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ABSTRACT

Background. Genetic factors play an important role in determining muscle mass. Indeed, myostatin dysfunction
is associated with a pronounced muscle hypertrophy. The aim of our study was to test the hypothesis that starvation
induced muscle wasting differs between BEH+/+ and C57BL/6]J strains of mice and myostatin dysfunction prevents
muscle wasting in BEH strain.

Methods. 18-week-old males of C57BL/6J, BEH+/+ and BEH were subjected to 48 h food deprivation (FD).
C57BL/6]J mice were representatives of classic mouse strain. BEH mice which differ from BEH+/+ mice by Compact
mutation in the Mstn gene represented a model for myostatin dysfunction. All mice were divided into experimental
and control groups. The control groups consisted of mice fed ad libitum. Seven mice were studied in each group.
Mice were weighed before as well as 24 h and 48 h after FD which was followed by dissection and weighing of the
hindlimb skeletal muscle.

Results. BEH and BEH+/+ mice showed a similar (16.9 + 1.4% vs. 19.3 + 2.4%, p > .05) loss of body mass
while loss of body mass in C57BL/6J mice was the greatest (24.8 £ 1.9%, p < .001) after FD. The loss of muscle
mass was significant in both BEH (p <.001) and C57BL/6J (p <.01) mice, but it was below the level of significance
(p > .05) in BEH+/+ mice.

Conclusions. Myostatin dysfunction promotes muscle atrophy after FD. During short periods of FD, BEH+/+
mice are more resistant to body and muscle loss compared to C57BL/6J mice.
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INTRODUCTION

keletal muscle mass comprises 40-50% of

body mass and is associated with health and

well-being of humans (Wolfe, 2006). On the
other hand, muscle wasting is often a consequence
of many chronic diseases which have a deteriorating
effect on the quality of life (Schiaffino, Dyar, Ciciliot,
Blaauw, & Sandri, 2013). Dietary manipulations
which are often associated with a caloric restriction
can also cause a decrease in both body and muscle
mass (Matsakas et al., 2013). Extent of muscle
wasting depends on the magnitude of caloric
restriction and food deprivation (FD) or fasting
causes the most significant muscle wasting (Collins-
Hooper et al., 2015). There is a significant amount

of evidence suggesting that caloric restriction has a
beneficial effect on health as judged by changes in
body composition and lipoprotein profile (Anderson
& Weindruch, 2012). However, the major concern is
muscle wasting during those dietary manipulations.
It would be beneficial to design strategies to prevent
or reduce loss of muscle mass during fasting or
caloric restriction. This is especially important in
view of the fact that malnutrition and starvation are
common amongst the ill, venerable and ageing (Elia
& Stratton, 2000). Indeed, age related loss of muscle
mass might exaggerate the negative effects of caloric
restriction on skeletal muscles (Yanai, 2015).
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Myostatin, which belongs to TGF-f superfamily
of secreted growth factors, is a negative regulator
of skeletal muscle mass (McPherron, Lawler, &
Lee, 1997). Mammalian species with a constitutive
myostatin knockout (KO) show pronounced muscle
hypertrophy (McPherron et al., 1997, Schuelke et
al., 2004). Inhibition of myostatin in adult mice can
also increase muscle mass (Whittemore et al., 2003;
Personius et al. 2010), since myostatin inhibition
increases protein synthesis and decreases protein
breakdown in skeletal muscles (Lipina, Kendall,
McPherron, C., Taylor, & Hundal, 2010; Schiaffino
et al., 2013). Myostatin expression is upregulated
in many pathological conditions leading to muscle
wasting (Costelli et al., 2008; Gonzalez-Cadavid et
al., 1998; Gruson, Ahn, Ketelslegers, & Rousseau,
2011; Plant et al., 2010). Thus myostatin inhibition
might be a useful intervention protecting skeletal
muscle from atrophy under various pathological
conditions and ageing. In fact, myostatin inhibition
leads to partial improvements in muscle mass and
function of mdx mice, a model for Duchenne muscle
dystrophy (Bogdanovich et al., 2002). Evidence
about effects of myostatin inhibition on skeletal
muscles during various catabolic states is sparse and
ambiguous. It appears that myostatin KO prevents
from glucocorticoid-induced muscle atrophy
(Gilson et al., 2007) but not from muscle wasting
after hindlimb suspension (McMahon et al., 2003).

