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Abstract
Aims/hypothesis Poorly controlled type 1 diabetes mellitus
can cause reduced skeletal muscle mass and weakness
during adolescence, which may affect long-term manage-
ment of the disease. The aim of this study was to determine
whether regular voluntary physical activity and leucine
feeding restore rates of protein synthesis and deficits in
skeletal muscle mass in a young, hypoinsulinaemic/hyper-
glycaemic rat model of diabetes.
Methods Four-week-old male Sprague–Dawley rats were
partially pancreatectomised (Px) to induce hypoinsulinae-
mia/hyperglycaemia and housed with/without access to
running wheels for 3 weeks (n=12–14/group). Sham
surgery rats (shams) served as sedentary controls (n=18).
Protein synthesis and markers of protein anabolism were
assessed in the fasted state and following leucine gavage.

Fibre type and cross-sectional areas of the gastrocnemius
muscle were measured using a metachromatic ATPase stain.
Results Compared with sedentary behaviour, regular activity
lowered fasting glycaemia and reduced fed hyperglycaemia in
Px rats. Active-Px rats, which ran 2.2±0.71 km/night,
displayed greater muscle mass and fibre areas similar to shams,
while sedentary-Px rats displayed a 20–30% loss in muscle
fibre areas. Muscle protein synthesis (basal and in response to
leucine gavage) was impaired in sedentary-Px (by ~65%), but
not in active-Px rats, when compared with shams. Following
leucine gavage, the phosphorylation status of eIF4E binding
protein 1 (4E-BP1) and ribosomal S6 kinase 1 (S6K1), markers
of mammalian target of rapamycin complex 1 (mTORC1)
signalling, increased in shams (by two- and ninefold,
respectively) and in active-Px (1.5- and fourfold, respectively)
rats, but not in sedentary-Px rats.
Conclusion/interpretation Moderate physical activity in
young Px rats normalises impairments in skeletal muscle
growth and protein synthesis. These findings illustrate the
critical compensatory role that modest physical activity and
targeted nutrition can have on skeletal muscle growth
during periods of hypoinsulinaemia in adolescent diabetes.
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Introduction

Type 1 diabetes mellitus is associated with impairments in
protein metabolism that can result in muscle wasting,
impaired muscular development and a lifetime of reduced
physical and functional capacities [1–3]. Altered protein
metabolism in diabetes may be particularly evident in the
paediatric population where optimal insulin therapy and
glycaemic control are difficult to achieve [4, 5]. As such,
the tissues of adolescent patients (i.e. cardiac and skeletal
muscle, nerve, kidneys and blood vessels) are routinely
exposed to protracted periods of hypoinsulinaemia/hyper-
glycaemia during critical periods of growth and develop-
ment, which may impact the health and well-being of that
child, either immediately or later in the disease progression
[6]. However, little is known of how poor metabolic control
affects skeletal muscle growth and development. Although
the Diabetes Control and Complications Trial demonstrated
that body mass was considerably lower in conventionally
treated youth when compared with intensively treated
youth, no body composition analysis was performed [4].
Compared with non-diabetic youth, adolescents with
diabetes may be shorter, weaker and have a lower exercise
capacity, particularly if they are under poor glycaemic
control [3]. Insulin provision does not increase rates of
whole body protein synthesis but rather lowers rates of
protein degradation [1, 7]. While these studies illustrate
the effects of diabetes and insulin treatment on whole
body protein metabolism in childhood, it is unclear if
skeletal muscle protein metabolism is differentially affect-
ed by this disease.

Animal models of diabetes, although not a complete
replication of the disease pathophysiology, may be a useful way
for determining the effects of hypoinsulinaemia/hyperglycae-
mia on muscle growth and function. The partially pancreatec-
tomised (Px) rat is one model of choice, as it mimics
hypoinsulinaemia/hyperglycaemia, with some basal insulin
production, which is similar to a child with diabetes at the time
of diabetes diagnosis or a child who is receiving inadequate
insulin administration. Poor glycaemic control in young rodent
models of diabetes is associated with reduced muscle growth,
function and repair, at least in sedentary cage conditions [3, 8–
10]. Impairments in growth occur particularly in the type II/
glycolytic fibres, in part because of decreased rates of muscle
protein synthesis [11–13] and probably through a reduced
capacity of mammalian target of rapamycin complex 1
(mTORC1) signalling in response to protein intake [9].
Interestingly, insulin therapy in young streptozotocin-treated
rat models of diabetes does not normalise muscle mass and
muscle fibre areas, at least in the short term, perhaps because
the diabetogenic agent itself arrests growth [14].

