne Pong, Jenny Favaloro, Amy R. Blair, Jeffrey D. Zajac,
Joseph Proietto, Sofianos Andrikopoulos*
ABSTRACT

Objective: Muscle glucose storage and muscle glycogen synthase (gys1) defects have been associated with insulin resistance. As there are
multiple mechanisms for insulin resistance, the specific role of glucose storage defects is not clear. The aim of this study was to examine the
effects of muscle-specific gys1 deletion on glucose metabolism and exercise capacity.
Methods: Tamoxifen inducible and muscle specific gys-1 KO mice were generated using the Cre/loxP system. Mice were subjected to glucose
tolerance tests, euglycemic/hyperinsulinemic clamps and exercise tests.
Results: gys1-KO mice showed �85% reduction in muscle gys1 mRNA and protein concentrations, 70% reduction in muscle glycogen levels,
postprandial hyperglycaemia and hyperinsulinaemia and impaired glucose tolerance. Under insulin-stimulated conditions, gys1-KO mice dis-
played reduced glucose turnover and muscle glucose uptake, indicative of peripheral insulin resistance, as well as increased plasma and muscle
lactate levels and reductions in muscle hexokinase II levels. gys1-KO mice also exhibited markedly reduced exercise and endurance capacity.
Conclusions: Thus, muscle-specific gys1 deletion in adult mice results in glucose intolerance due to insulin resistance and reduced muscle
glucose uptake as well as impaired exercise and endurance capacity.
In brief: This study demonstrates why the body prioritises muscle glycogen storage over liver glycogen storage despite the critical role of the liver
in supplying glucose to the brain in the fasting state and shows that glycogen deficiency results in impaired glucose metabolism and reduced
exercise capacity.

� 2016 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/).
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1. INTRODUCTION

Insulin-stimulated skeletal muscle glucose uptake plays a crucial role
in overall glucose metabolism in humans as it accounts for 85% of the
total amount of postprandial glucose metabolised [1e5]. Muscle
glycogen synthesis comprises a principal pathway of glucose disposal
in both normal individuals and patients with type 2 diabetes (T2D) [6].
T2D is characterised by hyperglycaemia contributed to by peripheral
insulin resistance, predominantly within skeletal muscle [1,2,7,8].
Non-oxidative glucose metabolism is primarily affected, with impaired
muscle glycogen synthesis considered a principal metabolic defect in
insulin resistance [6,7,9e13]. The rate-determining step for muscle
glycogen synthesis is catalysed by the enzyme glycogen synthase
encoded by gys1.
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Previous studies have suggested that skeletal muscle glycogen may be
critical for exercise capacity as it is the main energy fuel used in
muscle contraction [14]. A strong association has been shown be-
tween muscle glycogen depletion, impaired muscle performance and
fatigue development during exercise [15,16]. This association is also
supported by findings in patients with Glycogen Storage Disease 0b
(GSD0b), characterised by complete elimination of muscle gys1
leading to muscle weakness, pain, cramps and poor exercise perfor-
mance, with a low maximal workload and death due to cardiac events
in childhood [17,18].
The principal reason for the occurrence of fatigue during exercise is not
clear, with potentially many different mechanisms involved. However,
it has been strongly suggested that glycogen depletion could be the
principal factor leading to fatigue (“glycogen shunt” hypothesis) [16].
Previous findings in humans suggest that glycogen and glycogenolysis
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Figure 1: (A) Gys1 targeting DNA construct (Ozgene), (B) The final MLC 1F-mercremer DNA transgenic construct. Expression of mercremer is driven by the MLC1F promoter. The
MLC enhancer confers the tissue-specific expression. Two fragments of 50 HS4 insulators were used to improve mercremer expression, (C) Last step of the breeding strategy to
generate tamoxifen-inducible gys1 KO mice. gys1lox/lox-mercremerþ/� mice were crossed with gys1lox/lox mice. This breeding design can result in 4 different genotypes. The 2
genotypes of interest were selected for experimental (gys1(lox/lox) e mercremer(þ/�)) and control (gys1(lox/lox) e mercremer(�/�)) groups respectively. Both groups underwent
tamoxifen treatment following their genotype identification.
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are crucial for energy supply during exercise and muscle contraction
generally, and that muscle glycogen is required for blood glucose to
enter glycolysis [16e18]. The confounding issue with human studies is
that the manipulation of glycogen levels must be undertaken by ex-
ercise followed by dietary modification, which themselves can modify
insulin action and hence the assessment of glucose metabolism. This
is not an issue in patients born with glycogen storage diseases, but, in
these individuals, the confounding factor is that the defect is present
from conception allowing the possibility of adaptive mechanisms to
develop.
Surprisingly, genetically modifying gys1 expression in animals to
determine the physiological consequences on glucose homeostasis
and exercise capacity has been conducted only thrice. In one study,
skeletal muscle gys1 overexpression resulted in increased glycogen
synthase activity (10-fold) and glycogen content (up to 5 fold); how-
ever, effects on glucose metabolism were not assessed [19]. Whole-
body gys1 deletion, examined in another model, led to 90% peri-
natal mortality due to abnormal cardiac function, showing that gys1 is
essential for normal heart development. Counterintuitively, the few
surviving mice showed normal heart morphology and function,
improved glucose tolerance and normal exercise capacity [20e22].
Finally, a mutated gys1 that cannot be allosterically activated was
“knocked in” in mice, and, despite a 70% reduction in glycogen
synthesis and 50% decrease in muscle glycogen content, there was no
effect on plasma glucose and insulin levels, glucose tolerance or
glucose turnover during a euglycaemic/hyperinsulinaemic clamp [23].
Thus, the results from previous studies have not conveyed a clear
mechanism for the role of gys1 on glucose and exercise metabolism. In
the study presented herein, we investigated the impact of conditional
222 MOLECULAR METABOLISM 5 (2016) 221e232 � 2016 The Authors. Published by Elsevier GmbH. Th
muscle-specific gys1 deletion on glucose and exercise metabolism in
mice.