Itisunclear if myostatin inhibition could prevent
from muscle wasting during FD. The results of a
few studies in this area are contradictory (Allen,
Cleary, Lindsay, Loh, & Reed, 2010; Collins-
Hooper et al., 2015). Both of these studies used
C57BL6/] mice. However, effects of myostatin
inhibition are likely to be strain dependent as
mouse strains vary significantly in body mass,
muscle mass as well as muscle fibre composition
(Lionikas et al., 2013a). Berlin high (BEH) strain
was generated after breeding mice for protein
accretion over more than 30 generation (Biinger
et al.,, 2004). It is likely that this strain carries
several gene variants which favour accretion of
muscle mass. Physiological mechanisms, which
are triggered by these gene variants, might interact
with myostatin in a different way than in C57BL/6J
strain. Thus, it is important to study effects of
myostatin inhibition using various mouse strains.

Our primary aim was to test a hypothesis that
myostatin dysfunction prevents loss of muscle mass
during FD. We compared muscle wasting in BEH
strain with dysfunctional myostatin and BEH+/+
strain which carries the functional myostatin. The
secondary aim of our study was to examine effects
of genetic background on muscle wasting during

FD. Thus we compared C57BL/6J and BEH+/+
mice with preserved myostatin function as is the
case for many other strains of mice.

METHODS

Experimental animals. All experimental
procedures involving mice were approved by the
Lithuanian Republic Alimentary and Veterinary
Public Office (no. 0223 in 2012 and no. 10 in 2014).
18 week-old males of BEH+/+, BEH and C57BL/6J
were used. BEH mice carry MstnCmpt-dll1 Abc
(Compact; Cmpt) mutation in both Mstn alleles
(Varga et al., 1997). This mutation causes 12-bp
deletion in the Mstn gene sequence. As a result,
the BEH mice are lacking the functional myostatin
(Amthor et al., 2007; Lionikas et al., 2013a, b).
BEH+/+ mice with normal myostatin function
were generated by crossing BEH mice with the
Berlin Low (BEL) strain and then repeatedly
backcrossing the offspring to BEH using marker
assisted selection for the functional myostatin allele
() (Amthor et al., 2007; Lionikas et al., 2013b). The
breeding pairs of C57BL/6J mice were obtained
from the Jackson laboratory (USA) whereas the
breeding pairs of the BEH and BEH+/+ were a
generous gift of prof. Lutz Biinger.

Before experiments mice were bred and
housed in the animal facilities of Lithuanian Sports
University. They were kept in standard cages, one
to five individuals per cage at a temperature of 20—
21°C and 40—60% humidity with the normal 12/12-h
light/dark cycle reversed. Animals were fed
standard chow diet (58% kcal from carbohydrate,
28.5% kcal from protein, 13.5% kcal from fat;
LabDiet 5001, Saint Louis, USA) and received tap
water ad libitum.

Experimental protocol. Two mice of the same
strain and similar body weight were assigned either
to the control or FD intervention, respectively. The
control mouse was provided with ad libitum access
to food and water. The FD mouse had ad libitum
access to water, but did not receive any food for
48 h. Mice were weighed at 0 h, 24 h and 48 h of
the intervention (Kern 440—45N, Germany). Seven
pairs of mice from each of three strains (BEH+/+,
BEH and C57BL/6J) were studied.

At the end of the experiment the mice were
euthanized by the exposure to CO,. Immediately
afterwards, the heart and the skeletal muscles
including gastrocnemius, plantaris, soleus, tibialis
anterior and extensor digitorum longus were
dissected and weighed (Kern, ABS 80-4, Germany).
Before weighing the muscles were freed from all
visible tendons and blotted dry rapidly on filter paper.
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Muscle weights were assessed with a precision of 0.1
mg. The skeletal muscle mass was calculated as a
sum of masses of all five dissected muscles.

Statistical analysis. All analyses were
performed using Prism 6.0 and SPSS 20 software
for Windows. All data were tested for normality
using the Shapiro-Wilk test. Control and fasted
mice were compared with unpaired Student’s t-test.
One-way ANOVA with Bonferroni’s post hoc test
was used for comparing strains. For all statistical
tests, the level of significance was set a priori at
p <.05. All data are presented as means + SD.

