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Abstract
Background: Previous studies indicate that hibernating animals, under conditions of torpor for long periods, show
an increased oxidative muscle fibers (type I) ratio and a decreased glycolytic muscle fibers (type II) ratio in skeletal
muscle and accompanied by extraordinary oxidative ability. This observation is completely contrasted with
non-hibernators, which show a shift of oxidative muscle fibers (type I) to glycolytic muscle fibers (type II).
Presently, the mechanisms by which these changes occur remain unclear. To investigate the mechanism of
high oxidative capacity of the skeletal muscles in hibernating ground squirrels, capillary density (CD), and
capillary/fiber (C/F) were measured by immunohistochemistry. mRNA expression levels of hypoxia-inducible
factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF) were determined using real-time quantitative
PCR assay. Spectrophotometry was applied to determine the activities of hexokinase (PK), pyruvate kinase
(HK), and cytochrome c oxidase (CcO).
Results: In the soleus muscle (SOL), mRNA expression levels of HIF-1α and VEGF in torpor became slightly lower but
were not statistically significant; they were, however, significantly higher in the arousal group. In hibernating animals,
no significant change occurred in CD but C/F increased by 15 %. CcO showed the highest activity in torpor. There were
no significant differences in the activities of HK and PK between the torpid animals and summer active animals in SOL.
However, PK activity increased by 34 % after hibernation.
Conclusions: Oxidative capacity may be ensured by an increase of capillary supply of skeletal muscle in hibernating
animals.
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Background
Muscle atrophy induced by disuse is an important
clinical problem. Countermeasures that can prevent
muscle atrophy as well as restore the exercise capacity (Boonyarom and Inui 2006; Williams et al.
2009) are regularly sought after. Despite long periods
of hibernation, associated with muscle disuse, arousal
of hibernators is associated with normal motion. During hibernation, hibernators are in a torpid state
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except for interbout-arousals. So skeletal muscle
unloading causes its disuse. This model is applied to
study treatment for muscle atrophy due to disuse
(Ivakine and Cohn 2014; Gao et al. 2012). Their skeletal muscle mass may decrease slightly during hibernation, but limited or no changes in contractile
performance have been demonstrated (Bodine 2013;
James et al. 2013). This awakening with normal
muscle function is important for obtaining food or
escaping from predators. The mechanism by which
these animals are able to preserve muscle function
during hibernation is not clear.
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Mammalian skeletal muscle fibers can be classified
into two kinds: type I and type II. Fibers of type I mainly
rely on aerobic metabolism while fibers of type II mainly
rely on anaerobic metabolism. Slow-twitch muscles (e.g.,
SOL) are mainly composed of type I muscle fibers. The
transformation of muscle fiber from type I to type II,
corresponding with a reduced oxidative capacity, is one
of the mechanisms that have been identified to contribute to muscle atrophy in simulated microgravity (using
hindlimb-unloading in animals or in bed rested subjects)
as well as in spaceflight (Bricout et al. 1999). There is a
decrease in the ability of SOL to oxidize long chain fatty
acids during space flight and a decrease in respiratory
capacity of whole SOL during muscle atrophy (Fell et al.
1985; Grichko et al. 2000). Although oxidative capacity
reduced for whole SOL, oxidative enzyme activity in individual fibers seemed unchanged (Manchester et al.
1990) and glycolytic enzyme activity increased (Stein
et al. 2002). Reduced oxidative capacity for whole SOL
in hind limb suspended animals or simulated spaceflight
may be attributed to the transformation of muscle fiber
types. Inadequate oxygen supply, which occurred in skeletal muscle induced by the cephalad blood redistribution
in these models (McDonald et al. 1992; Yamasaki et al.
2004) may play an important role in this transformation.
In contrast, although oxygen consumption of torpid
animals is only 5–10 % of active animals (Muleme et al.
2006), it is reported that many hibernating species in
steady-state torpor are not hypoxic. During torpor, Arctic ground squirrels (Spermophilus parryii), as well as
other species of ground squirrels, are well oxygenated
with normal to above normal arterial oxygen pressures
(Drew et al. 2004; Frerichs et al. 1994; Ma et al. 2005).
And previous studies indicated that in torpid animals,
despite a long period of muscle disuse, skeletal muscle
fibers showed a shift of type II to type I as well as increased oxidative muscle fibers ratio accompanied by decreased glycolytic muscle fibers ratio (Gao et al. 2012).
It appears that torpid animals have remarkable aerobic
oxidation ability and why this occurs was explored in
this paper. In skeletal muscles, capillary density (CD)
and capillary/fiber (C/F) are both commonly used indicators for the evaluation of skeletal muscle oxygen supply (Duscha et al. 1999; Egginton et al. 2001). CD is the
ratio of capillaries number to fibers area; C/F is the ratio
between the number of capillaries and the number of
muscle fibers. In non-hibernators, atrophy of skeletal
muscle due to disuse leads to a relative increased CD