2. MATERIALS AND METHODS

2.1. Animals
Muscle-specific gys1 KO mice were generated via the conditional Cre-
LoxP system. The LoxP targeting construct for gys1 was designed in
collaboration with OzGene in WA, Australia (Figure 1A). Exon 2 was
selected as the target sequence to be deleted as it contains the UDP-
glucose binding site, the excision of which would produce a non-
functional protein. Homozygous floxed gys1 mice [gys1lox/lox] were
generated on a C57BL/6J background and were mated with the
Myosin Light Chain 1F (MLC1F)-mercremer mice (also on a C57BL/6J
background), targeting conditional tamoxifen-inducible skeletal
muscle-specific gys1 deletion. The MLC1F-mercremer construct
(Figure 1B) was generated in order to achieve skeletal muscle-specific
gene targeting. Mice hemizygous for gys1Lox and MLC1F-mercremer
allele [gys1lox/lox-mercremerþ/�] were crossbred with homozygous
floxed gys1 mice [gys1lox/lox]. This breeding strategy, outlined in
Figure 1C, was used to generate KO mice (gys1(lox/lox) e mercremer(þ/

�)) and littermate control mice gys1(lox/lox) e mercremer(�/�)] with
normal gys1 expression in skeletal muscle. The mice were housed in
the BioResources Facility, Austin Health, which had time-controlled
artificial lighting with a 12-h dark/light cycle and room temperature
of 21.5e23.5 �C. Mice were fed a standard laboratory chow diet ad
libitum up to the 10th week of age. During the induction period,
tamoxifen (with a concentration of 1 mg/g of food), was incorporated in
the standard diet, consisted of 4.8% of energy as fat, 20% of energy as
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protein and 75.2% of energy as carbohydrate (digestible energy
14 MJ/kg), and was purchased from Specialty Feeds (Glen Forrest,
Western Australia). Male mice were placed on tamoxifen diet at 10
weeks of age for 8-weeks, followed by a 4-week tamoxifen-free re-
covery period on standard chow diet before the beginning of physio-
logical experiments. All animal work was approved by the Austin
Health Animal Ethics Committee. For all glucose metabolism in-
vestigations, mice were tested as previously described [24].

2.2. RNA extraction and real time PCR
Total RNA was extracted using standard Trizol (Life Technologies)
methodology, its concentration determined by spectrophotometry and
reverse transcribed using the RT-PCR Introductory System (Promega,
Madison, WI). Gene expression was evaluated via real-time PCR an-
alyses using a master mix containing Taqman primer mix, which was
made for each target gene and the endogenous reference (Applied
Biosystems, Life Technologies, Vic, Australia). For the housekeeping
gene, ribosomal RNA was used (18S rRNA 4319413E) (Applied Bio-
systems, Life Technologies, Vic, Australia). All amplification reactions
were performed in triplicate. Results were analysed with Applied
Biosystems 7500 system software. The relative quantification method
was employed to assess the expression level of the target genes [25].

2.3. Western blotting
Tissues were homogenised in lysis buffer (20 mM Tris, 1 mM EDTA
and 0.25 mM sucrose, pH 7.4) and ultracentrifuged to obtain the
membrane fractions. The amount of protein in the homogenate was
quantified using the Bio-Rad Protein Assay, based on the Bradford
method. Equivalent amounts of protein were resolved on an 8e12%
SDS-PAGE and transferred onto a PVDF membrane (Immobilon-P
transfer membrane, Millipore). Glycogen synthase was detected using
the Abcam (EP817Y, ab40810) rabbit monoclonal anti-gys1 primary
antibody. GLUT-4 was detected using the Abcam (mAbcam65267)
anti-GLUT-4 primary antibody. Hexokinase II was detected using the
Abcam (ab76959) mouse monoclonal Anti-Hexokinase II antibody.
Glucose-6-phosphate isomerase was detected using the Abcam
[1B7D7] (ab66340) mouse monoclonal Anti-Glucose-6-phosphate
isomerase antibody. Glycogen phosphorylase was detected using the
Abcam (ab88078). Monoclonal Anti-a-Tubulin antibody (Sigmae
Aldrich) probed with the Polyclonal Rabbit Anti-mouse Immunoglobu-
lins/HRP secondary antibody (Dako Cytomation) were used for the
determination of the loading controls.