Interventions that increase muscle protein synthesis,
such as resistance exercise, have been proposed as a means

to help protect skeletal muscle in situations of acute or
chronic muscle wasting [15]. Thus, the impairments in
muscle growth and relative muscle wasting in poorly
controlled diabetic rodent models may be diminished with
increased physical activity. However, severely diabetic Px
rat models do not display increased rates of muscle protein
synthesis after acute resistance exercise [16, 17], perhaps
because a permissive amount of insulin may need to be
present [18]. In contrast, it may be that regular aerobic type
exercise can increase muscle protein synthesis via insulin/
IGF-1 independent mechanisms [19]. Whether regular
physical activity normalises muscle growth and protein
metabolism in younger diabetic rat models is unknown.

The specific aims of this study were to determine
whether voluntary daily physical activity: (1) increases
muscle protein synthesis and muscle growth in young Px
rats; and (2) alters the mTORC1 signalling response of
skeletal muscle to acute leucine feeding.

Methods

Ethics statement

All experiments were approved by the York University
Animal Care Committee in accordance with the Canadian
Council for Animal Care guidelines.

Animal characteristics

Thirty-four young (~age 4 weeks, 45–55 g) male Sprague–
Dawley rats were purchased from Charles River Laboratories
(Montreal, QC, Canada). All animals had a 7 day habituation
period to a 12 h light–dark cycle (lights on at
08:00 hours and lights off at 20:00 hours) in a temperature
(22–23°C) and humidity (50–60%) controlled room. The
animals (body mass 100–120 g) were then randomly assigned
to one of three groups: sham operated (shams, n=18);
sedentary pancreatectomised (sedentary-Px, n=14); and
physically active pancreatectomised (active-Px, n=12).

Pancreatectomy surgery

Details of the partial Px surgery are described elsewhere
[9]. Briefly, on the seventh day following their arrival
(day 0), the animals underwent surgery to either remove
90% of their pancreas (sedentary-Px and active-Px groups)
or to have the sham procedure, as previously described [9].

Design

The sham and sedentary-Px rats were housed two animals
per cage and remained in traditional rodent cages for the
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entire duration of the study. On day 7 post surgery, active-
Px rats were separated and individually given 24 h access to
a standard running wheel cage (Harvard Apparatus). Blood
glucose levels were measured (09:00 hours) via tail nick
three times a week to follow glycaemic levels. Body mass
was also measured three times per week. Wheel revolutions
were read daily and multiplied by the wheel circumference
to obtain daily running distances. On day 26 post surgery,
fed plasma samples were collected in heparinised tubes via
tail nick at 08:00 hours for a basal corticosterone
measurement. To confirm hypoinsulinaemia in the fed state
in active and sedentary-Px rats relative to shams, and to
confirm that regular activity did not change insulin
secretory capacity, another group of identically treated rats
underwent blood collection via saphenous vein bleed in a
fed (~9:00 hours) and fasted (~20:00 hours) state on days 18
and 22, respectively (n=5–7/group). All animals were
given standard rodent chow (Lab Diet 5012) and water ad
libitum. On day 27, the animals were deprived of food for
~18 h. Half of the animals in each group (6–9 per group) were
randomly selected and administered with a leucine
solution by oral gavage, while the others received a
water gavage (i.e. nutrient placebo group). Active-Px
rats were pair-matched to account for differences in
running distances. For the leucine gavage, standardised
volumes of a leucine solution (24 ml/kg of L-leucine
solution in sterile water) were administered. This quantity of
leucine (0.48 g/kg) was calculated to be approximately 40% of
what is consumed in a 24 h period by the shams [20]. For the
water gavage, animals were administered an equivalent
volume of sterile water to control for the stress response
that is produced by gavage administration [21].