because of the decreased cross section area. Though the
CD increased, the significantly decreased ratio of C/F indicates a reduced oxygen supply instead of a real capillary proliferation in skeletal muscle (Desplanches et al.
1991; Kvist et al. 1995; Qin et al. 1997). Hypoxiainducible factor-1 (HIF-1) is the nuclear factor of induction and regulation to hypoxia (Majmundar et al. 2010).
Under hypoxic conditions, it can induce transcription of
vascular endothelial growth factor (VEGF) (Wang et al.
2007). And VEGF is the most important angiogenic
stimulators which can stimulate angiogenesis to increase
local oxygen supply (Dai and Rabie 2007). Thus, changes
in HIF-1α and VEGF are important indicators to determine the extent of hypoxia, and they could also be used
as sensitive indicators to judge whether the organ is
hypoxia.
Aerobic oxidation of skeletal muscle mainly depends
on the mitochondria activity. Cytochrome c oxidase
(CcO), as a mitochondrial marker enzyme, will change
its activity with mitochondrial oxidative capacity. In the
glycolysis process, the main functional enzymes are
hexokinase (HK) and pyruvate kinase (PK). Their performance reflects the anaerobic metabolism ability of
skeletal muscle.
Therefore, to study the possible mechanisms that
could contribute to the switch in metabolism of skeletal
muscle fiber types in torpid animals, the indictors for
oxygen supply, such as CD and C/F, HIF-1α, and VEGF
mRNA, the indictors for metabolic capability such as
CcO, PK, and HK were detected in different periods of
hibernation. To our knowledge, this is the first study
that examines systematically these switch mechanisms
from the perspective of oxygen supply and metabolism.
We hypothesized that the adequate oxygen supply is a
pre-requisite to assure a switch in skeletal muscle fiber
type and that this would be accompanied by a corresponding changes in metabolic enzymes.

Methods
Animals

Daurian ground squirrels (S. dauricus) from the Weinan
region, Shaanxi province of China, were matched for
body mass and assigned to four groups of eight animals
each: autumn group/pre-hibernation group (Pre-H), torpor group, interbout-arousal group, aroused from hibernation for more than 3 months group (Post-H).
The animals were raised individually in conventional
plastic cages and provided with standard laboratory rat

Table 1 CD and C/F in soleus muscle (mean ± SD)
Pre-hibernation

Torpor

Interbout-arousal

Posthibernation

CD (/mm2)

14.16 ± 1.36

17.556 ± 2.60

13.96 ± 0.446

14.24 ± 1.17

C/F

2.89 ± 0.23

3.31 ± 0.40*

2.89 ± 0.16

2.92 ± 0.50

*P < 0.05, compared with pre-hibernation
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Fig. 1 Capillaries and fibers visualized by alkaline phosphatase staining. Numbers of capillaries (black dots) and fibers (irregular circle) were
calculated. Fibers area was obtained by summing each fiber area. a pre-hibernation; b torpor; c interbout-arousal; d posthibernation

chow and water ad libitum and were housed in an environment with natural light, following international guidelines for the care and use of laboratory animals. The
Laboratory Animal Care Committee of the People’s
Republic of China Ministry of Health approved all procedures. The ground squirrels were brought to a dark,
hibernation room (4–6 °C) at a time in year when animals usually start to hibernate.
Sample preparation

Animals were anesthetized with sodium pentobarbital
(45 mg/kg body weight i.p.) and SOL was removed and
weighed to 0.1 mg accuracy (Sartorius, BS210S,
Germany). Muscle samples were stored at −80 °C before
being used for enzymatic analyses.
CD and C/F of the SOL

Muscle samples of 5 mm were cut at the SOL and
then dipped in paraformaldehyde solution of 4 % for
12 h. Samples were then transferred into a sucrose
solution of 30 %, embedded vertically with an Optimal Cutting Temperature gum (Tissue-Tek®, CA

90501, Sakura Finetek USA, Inc., Torrance, USA),
and serial slices of 10 μm were cut in a cryostat
(Leica, CM1850, Wetzlar, Germany) at −25 °C. Slices
were placed on microscope slides which were pretreated with Poly-L-Lysine (10 g/l). The frozen sections were fixed for 3 min and then incubated darkly
for 15 min at 37 °C. Sections were pictured with a
20× magnification microscope. CD and C/F were calculated by dividing the number of capillaries in a
given area by the number or area of fibers, respectively (Egginton et al. 2001).