2.4. Glucose tolerance tests
Glucose tolerance was determined via an Oral Glucose Tolerance Test
(OGTT) using 2 g/kg body weight on 6 h fasted mice, as previously
described [24,26]. Glucose tolerance pre- and post-exercise was
carried out via an Intraperitoneal Glucose Tolerance Test (IPGTT), on 6-
hour fasted mice, as previously described [27].

2.5. Basal turnover, hyperinsulinaemic/euglycaemic clamps and
glucose uptake into peripheral tissues
Basal turnover, hyperinsulinaemic/euglycaemic clamps and peripheral
glucose uptake into individual tissues under basal and insulin-
stimulated conditions were performed in control and KO mice as
previously described [28]. Two sets of hyperinsulinaemic clamps were
performed with insulin infused at 15 mU/kg/min and 25 mU/kg/min as
indicated.

2.6. Plasma and tissue levels
Lactate levels were measured via GM7 Micro e Stat Analyser.
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2.7. Muscle and liver glycogen levels
Muscle and liver glycogen levels were assessed by Glycogen Assay kit
(ab65620). The assay can detect glycogen 0.0004e2 mg/ml.

2.8. Glucose 6 phosphate (G6P) levels
G6P levels in muscle tissues (white quadriceps) were quantified via the
colourimetric G6P (ab83426, Abcam). The G6P kit can detect in the
range of 1e30 nmoles with detection sensitivity around 10 mM of G6P.

2.9. Exercise experiments
Prior to performing the exercise experiments, all the experimental and
control mice were acclimatised to running on the treadmill (Columbus
Instruments International, Exer 3/6) at days 3 and 2 as previously
described [29,30]. To measure exercise and endurance capacity the
experimenter was blinded to the mouse genotype. The exercise pro-
tocol utilised was modified from [30]. Briefly, for exercise capacity
testing, mice conducted a warm-up at a 10% grade at 10 m/min for
10 min, followed by 0.5 m/min increase every 30 s until mice could not
be prompted to continue running. One week later the mice underwent
the endurance/low intensity protocol, where they started with 10-min
10 m/min warm-up followed by running at 50e60% of their maximal
capacity at 0% gradient, until fatigue. The third high-intensity protocol,
was conducted one week after the endurance protocol, after a 6-hour
fast and included 10-min, 10 m/min warm-up followed by exercise at
the same relative intensity (75e85% of the workload maximum as
determined from the incremental maximal exercise intensity test) for
30 min or fatigue.

2.10. Statistics
All data are presented as mean� SEM. ANOVA was used to assess the
effect of fasting and insulin during the hyperinsulinaemic clamps
glycogen and tissue glucose uptake respectively. Comparisons be-
tween single parameters measured were made using the two-tailed,
unpaired, Student’s t-test (Excel 2013 for Windows). Significance
was determined as p < 0.05 according to the analyses.

3. RESULTS

3.1. Muscle specific knockdown of muscle glycogen synthase
The CRE/Lox system was used to produce time and tissue specific
deletion of the gys1 gene in skeletal muscle. To confirm the level of
gys1 deletion, we measured mRNA expression levels in white quad-
riceps and soleus (skeletal muscle), brain, cardiac muscle (heart) and
white adipose tissue (WAT) in the gys1-KO (gys1(lox/lox) e cre(þ/�)) in
comparison with control mice (gys1(lox/lox) e cre(�/�)). Greater than
80% deletion at the level of mRNA was shown in skeletal muscle of the
gys1-KO mice compared with the control, both in white [white quad-
riceps] (Figure 2A, p<0.05 vs. control) and red [soleus] (p<0.05 vs.
control) muscle. There was no significant difference in brain, heart,
WAT and BAT (Figure 2A) between the two groups, confirming the
tissue specificity of the Myosin Light Chain (MLC) 1F skeletal muscle-
specific promoter. Assessment of glycogen synthase protein levels via
immunoblotting showed 85% reduction in gys1-KO mice compared
with the control in skeletal muscle (white quadriceps) (Figure 2B,
p<0.001 vs. control). In contrast, no difference was found in heart or
WAT (Figure 2C,D).