To measure muscle protein synthesis, we used the modified
flooding dose technique [22], as described previously [9, 23].
For this, 20 min after the oral gavage, rats were restrained in
a cloth blanket and given a flooding dose of radiolabelled
phenylalanine (1 ml/100 g body weight of 150 mmol/l
L-[2,3,4,5,6-3H]phenylalanine containing 1.85 MBq/ml)
intraperitoneally. After 10 min, the animals were killed by
decapitation. Blood was collected and gastrocnemius
muscles were quickly removed, snap-frozen in liquid
nitrogen, and stored at −80°C.

Sample analyses

Muscle protein synthesis For determination of protein
synthesis, samples were analysed as described previously
[9, 22, 23]. Fractional rates of protein synthesis (ks) were
determined using the formula ks=(SB×100)/(SA× t×0.9),
where t is the time interval between the time of injection
and the freezing of the sample in liquid nitrogen expressed
in days, SB is the specific activity of phenylalanine in the
protein bound amino acid pool and SA is the specific

activity of phenylalanine in the intracellular free amino acid
pool. The factor of 0.9 was used to correct for the fact that
the tracer was delivered by intraperitoneal injection rather
than intravenously [24].

Akt and markers of mammalian target of rapamycin
(mTORC1) signalling Phosphorylated and total eukaryotic
initiation factor (eIF) 4E binding protein 1 (4E-BP1),
ribosomal protein S6 kinase 1 (S6K1) and serine/threonine
protein kinase Akt (Akt) protein levels in gastrocnemius
samples were measured as previously described [9].

Plasma corticosterone and insulin determinations Plasma
corticosterone levels were analysed from blood collected
in the basal state (resting, fed) (09:00 hours) using a
radioimmunoassay kit (#07120102; MP Biomedicals,
Solon, OH, USA). Plasma insulin levels were measured
on day 18 in a fed state (~09:00 hours), after a 10 h
fast (~20:00 hours) and after an overnight fast just
before gavage on day 22 (~09:00 hours) using a
commercially available enzyme-linked immunosorbent assay
kit (Ultra Sensitive Rat Insulin ELISA kit #90060; Crystal
Chem, Downers Grove, IL, USA). This kit reports a low range
sensitivity, based on 5 μl samples, between 17 and
1,102 pmol/l, with an ultra-high sensitivity of 5 pmol/l if
100 μl of sample is used. Based on pilot work using sham and
Px rats (after the overnight fast), it was determined that a 10 μl
sample fell above the lower limit of detection (17 pmol/l), thus
10 μl of sample was assayed and corrected for volume loaded.
Fed insulin levels were diluted in half with sample diluent, as
per the kit’s instructions, so that they also fitted below the
upper limit of detection. The insulin response to oral gavage
was expressed as the change between pre and post gavage, as
previously carried out by Crozier et al [20].

Histochemistry

To identify skeletal muscle fibre type, a metachromatic
myosin ATPase stain was performed on 10 μm thick cross
sections of muscle using a modified Ogilvie and Feeback
protocol [25], as previously described [9]. Average fibre
area was quantified based on the average area of >20 fibres
for each fibre type per image, with the experimenter being
blinded to the group [8]. Quantification analysis was
performed with Adobe Photoshop CS version 8.0 and
reported in μm2. All images were acquired with a Nikon
Eclipse 90i microscope and Q-Imaging MicroPublisher 3.3
RTV camera with Q-Capture software.

Data analyses

Carestream Molecular Imaging Software (Carestream
Health, Rochester, NY, USA) was used to quantify signals
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for phosphorylated and total S6K1, Akt and 4E-BP1.
Statistical analyses were completed using Statistica 7.0
statistical software (StatSoft, Tulsa, OK, USA), with P<0.05
as the criterion for statistical significance. All data are
expressed as mean±SEM. Two-way factorial ANOVAs,
followed by a Fisher post hoc test, were used for the
comparisons of blood glucose, body mass, insulin, Akt,
4E-BP1 and S6K1 levels. A one-way ANOVA was used
to compare fasted blood glucose, running distances,
corticosterone levels, muscle mass, fibre area and
protein synthesis. Again, a Fisher post hoc test was
performed where appropriate.