RESULTS

Data on body mass of mice are presented in
Figure 1. Before experiments, BEH mice were
heavier by 16% (p < .001) than BEH+/+ mice while
C57BL/6J mice were approximately two fold (p <
.001) lighter than both BEH+/+ and BEH mice. FD
induced a decrease (p < .001) in body mass of all
three strains. The loss of body mass was greater
during the initial 24 h period of FD compared

to the subsequent 24—48 h period (p < .001).
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Figure 1. (A) Body mass as well as (B) percentage change in body
mass of BEH+/+, BEH and C57BL/6J mice after 24 and 48 h of
food deprivation (FD)

Notes. The relative change in body mass for FD mouse was calculated
using the data of the control mouse that initially was matched by
weight and belonged to the control group. Values are means = SD;
*#%p <.001 vs. initial or previous time point, respectively; “p < .01,
##p <.001 vs. BEH+/+; 1Tp < .001 vs. BEH.
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Figure 2. (A) Muscle mass, (B) percentage change in the muscle
mass and (C) muscle to body mass ratio in control and fasted
BEH+/+, BEH and C57BL/6J mice

Notes. The muscle mass was calculated as the summed weight
of gastrocnemius, plantaris, soleus, tibialis anterior and extensor
digitorum longus muscles. The relative change in muscle mass for
fasted mouse was calculated using the data of the control mouse as in
Figure 1. Values are means + SD; **p < .01, ***p < .001 vs. control;
##p <.001 vs. BEH+/+; Tp < .001 vs. BEH.

C57BL/6J mice showed greater relative decrease in
body mass than both BEH+/+ (p < .01) and BEH
mice (p <.001). There were no differences between
BEH+/+ and BEH mice which showed smaller (p <
.001) changes in body mass than C57BL/6J mice
over the entire 48 h period of FD.

Data on skeletal muscle mass are presented in
Figure 2. The skeletal muscle mass depended on
mouse strain (p <.001). Muscle mass of BEH mice
was ~105 and ~160% greater than in BEH+/+ and
C57BL/6J mice, respectively. We also evaluated
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the contribution of skeletal muscle to overall body
mass by calculating a ratio of muscle to body
mass. Skeletal muscle to body mass ratio of BEH
mice was by ~72% and ~23% greater compared
to BEH+/+ and C57BL/6J mice, respectively. This
ratio for C57BL/6J strain was by ~41% greater
than for BEH+/+ mice. FD caused a decrease in
muscle mass of BEH (p < .001) and C57BL/6J
(p < .01) mice, but had little effect on muscle mass
of BEH+/+ mice (Figure 2A). A relative decrease
in muscle mass tended to be greater for both BEH
and C57BL/6J mice compared to BEH+/+ mice
though the differences were not significant (Figure
2B). Muscle to body mass ratio increased (p <.001)
after FD in all three strains.

Data on changes in specific skeletal muscles
are presented in Table. BEH mice had greater mass
of all skeletal muscles than BEH+/+ mice with
differences ranging from 1.7 to 2.6 times for soleus
and plantaris, respectively. C57BL/6] mice had
the smallest muscles which were two-three fold
lighter than in BEH mice and 5-27% lighter than
in BEH+/+ mice. There was a significant variation

in extent of atrophy between the skeletal muscles
after FD. 48 h FD induced a significant wasting of
the gastrocnemius mass in BEH+/+ (p < .05), BEH
(p <.001) and C57BL/6J (p < .01) mice. Plantaris
lost weight in C57BL/6J (p < .01) and BEH mice
(p < .01), but remain unchanged in BEH+/+ mice.
Soleus became lighter in C57BL/6J (p < .05) and
BEH mice (p < .05), but did not change in BEH+/+
mice. The weight of the tibialis anterior muscle
mass decreased only in C57BL/6J mice (p < .05).
Extensor digitorum longus showed loss of mass
in all three strains, i.e. BEH+/+ (p < .01), BEH
(p < .01) and C57BL/6J (p < .05). In summary,
BEH+/+ mice experienced loss of mass in two
muscles (gastrocnemius and extensor digitorum
longus), BEH in four muscles (gastrocnemius,
plantaris, soleus and extensor digitorum longus)
and C57BL/6]J in all five muscles (gastrocnemius,
plantaris, soleus, tibialis anterior and extensor
digitorum longus).