3.2. Physiological assessment of gys1-KO mice
There were no significant differences between the groups in body
weight (Figure 3A, B), heart weight (Figure 3C), fat pad weight
(Figure 3D), or food intake (Figure 3E). There was no difference in 6-
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 223
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Figure 2: Muscle specific knockdown of muscle glycogen synthase. (A) Gys1 mRNA expression levels normalized to 18s rRNA housekeeping gene and shown as change
from control in white quadriceps (WQ), soleus, brain, heart, white adipose tissue (WAT) and brown adipose tissue (BAT). (B) Gys1 protein expression levels in white quadriceps
(skeletal muscle), (C) heart, and (D) WAT from control and gys1- KO mice at 20e22 weeks of age. Data shown are mean � SEM (**p < 0.01 vs. control mice, n ¼ 4e8 per
group).

Original article
hour or overnight (O/N) fasted plasma glucose or insulin levels (Table in
Figure 3F). However, there were statistically significant differences in
non-fasted plasma glucose and insulin levels with the gys1-KO group
presenting postprandial hyperglycaemia and hyperinsulinaemia,
indicative of insulin resistance (Table in Figure 3F, p < 0.05 vs.
control). Skeletal muscle glycogen levels were significantly decreased
in the gys1-KO mice in the 6-hour and O/N fasted state respectively
compared with the control group (Figure 3F, p < 0.05 vs. control). In
contrast, liver glycogen levels were 68% higher in gys1-KO mice under
non fasting conditions but no significant differences were seen
following a 6 h or overnight fast respectively (Figure 3G, p < 0.05 vs.
control). For both muscle and liver glycogen levels there was a sig-
nificant effect of fasting in both control mice (muscle: p < 0.01; liver:
p < 0.0001) and gys1-KO mice (muscle: p < 0.005; liver:
p < 0.0005).

3.3. Glucose tolerance in gys1 e KO mice
Glucose tolerance was impaired in gys1-KO compared with control
mice (Figure 4A, p< 0.05 vs. control, Figure 4B, p< 0.05 vs. control).
In addition, the insulin excursion curve (Figure 4C, p< 0.05 vs. control)
and AUC for insulin (Figure 4D, p < 0.05 vs. control) showed hyper-
insulinaemia in gys1-KO mice, indicative of insulin resistance.

3.4. Whole-body insulin sensitivity and glucose metabolism of the
gys1-KO mice
Whole body glucose metabolism, measured using glucose tracer ki-
netics was carried out both under basal and hyperinsulinaemic con-
ditions. Under basal conditions (Table 1A), the rate of glucose turnover
was reduced in gys1-KO mice compared with the control group
(Figure 5A, p < 0.05 vs. control). Experiments under hyper-
insulinaemic conditions were conducted with a physiological level of
insulin (Plasma insulin concentration ¼ 3 ng/ml) (see Figure 4C for
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physiological postprandial insulin levels) and at a higher insulin stim-
ulation of 10 ng/ml. Under both levels of insulin stimulation, the gys1-
KO group showed significantly lower rates of glucose turnover (RD) in
comparison with the control group (Figure 5A, p< 0.05 vs. control), at
matched plasma glucose and insulin concentrations (Table 1B and C).
When the percentage change from basal was calculated, there was no
difference at either the lower insulin infusion rate (169.1 � 15% and
133.5 � 12% control and muscle GS KO mice respectively) or the
higher insulin infusion rate (354.4 � 22% and 369.1 � 30% control
and muscle GS KO mice respectively). Endogenous glucose production
(EGP) was totally suppressed and not different between the two groups
(Figure 5B). Steady state specific activity was achieved in all groups
undergoing clamp studies (Figure 5C). Skeletal muscle glycogen was
60% reduced in the gys1-KO mice under insulin-stimulated conditions,
while liver glycogen was increased (Figure 5D,E, p< 0.05 vs. control).
In summary, the glucose turnover data indicate that muscle-specific
gys1 deletion results in reduced whole body and muscle specific
glucose metabolism under insulin-stimulated conditions, indicative of
insulin resistance.