Results

Blood glucose and body weight measurements

Seven days post surgery, both sedentary-Px and active-Px
animals had elevated fed blood glucose levels compared with
shams (p<0.05; Fig. 1a). However, active-Px rats had lower
fed blood glucose levels than sedentary-Px rats on days 10,
14, 17 and 21 (all p<0.05). Fasted blood glucose concen-
trations, measured only on day 28 of the experimental
period, were elevated in sedentary-Px but not in active-Px
rats compared with shams (both p<0.05; Fig. 1b). Sedentary-
Px and active-Px animals weighed less than shams starting
on day 14 and continued to do so for the duration of the
study (p<0.05; Fig. 1c). No significant differences in body
mass were observed at any time in the study between the
sedentary-Px and active-Px groups. Running distances
averaged 2,198±712 m per night in the active-Px group
during the 3 week experimental period (Fig. 2).

Corticosterone and insulin levels

At week 3 of treatment, both sedentary-Px and active-Px
animals had elevated basal (fed) corticosterone levels when
compared with the shams (p<0.05; Fig. 3a). Although active-
Px rats had ~30% higher corticosterone levels than
sedentary-Px rats, this difference was not statistically
significant (p=0.13). As expected, fasted insulin concen-
trations were comparable across groups, while fed values
were elevated only in the shams (Fig. 3b). Prior to gavage
administration, overnight fasted insulin levels were also not
significantly different among the three groups (41±9; 19±3;
36±7 pmol/l in the shams, sedentary-Px and active-Px rats,
respectively, p>0.05). In response to water and leucine
gavage, insulin levels increased in shams (both, p<0.05);
however, no significant difference in response occurred
between water and leucine gavage (Fig. 3c). In the Px
animals (both active and sedentary), neither water nor
leucine caused an insulin response (Fig. 3c).

Skeletal muscle mass and fibre areas

Both the sedentary-Px and active-Px animals had smaller
muscle mass than shams (p<0.05), although active-Px
animals had greater muscle mass than sedentary-Px animals
(p<0.05; Fig. 4a). The same trend was observed when muscle
mass was normalised for body weight (p<0.05; Fig. 4b),
indicating that some recovery of muscle growth took
place in response to regular physical activity.

Histochemical analysis (Fig. 4c,d) revealed that the
sedentary-Px group had reduced fibre cross-sectional areas
in all fibre types compared with shams, with type IIb/IId

Fig. 1 Fed and fasted blood glucose levels and body masses of sham
and Px rats. a Fed blood glucose concentrations were measured
intermittently via tail nick in sham (white squares), sedentary-Px
(white triangles) and active-Px (black triangles) groups, n=9–12/
group. b Fasted blood glucose concentration, as measured following
an 18 h fast, n=9–12/group.c Bi-weekly body mass in sham
(white squares), sedentary-Px (white triangles) and active-Px
(black triangles) rats, n=9–12/group. The arrow indicates the time of
introduction of the running wheel for the active-Px group. *p<0.05 for
difference between sedentary-Px and active-Px groups compared with
shams. †p<0.05 for active-Px vs sedentary-Px groups. Values are mean±
SEM. Sed, sedentary
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fibres being the most affected (group by fibre type
interaction, p<0.05). Active-Px rats had similar fibre areas
to shams in all fibre types.

Muscle protein synthesis

Sham animals had significantly higher muscle fractional rates
of protein synthesis in the basal state (i.e. water gavage)
when compared with sedentary-Px (p<0.05) but not
active-Px rats (Fig. 5). Comparisons between diabetic
groups (active vs sedentary) revealed that exercise was
effective in significantly increasing basal muscle protein
synthesis (p<0.05).

Compared with water, leucine gavage significantly
increased muscle fractional rates of protein synthesis in
shams (p<0.05) and tended to increase protein synthesis in
active-Px rats (P=0.06). Leucine gavage had no significant
effect on fractional rates of protein synthesis in the
sedentary-Px animals. When comparing only animals that
received a leucine gavage, the sham and the active-Px
groups had significantly higher rates of muscle protein
synthesis when compared with the sedentary-Px group
(p<0.05). Notably, fractional rates of protein synthesis in
response to leucine were similar between shams and
active-Px groups. There was no significant relationship
between the running distance in the evening before gavage
and the fractional rate of protein synthesis in the active-Px
group (r2=0.16, p=0.44).