Heart mass is presented in Figure 3. BEH mice
had similar heart mass to BEH+/+ mice. C57BL/6J
mice had the lightest hearts (p <.001). Heart to body

Table. Muscle mass for BEH+/+, BEH and C57BL/6J mice from the control (CON) and food deprivation (FD) groups

Strain Group GAS (mg) PL (mg) SOL (mg) TA (mg) EDL (mg)
CON 154.1+9.8 172+1.2 10.0+ 0.6 66.6 £2.4 129+ 0.6
BEH+/+
FD 142.6 £7.7* 16.6+1.6 9.9+0.7 669 +5.7 11.6 £0.8**
CON |[323.6+12.1% 44.0 £ 1.9% 17.3 £ 1.0% 123.4 £ 6.1 27.3 £1.2#
BEH
FD 299.8 £ 8.7 #x*k | 30 54 D 6 Hik* 16.2 + 0.5%#* 117.6 £ 7.1% 24.9 £ ] 2%k
CON 121.8 & 5.3##ft 16.3 £ 0.4 8.2 + (.51t 48.9 & 2.2 10.0 £ 0.6"#17T
C57BL/6J
FD 109.2 £ 9, 1###ffT* | 14 6 £ 1. 2Fff%* 7.4 + (. 7H##TT* 43.8 & 4.0###T* 9.1 £ 0.6"#1TT*

Note. Values are means + SD; GAS, gastrocnemius; PL, plantaris; SOL, soleus; TA, tibialis anterior; EDL, extensor digitorum longus. *p < .05,
**p <.01 and ***p <.001 vs. control,*p <.001 vs. BEH+/+, 1/p <.001 vs. BEH+.
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Figure 3. (A) Heart mass and (B) heart mass to body mass ratio in control and fasted mice of BEH+/+, BEH and C57BL/6J strains

Note. Values are means + SD; *p < .05, **p < 0.01 vs. control; *p < .001 vs. BEH+/+; "'p < .001 vs. BEH.
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mass ratio was the greatest (p < .001) in C57BL/6J
mice and this was especially clear after 48 h FD. A
trend towards reduced heart mass was observed in
all mice after FD, but it was significant (p < .05)
only for BEH+/+ mice. Heart to body mass ratio
increased in BEH+/+ (p <.05) and C57BL/6J mice
(p < .01) after FD.

DISCUSSION

The main aim of this study was to examine effect
of myostatin dysfunction and genetic background
on body and skeletal muscle atrophy after 48 h
food deprivation (FD). Firstly, we hypothesized
that myostatin dysfunction might prevent muscle
atrophy. However, our results do not confirm this
hypothesis. On the opposite, muscle mass of BEH
mice showed greater atrophy compared to BEH+/+
mice. Secondly, we have hypothesized that FD
induced muscle atrophy will differ between the
strains of mice due to genetic factors. Indeed,
C57BL/6J mice showed greater loss of body and
muscle mass than BEH+/+ mice. This might be due
to higher content of body fat in BEH+/+ mice than
C57BL/6J though potential differences in metabolic
rate between the mice could also play the role.

Myostatin dysfunction or myostatin KO is
associated with profound muscle hypertrophy in
various mammalian species (McPherron et al.,
1997; Schuelke et al., 2004). Indeed, BEH mice
with myostatin dysfunction showed two fold
greater muscle mass compared to the BEH+/+
mice of the same genetic background, but with the
preserved myostatin function. Increased skeletal
muscle mass is a consequence of both hypertrophy
and hyperplasia of muscle fibres (McPherron
et al., 1997). The regulation of fibre number by
myostatin most likely results from direct effects
of myostatin on proliferation and/or differentiation
of myoblasts during the development (Lee, 2004),
whereas the regulation of fibre size is a result of
increased protein synthesis (Lipina et al., 2010;
Welle, Bhatt, & Pinkert, 2006) and/or activation
of satellite cells (McCroskery, Thomas, Maxwell,
Sharma, & Kambadur, 2003). Interestingly,
myostatin deficiency seems to have little effect or
even causes a slight reduction in the size of other
organs (Biinger et al., 2004; Lin et al., 2002). It is
probably associated with limited expression and
activity of myostatin in tissues other than skeletal
muscle (McPherron et al., 1997; Ji et al., 1998).
Furthermore, studies with myostatin KO species
clearly demonstrate that myostatin dysfunction