3.5. Tissue specific glucose uptake in gys1-KO mice
Glucose uptake into skeletal muscle was significantly elevated in both
groups following insulin stimulation in comparison with their respective
basal states (Figure 5F,G,H, p < 0.05 vs. basal). Under basal condi-
tions, tissue glucose uptake was not different between the groups
(Figure 5F), despite a significant increase in plasma insulin levels in the
gys1-KO mice compared with control mice (0.9 � 0.3 vs.
0.4 � 0.1 ng/ml, p < 0.05), indicative of insulin resistance. Under
insulin-stimulated conditions, the gys1-KO group showed decreased
skeletal muscle and brown adipose tissue glucose uptake in com-
parison with the control (Figure 5G,H, p < 0.05 vs. control) under both
levels of insulin stimulation. There were no differences in insulin-
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Physiological assessment of gys1 KO mice. (A) Body weights from the 10th week of age following tamoxifen induction for 8 weeks followed by a recovery period of 4
weeks on tamoxifen-free chow diet from both control and gys1-KO mice. Data shown are mean � SEM (n ¼ 10e30 per group). (B) Body weights from 22 week old control and
gys1-KO mice. Data shown are mean � SEM (n ¼ 10e30 per group), (C) Heart weights, (D) Fat pad weights from 22 week old control and gys1-KO mice. Data shown are
mean � SEM (n ¼ 8e10 per group), (E) Average daily food intake from the 10th week of age following tamoxifen induction for 8 weeks from control and gys1-KO mice. Data
shown are mean � SEM (n ¼ 8e10 per group), (F) Skeletal muscle glycogen concentration with plasma glucose and insulin levels under overnight (O/N) fasting, 6 h fasting
conditions and non-fasting conditions from control and gys1-KO mice at 22 weeks of age. Data shown are mean � SEM (**p < 0.01 vs. control, n ¼ 6e7 per group for glycogen,
n ¼ 9e11 for glucose & insulin values), (G) Liver glycogen levels under overnight (O/N) fasting, 6 h fasting conditions and non-fasting conditions from control and gys1-KO mice at
22 weeks of age. Data shown are mean � SEM (*p < 0.05 vs. control mice, n ¼ 4e7 per group).
stimulated cardiac and WAT glucose uptake between the groups.
Furthermore, there was a significant effect of insulin to elicit an in-
crease in tissue glucose uptake (over basal) in all tissues (except WAT)
in both control mice (p < 0.005 for tissues tested) and gys1-KO mice
(p < 0.005 for all tissues tested). Together, these results show that in
the absence of gys1 in skeletal muscle, there is reduced muscle and
brown adipose tissue glucose uptake.

3.6. Muscle metabolite and enzyme level quantification
gys1-KO mice presented increased plasma lactate levels under basal
and insulin stimulated conditions compared with the control group
(Figure 6A, p < 0.05 vs. control). In addition, muscle lactate was also
increased in gys1-KO mice under insulin-stimulated conditions
(Figure 6B, p < 0.05 vs. control). Additional mechanistic studies
showed decreased skeletal muscle glucose-6-phophate levels under
both insulin-stimulated conditions (Figure 6D, p < 0.05) and reduced
hexokinase II protein levels (Figure 6E, p < 0.05). In contrast, no
MOLECULAR METABOLISM 5 (2016) 221e232 � 2016 The Authors. Published by Elsevier GmbH. This is an
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difference was seen between the groups in glycogen phosphorylase
protein concentration (Figure 6F), GLUT-4 mRNA (Figure 6G) and
glucose-6-phosphate isomerase protein levels (Figure 6I). There was a
trend for lower GLUT-4 protein levels but it did not reach statistical
significance (Figure 6H, p ¼ 0.075).

3.7. Exercise and endurance capacity
gys1-KO mice showed reduced maximal velocity and maximal work-
load in comparison to the control group both after 6 h and an overnight
fast (Figure 7A,B, p < 0.05 vs. control). Furthermore, gys1-KO mice
presented with impaired endurance capacity, reaching “fatigue” much
earlier in comparison with control mice (Figure 7C, p < 0.05 vs.
control). Finally, following high-intensity exercise gys1-KO mice
showed significantly reduced workload in comparison with control
mice (Figure 7D, p < 0.05 vs. control). In summary, gys1-KO mice
were characterised by impaired exercise and endurance capacity, both
at high and low exercise intensity.
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 225
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Table 1 e Plasma glucose and plasma insulin levels under 6 h fasting and
(A) basal conditions (B) insulin-stimulated conditions (Insulin: 15 mU/kg/
min 4 ng/ml of insulin, (C) insulin-stimulated conditions (Insulin: 25 mU/kg/
min 10 ng/ml of insulin, in control and gys1-KO mice. Data shown are
pooled mean � SEM (*p < 0.05 vs. control n ¼ 6e8 per group). eSSA:
Steady State Average (Average of results from blood samples at 900, 1000,
1100).

Condition 6-hour Fasting Basal turnover

Group CONTROL gys1-KO CONTROL gys1-KO

Plasma glucose (mmol/l) 8.21 � 0.60 9.26 � 0.85 5.82 � 0.32 5.63 � 0.34
Plasma insulin (ng/ml) 0.48 � 0.06 0.64 � 0.13 0.41 � 0.07 0.88 � 0.26*

Hyperinsulinaemic-euglycaemic clamp e Insulin:15mU/kg/min

Condition 6-hour Fasting Clamp (SSA)

Group CONTROL gys1-KO CONTROL gys1-KO

Plasma glucose (mmol/l) 9.90 � 0.38 12.01 � 0.95 9.24 � 0.47 8.90 � 0.49
Plasma insulin (ng/ml) 0.89 � 0.19 1.16 � 0.20 3.82 � 0.47 3.42 � 0.42

Hyperinsulinaemic-euglycaemic clamp e Insulin:25mU/kg/min

Condition 6-hour Fasting Clamp (SSA)