Akt and markers of mTORC1 signalling

Levels of Akt phosphorylation were measured at serine 473
and threonine 308 (Fig. 6a and b, respectively). No
significant differences were observed between any of the
groups, regardless of gavage treatment, in either of these
markers of Akt activation. There was a tendency for leucine
gavage to increase Akt phosphorylation at serine 473 in
shams, but this increase did not achieve statistical signifi-

cance (p=0.26). In the gastrocnemius muscle, leucine
gavage significantly increased 4E-BP1 phosphorylation
(Fig. 7a) but only in the sham and active-Px animals.
Following leucine gavage, sham and active-Px animals had
an approximately two- and 1.5-fold increase in 4E-BP1
phosphorylation, respectively, compared with water
gavage animals (p<0.05). Also, leucine significantly
increased S6K1 phosphorylation at threonine 389
(Fig. 7b) but only in the sham and active-Px groups (p<
0.05). The sham group had a ninefold increase in S6K1,
while the active-Px group had a fourfold increase

Fig. 3 Corticosterone and insulin levels in sham and Px rats. a Basal
plasma corticosterone concentrations were measured from blood
samples collected on day 26 (08:00 hours) in the fed state, n=6–9/
group. b Fed (white bars) and fasted (black bars) insulin levels were
measured from blood samples collected on days 18 and 22 in a
separate group of identically treated animals (n=5–7/group). c Plasma
samples were also collected pre and post gavage on the final experimental
day to measure the insulin response to water (white bars) and leucine
(black bars) gavage in a subset of animals, n=5–6/group. *p<0.05 for
difference between groups. †p<0.05 for insulin response to gavage.
Values are mean±SEM. Sed, sedentary

Fig. 2 Daily running distances in the active-Px rats. Values are
mean±SEM
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(significantly different from each other at p<0.05). In
contrast, sedentary-Px animals did not have any signifi-
cant changes in 4E-BP1 or S6K1 phosphorylation follow-
ing leucine gavage. To examine if protein degradation/
proteolysis was influenced by hypoinsulinaemia/hyper-

glycaemia, with and without exercise in our model, we
measured total ubiquitinated protein levels in gastrocne-
mius muscle samples [26]. There were no effects of
treatment on this variable (data not shown).

Fig. 4 Absolute and normalised gastrocnemius masses and fibre
areas in sham and Px rats. a Absolute and b normalised
gastrocnemius muscle masses were recorded at the time of death
to determine differences in muscle mass, n=11–13/group. A
metachromatic myosin ATPase stain was performed on 10 μm
thick cross sections of gastrocnemius muscle to identify skeletal
muscle fibre type. c Representative images of metachromatic
fibre type; type I fibres appear dark blue, type IIa appear white
and type IIb and IId are not discernible from each other and
classified as IIb/d. These fibres appear bluish-purple. d Mean
fibre areas, according to fibre type, in gastrocnemius of sham
(black bars), sedentary-Px (white bars) and active-Px (hatched bars)
(n=5–6/group). *p<0.05 for difference between groups. Values are
mean±SEM. A, type IIA fibre; B/D, type IIB/D fibre; I, type I fibre

Fig. 5 Muscle fractional protein synthesis rates in gastrocnemius
muscle in sham and Px rats. Following an oral gavage of either leucine
(+) or water (−), fractional protein synthesis rates were measured,
n=6–9/group. *p<0.05 for difference between groups. †p<0.05 for
leucine (+) vs water (−), within each respective animal group. ‡p=0.06
for leucine (+) vs water (−). Values are mean±SEM

Fig. 6 Akt signalling in sham and Px rats. Phosphorylation of a Akt
(serine 473) and b Akt (threonine 308) following a leucine (+) or water
(−) gavage in the gastrocnemius muscle of sham, sedentary-Px and active-
Px groups, n=6–7/group. All results are relative to S (−), which represents
a normal basal state that has been set to 100%. Values are mean±SEM
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Discussion

The main finding of this study is that, whereas pancreatec-
tomy results in impaired muscle fractional rates of protein
synthesis and growth, daily physical activity restores
skeletal muscle growth and corrects impaired rates of
muscle protein synthesis in young Px rats, without the
need for exogenous insulin. Our results also suggest that the
mechanism for improved protein synthesis and muscle fibre
growth in response to increased physical activity is
probably a result of downstream increases in mTORC1
signalling, which are independent of the insulin/IGF1
receptor. Taken together, these results provide sound
evidence for the critical role of regular physical activity in
helping to normalise impaired skeletal muscle growth and
development in a rodent model of adolescent diabetes,
when glycaemic control is suboptimal.