mRNA expression levels of HIF-1α and VEGF

Total RNA was isolated using RNAiso Plus (TaKaRa
bio, Dalian, China) according to the manufacturer’s
protocol. All materials used for RNA preparation were
treated with 0.1 % (v/v) diethylpyrocarbonate (DEPC)
and autoclaved. The OD values of 260 and 280 nm were
measured to determine the RNA content. Reverse transcription was performed according to manufacturer’s
protocol of TAKARA reagent (TaKaRa bio, Dalian,

Table 2 Relative expression amount of HIF-1α mRNA and VEGF mRNA in soleus muscle (mean ± SD)
Pre-hibernation

Torpor

Interbout-arousal

Posthibernation

HIF-1α mRNA

0.0110600 ± 0.00418182

0.0066100 ± 0.00130571

0.0057983 ± 0.00130259

0.0196200 ± 0.00710753#

VEGF mRNA

0.0198600 ± 0.00462688

0.0134717 ± 0.00294716

0.0115067 ± 0.00259340*

0.0345333 ± 0.01308872#

#

*P < 0.05, compared with Interbout-arousal; P < 0.05, compared with torpor
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China). Primers for real-time PCR were designed as
follows:
HIF-1α forward: 5′-TTTTAATACCCTCTGATTTAGCA
TGT-3′
HIF-1α reverse: 5′-AGCTCTGAGTAATTCTTCACCC-3′
VEGF mRNA forward: 5′-CTGTACCTCCACCATGCC
AAGT-3′
VEGF mRNA reverse: 5′-ACGCACTCCAGGGCTTCA
T-3′
GAPDH forward: 5′-GACAACTTTGGCATCGTGGA-3′
GAPDH reverse: 5′-ATGCAGGGATGATGTTCTGG-3′
Two microliter of 100 ng DNA template was added into
fluorescent quantitation PCR reaction system (0.8 μL
primers each, 10 μL SYBR Green, and 6.4 μL sterile purified water). Final concentration of primers is 100 ng and
0.4 μmol/L. PCR reaction parameters were set according
to the instructions. To analyze the relative concentration
of mRNA, 2−△△ct method was used (Yu et al. 2012).
Enzyme activities of HK, PK, and CcO

Muscle samples were homogenized and then centrifuged
at 2500 rpm for 10 min before supernatant collection.
Supernate was separately processed to detect HK and
PK. Enzyme activities of HK, PK, and CcO were obtained using Hexokinase Assay Kit, Pyruvate Kinase
Assay Kit, and Cytochrome c Oxidase Assay Kit, respectively (NJJCBIO; Nanjing, China).
Statistical analyses

SPSS 16.0 was used for all statistical analyses. Data are
indicated as means ± SD. A one-way ANOVA was used
to determine overall differences; Fisher’s LSD post hoc
test was used to determine group differences. ANOVADunnett’s T3 method was used when no homogeneity
was detected. Significance was assumed with P < 0.05.

Results
Compared with the Pre-H group, CD of SOL increased
slightly in the hibernating group but not statistically
significant (P > 0.05). C/F significantly increased by 15 %
(P < 0.05). In the interbout-arousal group, the CD and
the ratio of C/F did not significantly changed (P > 0.05)
(Table 1, Fig. 1).
Compared with the Pre-H group, expression levels of
HIF-α1 and VEGF mRNA decreased in the hibernating
group, albeit not significantly (P > 0.05). The Post-H
group which had the highest expression levels of two

Fig. 2 Normalized mRNA expression of HIF-1α and VEGF. *P < 0.05,
compared with torpor

genes, increased by about 190 and 150 % in HIF-1α and
VEGF mRNA, respectively, compared with the hibernating group (P < 0.05) (Table 2, Fig. 2).
CcO activity of hibernating group achieved the highest
level (Table 3). It increased by 72.03 % when compared
with that of Pre-H group. Following hibernation it decreased by 61.69 %.
In SOL, there was no significance of difference of the
activity of HK among the groups (Table 4).
Activity of the PK appeared to decrease in torpor
when compared with the pre-hibernation group but not
significantly. Compared with the hibernating group, PK
activity increased by 34 % in the post-H group.