Group CONTROL gys1-KO CONTROL gys1-KO

Plasma glucose (mmol/l) 10.91 � 1.21 11.26 � 0.73 11.25 � 0.84 10.57 � 0.14
Plasma insulin (ng/ml) 1.01 � 0.28 1.59 � 0.18 10.71 � 0.60 9.90 � 1.57

Original article
3.8. Pre-post exercise assessment of glucose tolerance
Glucose tolerance tests were performed prior to the initiation of the
exercise protocol and immediately following the last bout of exercise,
which was the high intensity protocol. This was done to assess the
insulin-independent effects of exercise on glucose tolerance. gys1-KO
mice showed post-exercise hyperglycaemia in comparison with the
control group, while there was no difference in glycaemia in the pre-
exercise, 6-hour fasted blood glucose levels (Figure 7E, p < 0.05 vs.
control). Furthermore, gys1-KO displayed pre and post-exercise
glucose intolerance in comparison with the control. One bout of
high-intensity exercise did not have a significant effect on glucose
tolerance in either group (Figure 7F,G, p < 0.05 vs. control). Plasma
lactate levels were also higher in gys1-KO mice pre and post exercise
(Figure 7H).

4. DISCUSSION

In an effort to elucidate the role of muscle glycogen synthase in
glucose metabolism and insulin resistance, we generated a conditional
muscle-specific deletion of gys1. To our knowledge, there is no
existing animal model of skeletal muscle-specific gys1 deletion in
adulthood, which more accurately reflects an acquired defect in
muscle glucose metabolism. Our inducible and muscle specific gys1-
KO mice displayed normal body weight, heart weight, fat pad weight
and food intake, which is in contrast with the global KO mice that were
5e10% smaller than control [20]. In addition, our muscle-specific
gys1-KO mice showed postprandial hyperglycaemia and hyper-
insulinaemia, indicating impaired glucose metabolism under non-
Figure 4: Glucose tolerance in gys1-KO mice. (A) Plasma glucose excursion curve, (B
curve and (D) AUC from insulin excursion curve, following an OGTT under anaesthetized sta
weeks of age. Data shown are mean � SEM (*p < 0.05, p < 0.01 vs. control mice, n
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fasting conditions. In contrast, the surviving global gys1-KO mice
showed no change in glucose and insulin levels in the fed or fasted
state and indeed better glucose tolerance, which contradicts our re-
sults. We confirmed decreased insulin sensitivity and muscle glucose
) Area Under Curve (AUC) from glucose excursion curve, (C) Plasma insulin excursion
te (2 g/kg of glucose, 6 h fast) over 120 min from control and gys 1-KO mice at 18e22
¼ 12e13 per group).
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Figure 5: Whole-body insulin sensitivity and glucose metabolism of the gys1-KO mice Tissue specific glucose uptake in gys1-KO mice. (A) Rate of glucose turnover and
(B) endogenous glucose production under basal and insulin stimulated conditions under two different levels of insulin stimulation (Insulin: 15 and 25 mU/kg/min). (C) Tracer specific
activity during the euglycaemic hyperinsulinaemic clamp studies. (D) Skeletal muscle glycogen levels and (E) Liver glycogen levels under insulin-stimulated conditions (F) basal
glucose uptake in skeletal muscle [Red gastrocnemius (RG), white gastrocnemius (WG)], WAT from subcutaneous fat (SUB), brown adipose tissue (BAT) and heart (HEART). (G)
insulin stimulated glucose uptake (Insulin: 15 mU/kg/min) in skeletal muscle [RG, WG, red quadriceps(RQ), and white quadriceps(WQ)], SUB, BAT and HEART. (H) insulin stimulated
glucose uptake (Insulin: 25 mU/kg/min) in skeletal muscle (RG, WG,RQ,WQ), SUB, BAT and HEART after a 6 h fasting period from control and gys1-KO mice at 22 weeks of age.
Data shown are mean � SEM (*p < 0.05 **p < 0.01 vs. control mice, n ¼ 6e8 per group).
uptake in our gys1-KO mice with hyperinsulinaemic/euglycaemic
clamps. Furthermore, reduced muscle hexokinase II protein levels in
our novel muscle-specific gys1-KO model are in agreement with
previous findings in insulin resistance and T2D [31e33]. Our results
support a number of human studies associating gys1 defects with
impairments in insulin sensitivity and whole body glucose metabolism
[34,35].
In terms of muscle glycogen and exercise, strong association has been
suggested between muscle glycogen depletion, impaired muscle
performance and fatigue development during exercise [15,36e39].
MOLECULAR METABOLISM 5 (2016) 221e232 � 2016 The Authors. Published by Elsevier GmbH. This is an
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The principal reason leading to fatigue during exercise is not clear and
many different mechanisms have been proposed. Some of these,
supported by the “glycogen shunt” hypothesis of Shulman and Roth-
man [16] suggest that glycogen depletion may lead to fatigue, indi-
cating that glycogen is the principal energy source for muscle
contraction and that muscle glycogen is required for blood glucose to
enter glycolysis. Specifically, exercise leads to reduced muscle
glycogen content in both control and patients with type 2 diabetes, with
a concomitant increase in glycogen synthase activity [40]. When
glycogen stores are depleted with endurance exercise, fat mobilisation
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 227
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Figure 6: Muscle metabolite and enzyme level quantification. (A) Plasma lactate levels, (B) Skeletal muscle lactate, (C) Muscle Glucose-6-Phosphate levels under basal and
insulin-stimulated conditions. (D) Skeletal muscle hexokinase II, (E) Skeletal muscle glycogen phosphorylase, (F) Skeletal muscle GLUT-4 mRNA, (G) Skeletal muscle GLUT-4
protein, (H) Glucose-6-Phosphate Isomerase levels under insulin-stimulated conditions after a 6 h fasting period from control and gys1-KO mice at 22 weeks of age. Data
shown are mean � SEM (*p < 0.05 **p < 0.01 vs. control mice, n ¼ 4e7 per group).