Unfortunately for many young people with diabetes,
glycaemic control during adolescence deteriorates [5]

precisely at the same time when skeletal muscle would
normally be rapidly growing [3]. Epidemiological evidence
also suggests that youth with diabetes are less physically
active and less engaged in sporting activities than their non-
diabetic peers [27], which may help to explain, at least in
part, their reduced physical capacities [28]. Animal models
of diabetes confirm impaired muscle growth [8, 9] and
reduced rates of muscle protein synthesis when compared
with healthy control animals, at least in sedentary cage
conditions [9, 11–13, 29]. Surprisingly, a limited number of
studies have investigated the effects of regular physical
activity on skeletal muscle growth and development in
rodent models of adolescent diabetes. Indeed, much of what
we know about diabetic myopathy has been from studies
published on rodents living in sedentary cage conditions
[3, 8–10]. Studies employing resistance type exercise in
Px rats [16, 17] or via non-physiological ablation of the
gastrocnemius to overload the soleus and plantaris
muscles in rat models of diabetes [30] show that resistance
exercise fails to increase protein synthesis during severe
hypoinsulinaemia/hyperglycaemia. In this study, we used a
volitional wheel running model to increase levels of
aerobic type physical activity in Px rats and examined
various markers of muscle protein synthesis in response to
nutrient feeding (oral gavage of leucine). Based on our
results, we conclude that daily aerobic type exercise is
very effective in normalising skeletal muscle growth in
diabetic adolescent rats, largely by restoring protein
synthesis in response to nutrient feeding. It is important
to note that the volume of exercise performed by the
animals in this study was considerably less than what had
been previously studied using healthy animals of the same
age and strain [31]. As such, we believe that even a
modest amount of daily physical activity would help
normalise muscle growth and metabolism in an animal
model of diabetes. However, it is also important to point
out that the overall distance ran per day may be slightly
more than what is typically observed in treadmill running
studies of the same strain (450–930 m over a 30 min
training session, 4 days per week) [32]. Unfortunately, we
did not measure running speed in this study and thus we
are uncertain of the intensity of exercise and thus what
muscle fibres were predominantly activated by the activity,
nor can we determine whether the major stimulus for
protein synthesis was running distance or running speed.
How this volume and type of exercise might translate to
adolescents with diabetes is also unclear.

One surprising finding in this study is that, despite
improvements in glycaemia and in muscle protein synthe-
sis, we did not observe improvements in body mass gains in
the active-Px rats (Fig. 1). Since the reduced body mass
caused by diabetes was not restored by increased exercise
in our model, even though there was restoration in

Fig. 7 Markers of mTORC1 signalling in sham and Px rats. Phosphor-
ylation of a 4E-BP1 and b S6K1 (threonine 389) following a leucine (+)
or water (−) gavage in the gastrocnemius muscle of sham, sedentary-Px
and active-Px groups, n=6–7/group. α, β, and γ indicate the different
degrees of phosphorylation of 4E-BP1. All results are relative to S (−),
which represents a normal basal state that has been set to 100%. *p<
0.05 for difference between groups. †p<0.05 for leucine (+) and water
(−) within each respective animal group. Values are mean±SEM
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muscle growth, we speculate that the increase in energy
expenditure caused by the increased activity might have
been provided by the oxidation of lipids, thus promoting
an altered body composition rather than weight gain per
se (i.e. high lean mass, low fat mass).

Consistent with previous results [8, 9, 33, 34], our
muscle fibre analysis showed that sedentary behaviour in
diabetic rats results in a fibre type-specific reduction in
cross-sectional area, with the type IIb/d fibres being most
compromised. In addition, although effective in attenuating
muscle fibre area loss in all fibre types, we show that
regular voluntary physical activity in diabetic animal
models largely protects these same glycolytic muscle fibres.
Since sedentary cage living conditions generally recruit
only type I and IIa muscle fibres, it may be that the
effectiveness of increased physical activity on muscle
protein synthesis results from the recruitment of the
glycolytic fibres, along with a greater activation of the
more oxidative fibres. Whether aerobic type exercise is
more effective than resistance type exercise in accruing
skeletal muscle mass in the pancreatectomy model remains
to be determined.