leads not only to increased skeletal muscle mass
but also to decreased fat content (Lin et al., 2002;
McPherron et al., 1997; McPherron & Lee, 2002).
Mean total body fat mass was reduced by 70% in
myostatin KO mice compared to wild type (WT)
mice (McPherron & Lee, 2002). In confirmation
of these findings by other investigated, BEH mice
differed little from BEH+/+ in body mass though
had marked greater muscle mass in our study as
well. In general, the physiological role of myostatin
remains to be investigated in greater detail. There
is a clear evidence for skeletal muscle accretion in
myostatin deficiency and an increase of myostatin
expression during various catabolic diseases
(Costelli et al., 2008; Gonzalez-Cadavid et al.,
1998; Gruson et al., 2011; Plant et al., 2010). These
findings suggest that inactivation of myostatin
might be a useful strategy in preserving muscle
mass during various conditions and physiological
challenges. Indeed, myostatin targeting by
antibodies ameliorated muscle wasting in mdx
mice which serve as a model for Duchenne muscle
dystrophy (Bogdanovich et al., 2002; Wagner,
McPherron, Winik, & Lee, 2002). However,
effects of myostatin targeting are less clear under
conditions of caloric restriction or fasting which
also lead to loss of muscle mass.

Myostatin expression is increased in skeletal
muscles of mice after 48 h FD, but myostatin is not
essential for muscle atrophy since myostatin KO
mice undergo a substantial muscle atrophy as well
(Allen et al., 2010). Interestingly, Allen et al. (2010)
found no differences in muscles atrophy between
myostatin KO and WT mice after 24 h FD, but
after 48 h FD fast twitch muscles of myostatin KO
mice lost less weight compared to muscles of WT
mice. Our results seem to contradict these findings.
BEH mice with dysfunctional myostatin showed
greater muscle atrophy compared to BEH+/+ mice
irrespective of the muscles examined. It might be
argued that these discrepancies between studies
could be due to differences in mouse strains
used in these studies. Indeed, we used BEH mice
while Allen et al. (2010) studied C57BL/6J mice.
However, recent results of Collins-Hooper et al.
(2015) on C57BL/6 also contradict those results
of Allen et al. (2010). Collins-Hooper et al. (2015)
showed that during 24 h of FD C57BL/6 mice with
myostatin KO mice lost more muscle mass than
WT mice and this difference did not depend on
the type of muscles studied. Interestingly, caloric
restriction of 40% applied over 5 weeks also
resulted in greater muscle atrophy in myostatin
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KO compared to WT mice (Matsakas et al., 2013).
Thus, a significant amount of evidence suggests
that mice with myostatin deficiency show greater
muscle wasting compared to the WT mice during
food restriction.

Lean body mass or fat-free mass is the major
factor determining basal metabolic rate (BMR),
which is substantially variable indicator among
individuals (Johnstone, Murison, Duncan, Rance,
& Speakman, 2005). Higher BMR proposes
a higher energy expenditure which would be
translated into an increased loss of body and
skeletal muscle mass during FD. However,
myostatin KO mice are not showing higher BMR
than WT counterparts when BMR is normalized
to lean mass or total body mass (Guo et al., 2009;
McPherron & Lee, 2002). This might be associated
with unchanged or even decreased size of internal
organs in myostatin KO mice, which also play a
significant role in overall BMR (Konarzewski &
Diamond, 1995). Irrespective of BMR, myostatin
KO mice seem to have metabolic changes in skeletal
muscle. Although there were no differences in the
rate of whole body lipid oxidation, but reduced
lipid oxidation in skeletal muscle and increased
glucose utilization was observed in myostatin KO
mice (Guo et al., 2009). This is in agreement with
findings that skeletal muscle of myostatin deficient
mice is more glycolytic (i.e. having more fast twitch
fibres) than muscle of WT mice (Girgenrath et al.,
2005). Thus, the evidence suggests that alteration
in the metabolism rather than increased metabolic
rate might be of major importance in greater FD-
induced muscle wasting in myostatin-deficient
mice compared to WT controls.