Discussion
The most important finding of our study is that capillary
supply and oxidative enzyme activity increases, and
glycolytic enzyme seems unchanged in the slow-twitch
soleus muscle of the hibernating animals.
From the perspective of capillary supply, CD showed
no significant changes in the hibernating group, but the
C/F increased 15 %. This suggests that vascular proliferation occurred in SOL, which, in turn, could have enhanced the blood oxygen supply thus ensuring that
there was enough oxygen for consumption to meet up
the demands for increased aerobic oxidation. A limit of
this measurement is unable to ascertain whether any
change in capillary supply was predominantly associated

Table 3 Changes of CcO activity in different periods (mean ± SD)
CcO activity in SOL (U/ml)
##

P < 0.01,

##

Summer active

Pre-hibernation

Torpor

Posthibernation

0.9721 ± 0.1949##

0.4382 ± 0.0734

0.7538 ± 0.2404##

0.2888 ± 0.0426**

compared with pre-hibernation; **P < 0.01, **compared with torpor
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Table 4 The changes of glycolytic enzyme activity in soleus of ground squirrels (mean ± SD)
Pre-hibernation

Torpor

Interbout-arousal

Posthibernation

HK activity (U/gprot)

31.08752 ± 8.56072

32.88304 ± 16.82466

38.85082 ± 7.63251

36.8637 ± 13.96182

PK activity (U/gprot)

28.15717 ± 4.40807

22.22285 ± 3.29632

29.12844 ± 8.54316

33.76566 ± 6.7182**

**P < 0.01, compared with pre-hibernation

with a particular muscle fiber. Considering spatial heterogeneity (Egginton et al. 2001), it is possible that vascular proliferation occurred nearby slow-twitch muscle
fiber. But global oxygen supply to SOL should be increased since hibernating animals are well oxygenated
(Drew et al. 2004; Frerichs et al. 1994; Ma et al. 2005;
Maginniss and Milsom 1994).
The expression of HIF-1α mRNA decreased by 50 %
during the entire torpor period in medial gastrocnemius
and SOL (slow-twitch) in ground squirrel compared
with that in September. For lateral gastrocnemius (fast
twitch), mRNA expression levels of HIF-1α of torpor
period increased by 400 % compared with before hibernation, indicating that lateral gastrocnemius muscle is in
a state of hypoxia (Nowell et al. 2011). The results of
our study show a similar decreasing trend for HIF-1α
mRNA in SOL. According to previous studies, HIF-1α
protein levels increased significantly in skeletal muscle
(Maginniss and Milsom 1994; Morin and Storey 2005).
But no significant changes were seen in HIF-1α mRNA
expression levels in hibernating thirteen-lined ground
squirrels. Thirteen-lined ground squirrels may be similar
to golden-mantled ground squirrels (S. lateralis) which become hypoxic during torpor owing to long periods of
apnea (Drew et al. 2004).
Previous studies have shown a reduction in the oxidative capacity of skeletal muscle fibers and decreases in
CcO activity, in 14-day tail-suspended animals (a model
for disuse atrophy). Additionally, it was associated with
transformation from type I muscle fibers to type II
muscle fibers (Roy et al. 1996). But in our study, we observed an elevation in the CcO levels during hibernation
disuse, which is consistent with a switch from fibers type
II fibers to type I muscle fibers.
Hexokinase is a rate-limiting enzyme in the glycolytic
pathway. Its activity has been shown to be significantly
reduced during torpor in ground squirrel (Abnous and
Storey 2008). Our results show that compared with the
Pre-H group, HK and PK activities of the hibernating
groups did not change significantly. But PK activity during Post-H increased significantly (P < 0.01). According
to the work of Dr. Matt Andrew’s lab, brown adipose tissue may play critical roles in high efficiency fat catabolism, non-shivering thermogenesis, and transitions into
and out of the torpid state (Hampton et al. 2013). Thus,
skeletal muscle may experience a shift in substrate
utilization away from glucose towards fat. That may result in a normal HK and PK level.

Activity changes of oxidative enzyme and glycolytic
enzyme are in consistent with the transformation of
muscle fiber from type II to type I. But it is completely
contrasted to that of disuse muscle atrophy, whose
glycolytic enzyme activity increased and oxidative enzyme decreased or unchanged. This suggested that metabolism enzyme may be important indictors or inducers
for different muscle types’ shift.
Taken together, all above findings imply that although
the hibernating ground squirrels are in a low oxygen environment, they have sufficient capillary supply to maintain daily oxidative metabolism and even to provide
some additional oxygen for arousal. It appears that the
skeletal muscles of torpid animals possess adequate
blood oxygen supply.

Conclusions
Our results show that capillary supply of skeletal muscle
increases in torpid animals. This may ensure large increases in oxidative capacity during hibernation which
may play important roles in allowing the skeletal muscle
to achieve the transformation of type I muscle to type II
muscle.
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