Oral administration of leucine is commonly used in
animal models to simulate feeding-induced changes in
protein synthesis [35–37] and to show that sedentary
diabetic organisms have impaired protein synthesis rates
when compared with control animals [9]. Here we show
that a modest amount of aerobic physical activity increases
both the basal (fasting) and nutrient-stimulated rates of
muscle protein synthesis in severely hyperglycaemic Px
animals without an insulin response to feeding. In fact, our
findings illustrate that, in response to leucine gavage,
diabetic rats that are physically active but non-insulin-
treated have protein synthesis levels that are comparable
with healthy sedentary sham rats. It is important to note,
however, that Px rodents do have some low level of
circulating insulin, as would be expected since 10% of the
pancreas was left intact (Fig. 3b). This level of basal insulin
is similar to other rodent models of type 1 diabetes
such as the Akita mouse [8, 38] or the streptozotocin-
induced diabetic rodent [8, 39, 40]. Considering that
these diabetic animals ran considerably less than what is
typically observed in healthy animals of the same age/strain
(~2.2 vs 9 km per night) [31], these findings provide strong
evidence for the anabolic effect of aerobic type exercise on
leucine stimulated protein synthesis in the skeletal muscle of
diabetic rat models. While a previous report by Anthony et
al. showed that an acute leucine feeding of 1.35 g/kg
increases muscle protein synthesis in sedentary diabetic
rodents [41], we show increased protein synthesis in
active diabetic animals using a much lower amount of
leucine (0.48 g/kg). This is important when considering
the future feasibility of using leucine as a nutritional

strategy to normalise muscle growth in humans with the
disease [20].

Although acute leucine administration may increase
insulin levels if given in moderate to high doses
(≥0.675 g L-leucine/kg body weight) in healthy rodents
[20], leucine gavage in this study did not appear to
increase insulin levels beyond water gavage (Fig. 3c), nor
Akt phosphorylation (Fig. 6a,b), at least not in the Px
groups. Thus, it would appear that the protein synthesis
effects of regular exercise, coupled with low dose leucine
feeding, cannot be explained by changes in plasma insulin
levels nor insulin signalling. These observations are
consistent with the findings of Spangenburg et al. [19]
who reported that functional muscle overload does not
require insulin/IGF-1 signalling to promote muscle hyper-
trophy and S6K1 activation. Furthermore, we show here
that the exercise-induced improvement in muscle protein
synthesis occurred at steps distal to Akt activation. This
observation is consistent with mTORC1 activation and
stimulation of cap-dependent mRNA translation [42].
Taken together, these data suggest that insulin signalling
through Akt may not be required to increase protein
synthesis in diabetic rat models, as long as exercise is
performed. It is important to note, however, that basal
protein synthesis in active-Px rats (i.e. water gavage) was
higher than in sedentary-Px rats, without observable
increases in Akt, 4E-BP1 or S6K1 phosphorylation. It is
possible, therefore, that exercise itself might stimulate
protein synthesis completely independently of mTORC1
signalling. Previous work by Williamson et al. [43] has also
shown that, following acute endurance exercise, mTORC1
signalling to biomarkers of translation initiation was
repressed. Furthermore, they showed no measurable effects
of endurance exercise on Akt phosphorylation, but showed
increases in both extracellular signal-regulated kinase (ERK)
1/2 and eIF4E phosphorylation. Taken together, these results
suggest that physical activity may regulate muscle protein
synthesis through signalling pathways that are independent
of the mTORC1 network [44], although this hypothesis
would require additional experimentation with selective
inhibitors of the insulin signalling cascade (e.g. wortmannin)
and/or mTORC1/S6K1 activation (e.g. rapamycin).

Conclusions

In summary, we found that voluntary wheel running is
effective in stimulating protein synthesis in severely
diabetic Px animal models devoid of exogenous insulin
therapy. In addition, with regular activity, diabetic animal
models show an improved mTORC1 signalling response
and a higher rate of fractional protein synthesis in muscle in
response to leucine feeding. These findings may have
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important clinical implications for the role of regular exercise
in helping to normalise muscle growth and development
during periods of hypoinsulinaemia in adolescents with
type 1 diabetes.
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