We have also studied the effect of mouse strain
on FD induced muscle atrophy. Our results show
that BEH+/+ mice experience greater FD-induced
muscle atrophy than C57BL/6J mice. It is well
known that muscle proteins are broken down to
amino acids which are released into circulation
and used for gluconeogenesis and greater levels
of fat can reduce mobilization of muscle protein
for energy during starvation (Cuendet et al.,
1975; Runcie & Thomson, 1970). C57BL/6J mice
are approximately two fold lighter than BEH+/+,
but have greater muscle to body mass ratio than
BEH+/+. Thus C57BL/6J mice have greater relative
muscle mass and might have less fat than BEH+/+
mice. Lower fat mass might promote greater
utilization of skeletal muscle protein for energy
in C57BL/6J mice compared to BEH+/+ mice.
Differences in between the strains might also be of

importance for muscle wasting during FD. Smaller
animals have higher mass specific BMR which
is related to larger surface area to volume ratio
compared to bigger animals (Hochachka, Darveau,
Andrews, & Suarez, 2003). It is, however, unclear
if this prediction derived from studies of different
mammalian species of markedly different body
masses can be transferred into mouse strains.
Specific skeletal muscles showed differences
in muscle atrophy after FD. Soleus muscle tended
to show smaller atrophy compared to other skeletal
muscles in all three mouse strains. This might be
at least partially related to fibre type composition.
When atrophy is induced by inactivity, unloading
or denervation slow twitch muscles are affected
more than fast twitch muscles (Roy, Baldwin, &
Edgerton, 1991; Schiaffino et al., 2013). When
atrophy is loading independently and associated
with increased hormone or cytokine signalling, then
it seems that fast twitch muscles and/or fast twitch
fibres show greater susceptibility to muscle atrophy
(Roy et al., 1991). In agreement with our findings,
Li and Goldberg (1976) also found that soleus
muscle is less sensitive to starvation compared to
the faster contracting muscles and proposed that
these differences might be due to lower sensitivity
of slow twitch muscles to corticosteroids compared
to fast twitch muscles (Goldberg & Goodman,
1969; Livingstone, Johnson, & Mastaglia, 1981).
Myostatin KO mice have a higher content of fast
twitch fibres (Girgenrath et al., 2005). Higher content
of fast twitch fibres in skeletal muscles might be a
key factor in causing greater atrophy in BEH than
BEH+/+ mice after FD. Indeed, soleus showed a
significant loss of muscle mass only in BEH mice.
In summary, our results show that BEH mice
with myostatin dysfunction have greater muscle
mass, but experience more severe muscle atrophy
when subjected to FD compared to BEH+/+ mice
with functioning myostatin. These findings do not
support the hypothesis that myostatin targeting
could preserve skeletal muscle mass during food
restriction. However, BEH mice show constitutive
loss of myostatin function and might not be the most
appropriate model to evaluate effects of myostatin
inhibition on muscle atrophy. An overt phenotype
differences between BEH and BEH+/+ were
established before the experiment with FD. Studies
with conditional myostatin KO or inhibition during
the period of FD are needed to test this hypothesis
appropriately. We have also found that C57BL/6J
mice show greater FD induced muscle atrophy than
BEH+/+ mice. We propose that lower levels of body
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fat and higher metabolic rate could potentially be
responsible for this increased rate of muscle atrophy
in C57BL/6J mice compared to BEH+/+ mice.

CONCLUSIONS

1. Mice with myostatin dysfunction are more
sensitive to muscle atrophy after FD supposedly

due to reduced fat mass and increased fast twitch
fibre content in skeletal muscle.

2. C57BL/6J mice show greater loss of muscle
mass during FD compared to BEH+/+ mice. This
could also be due to lower fat mass in C57BL/6J
mice compared to BEH+/+ mice. However,
differences in metabolic rate and muscle fibre type
composition might also play a role.
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