Original article
becomes an important source of energy [41,42]. Furthermore, exercise
results in increased muscle GLUT4 protein levels [43,44], PDK-4 and
UCP-3 mRNA [45] and IL-6 mRNA levels associated with nuclear
phosphorylated p38 MAPK [46]. These studies in humans suggest that
glycogen can associate with and regulate the expression of proteins
important in the generation of the glycogen granule and glycogen
synthesis [47]. In our study, we found that muscle hexokinase II (HKII)
protein levels were reduced in the gys1-KO mice. Whether this is
directly or indirectly due to a reduction in muscle glycogen levels is not
clear. Previous investigations have shown that exercise can increase
muscle HKII mRNA more so than GLUT4 [48,49]. Furthermore, over-
expression of HKII resulted in exercise and insulin-stimulated increases
in muscle glucose transport [50], whereas heterozygous deletion of
this enzyme impaired exercise capacity [51]. Whether the reduction in
HKII expression (in the presence of normal GLUT4 expression) con-
tributes to the impaired glucose uptake and exercise capacity in our
animal model, as has previously been suggested [52], remains to be
determined. We also found increased plasma lactate levels pre- and
post-exercise, which could also contribute to impaired exercise
capacity.
In contrast to the current findings in humans, Pederson et al.
demonstrated that in mice, muscle glycogen is not essential for ex-
ercise [22], suggesting that rodents may not need muscle glycogen
and may depend on liver glycogen stores for exercise. This can be
supported by the argument that muscle glycogen, expressed as a
relative percentage of body mass, is significantly lower (10-fold) in
mice in comparison to humans [53e55]. In contrast, liver glycogen
levels are relatively similar/comparable between rodents and humans
228 MOLECULAR METABOLISM 5 (2016) 221e232 � 2016 The Authors. Published by Elsevier GmbH. Th
[54]. Based on these findings, Pederson et al. hypothesized that the
relative roles of muscle and liver glycogen may be different between
the two species. However, in our research, we attribute these findings
to the complex phenotype of the model and not to the difference be-
tween humans and rodents. We show that muscle glycogen is a critical
factor for high-intensity, intermittent and lower intensity exercise, as
has previously been shown [37e39,56]. This is also supported by the
findings in patients with Glycogen Storage Disease 0b, whose symp-
toms include muscle weakness, pain, cramps and poor exercise
performance [17,18]. Furthermore, several genetically modified mouse
lines with altered muscle and liver metabolism have been studied for
exercise and endurance capacity. Over-accumulation of skeletal
muscle glycogen because of overexpression of a hyperactive form of
gys1 did not result in increased muscle glucose uptake following
stimulation [57], nor did it improve exercise performance [58]. In
support of this finding, transgenic RGL (regulatory-targeting subunit of
the muscle-specific glycogen-associated protein phosphatase PP1G)
mice, that were characterised by increased muscle glycogen levels,
also had normal exercise tolerance [59]. However, muscle-specific
overexpression of PPAR1g coactivator-1a (PGC-1a) that increased
muscle glycogen levels did increase exercise performance [60]. In
contrast, muscle GLUT4 KO (normal muscle glycogen content), liver
glycogen synthase (gys2 e normal muscle glycogen content) KO and
muscle RGL KO (reduced muscle glycogen content) mice displayed
reduced exercise capacity and performance [59,61e63]. In our model,
inducible muscle-specific gys1-KO mice were characterised by
impaired exercise and endurance capacity, highlighting the importance
of skeletal muscle glycogen in exercise and endurance capacity.
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: Exercise and endurance capacity. (A) Maximal velocity. (B) Maximal workload as assessed via an incremental exercise protocol. (C) Endurance capacity as estimated
from time to exhaustion in a low intensity exercise protocol. (D) Workload performed in a high-intensity exercise protocol (75e80% VO2 max). (E) Pre- and post-exercise blood
glucose levels. (F) Glucose Excursion curve. (G) Area Under Curve (AUC) from glucose excursion curve following a pre- and post-exercise conscious IPGTT (2 g/kg of glucose, 6 h
fast) over 120 min. (H) Pre-post exercise plasma lactate after a 6 h fasting period from control and gys1-KO mice at 22 weeks of age. Data shown are mean � SEM (*p < 0.05
**p < 0.01 vs. control mice, n ¼ 14e16 per group).
However, we did not see an effect of exercise on glucose tolerance in
either the control or gys-1-KO mice. Previous studies have shown that,
following exercise, there is an increase in both whole body glucose
appearance and disappearance when challenged with an oral glucose
load [64]. The majority of the glucose appearance was from the oral
load, possibly due to exercise-induced changes in intestinal absorption
and/or reduced liver glucose uptake to ensure appropriate glucose
supply to the brain. The reason that we did not see an increase in the
glucose excursion curves immediately following exercise is not clear
and warrants further investigation. Interestingly, while the absolute
muscle glycogen levels were lower in the gys-1 KO mice, the response
to fasting was similar between the two groups of mice. Indeed, the
same was seen in the percent increase in glucose turnover with
increasing insulin during the clamp studies. This suggests that despite
an inducible deletion of muscle gys1, the mice do have the ability to
respond to physiological stimuli.
Given the importance of glycogen synthesis to glucose disposal it is
surprising that there is only one transgenic, one allosterically mutated
“knock-in” and one KO animal model targeting muscle glycogen
synthase, without a clear picture of the consequences on glucose
metabolism and exercise capacity. Rabbit gys1 over expression [19] in
mouse skeletal muscle resulted in augmentation of glycogen synthase
activity (10-fold) and glycogen content (up to 5 fold), reinforcing that
gys1 has a crucial role in muscle glycogen synthesis. The increase in
muscle glycogen levels occurred due to increased gys1 and not sec-
ondary to the capacity of glucose transport as previously suggested
MOLECULAR METABOLISM 5 (2016) 221e232 � 2016 The Authors. Published by Elsevier GmbH. This is an
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[65]. However, physiological assessment of these transgenic mice was
not conducted. The allosterically mutated mice showed normal glucose
metabolism despite a decrease in glycogen synthesis and muscle
glycogen content [23]. On the other hand, global gys1 deletion [20,21]
led to 90% perinatal mortality due to impaired cardiac function,
oedema, pooling of blood, and haemorrhagic liver. Unexpectedly, the
surviving mice showed normal cardiac morphology and function and,
remarkably, improved glucose tolerance. As gys1 was globally deleted
its absence in tissues other than skeletal muscle probably led to a
complex and most likely compensated for phenotype, resulting in
improved glucose tolerance despite reduced muscle glucose uptake in
these surviving animals. One can envision that inhibition of muscle
glycogen synthesis due to gys1 deletion can lead to glucose being
metabolised via other pathways including glycolysis (non-oxidative
glucose metabolism) leading to lactate production or oxidised via the
Krebs cycle leading to the production of energy in the form of ATP. An
increase of glucose flux through the hexosamine biosynthesis pathway
is also possible [66] and all of these scenarios could contribute to a
complex phenotype. Furthermore, the global gys1-KO was generated
on a mixed background strain (C57BL/6J and 129/SvJ), which may
also provide a valid explanation for the variations in phenotype. It is
well known that different strains of mice have genetic differences that
could significantly impact physiological outcomes [67]. Our current
mice were generated using C57BL/6J embryonic stem cells and
consequently maintained on the C57BL/6J background, which is the
most widely used reference strain in metabolism and T2D [68].
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 229
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One of the more intriguing finding in metabolism is that the body re-
plenishes and deposits liver glycogen only when the glycogen replete
muscle releases excess carbons in the form of lactate. The liver
preferentially deposits glycogen from glucose newly synthesised via
gluconeogenesis [69]. In this study, deletion of gys1 specifically in
skeletal muscle was achieved in adult mice using an inducible muscle
specific CRE mouse mated to a mouse harbouring a floxed gys1. This
model has confirmed the primary role of muscle glycogen storage in
the clearance of a glucose load and has shown why muscle glycogen is
given precedence over liver glycogen. Muscle is unable to take up
sufficient glucose from the circulation when rapid muscle contraction
is required. In the battle for survival, the need for rapid locomotion
meant that locally stored glucose was needed. This is also brain
protective since any increased capacity of the muscle to take up blood
glucose would put a further strain on the liver to supply sufficient
glucose to the brain.
In summary, the present study suggests that gys1 plays a major role in
muscle glycogen synthesis and non-oxidative glucose metabolism as a
muscle-specific gys1 deletion in the adult mouse can contribute to
peripheral insulin resistance and glucose intolerance. In addition, gys1
is crucial for muscle function during contraction, exercise and
endurance capacity as muscle glycogen depletion is a leading factor in
impaired muscle performance and fatigue development during
exercise.
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