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We focused on pathological obesity induced by excessive fat intake (nutritional obesity) in non-hibernator
and healthy obesity due to pre-hibernation (PRE) fat storage in hibernator to study the effects of different
types of obesity on skeletal muscle protein metabolism and cell regeneration. Kunming mice were fed with
high-fat diet for 3 months to construct a pathological obesity model. Daurian ground squirrels fattened
naturally before hibernation were used as a healthy obesity model. Body weight, adipose tissue wet weight,
gastrocnemius muscle wet weight, muscle fiber cross-sectional area (CSA) and fiber type distribution were
measured. The protein expression levels related to protein degradation (MuRF-1, atrogin-1, calpain1,
calpain2, calpastatin, desmin, troponin T, Beclin-1, LC3-Il), protein synthesis (P-Akt, P-mTORC1, P-S6K1,
P-4E-BP1) and cell regeneration (MyoD, myogenin, myostatin) were detected by Western blot. As a result,
the body weight and adipose tissue wet weight were both significantly increased in high fat obese (OB)
mice and pre-hibernation fat (PRE) ground squirrels. The muscle wet weight, ratio of muscle wet weight

to body weight, and muscle fiber CSA were significantly decreased, while the percentage of MHC | fiber
isoform was significantly increased in gastrocnemius muscle of OB mice compared with the control (CON)
group. The protein expression levels of P-Akt, P-rmTORC1, P-4E-BP1 and myogenin were significantly
decreased, while those of calpain1, calpain2, MuRF-1 and myostatin were significantly increased in the
OB mice. In the ground squirrels, the muscle wet weight, muscle fiber CSA and percentage of MHC |

fiber isoform all showed no change in the gastrocnemius muscle in the PRE group compared with the
summer active (SA) group. The protein expression levels of P-Akt, P-mTORC1, P-S6K1 and MyoD

were significantly increased, while those of Beclin-1 and LC3-Il were significantly decreased in the PRE
ground squirrels. This study demonstrated that the decrease in protein expression levels in the Akt/

mTOR pathway (P-Akt, P-mTORC1 and P-4E-BP1) and cell regeneration (myogenin) and the increase

in protein expression levels of the calpain pathway (calpain1 and calpain2) and ubiquitin-proteasome
pathway (MuRF-1) were involved in the mechanism of muscle atrophy in gastrocnemius muscle of the
pathologically obese Kunming mice induced by high-fat diet. In contrast, the increased protein expression
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fattened before hibernation.

muscle atrophy.

levels of the Akt/mTOR pathway (P-Akt, P-rmTORC1 and P-S6K1) and cell regeneration (MyoD), and
the decreased protein expression levels of the autophagy lysosomal pathway (Beclin-1 and LC3-11) were
involved in the mechanism of anti-atrophy in gastrocnemius muscle of the healthy obese ground squirrels
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BACKGROUND

Skeletal muscle accounts for more than 40% of
a mammal’s weight, and is not only the main organ
for providing physical strength and exercise but also
the main place for material and energy consumption
(Chang et al. 2016; Li and Ji 2018). Nutritional obesity
causes skeletal muscle atrophy; it occurs in a variety of
muscles, including the gastrocnemius muscle, soleus
muscle and tibialis anterior muscle (Adhikary et al.
2019; Akhmedov and Berdeaux 2013; Lee et al. 2018,;
Tong et al. 2019), and is mainly characterized by a
decrease in muscle mass, reduction in cross-sectional
area of muscle fibers, and changes in the types of fiber
and myosin isoforms (Dumitru et al. 2018; Tong et al.
2019). Meanwhile, the expressions of atrogin-1 and
MuRF-1, as atrogenes, are up-regulated in muscle
atrophy induced by obesity (Adhikary et al. 2019;
Bodine and Baehr 2014).

Interestingly, lipid-storing hibernating species
acquire and store large amounts of fat during the pre-
hibernation fattening stage, and then go into hibernation.
After the fat storage and before hibernation, the weight
of the hibernator is often increased greatly (Xing et al.
2012). However, at least in hibernators like Japanese
black bears (Ursus thibetanus japonicus), the obesity in
pre-hibernation is not accompanied by a series of health
problems, such as type 2 diabetes and hyperglycemia,
which are common in non-hibernators with the same
percentage of fat (Kamine et al. 2012). Thus, the obesity
in hibernators caused by the fattening before hibernation
is called “healthy obesity” (Rigano et al. 2017). Our
previous research showed that there was no change
in the muscle wet weight and cross-sectional area in
gastrocnemius muscle, plantaris muscle or extensor
digitorum longus muscle between the pre-hibernation
(PRE, squirrels that finished natural fattening in late-
autumn) and the summer active (SA, squirrels that
were in active state in June) Daurian ground squirrels
(Spermophilus dauricus) (Zhang et al. 2019; Ma et al.
2019). Therefore, the gastrocnemius muscle, the largest
muscle on the calf of the ground squirrel, does not
undergo muscle atrophy during fat storage and before

© 2021 Academia Sinica, Taiwan

hibernation.

Skeletal muscle atrophy is caused by an imbalance
in protein synthesis and degradation (Schiaffino et al.
2013). Protein synthesis is mainly regulated by the
insulin-like growth factor-1 (IGF-1)/protein kinase
B (PKB, also called Akt) signaling pathway, which
affects the transcription and translation processes in
protein synthesis by activating the mammalian target
of rapamycin (mTOR) (Andres-Mateos et al. 2013).
In this pathway, ribosomal protein S6 kinase 1 (S6K1)
and eukaryotic initiation factor 4E binding protein 1
(4E-BP1) are the most critical downstream effectors
of mammalian target of rapamycin in complex 1
(mTORC1) (Gao et al. 2018). The reduced activations
of Akt, p70S6K and mTOR result in reduced protein
synthesis and reduced muscle growth in the plantaris
muscle of male obese C57BL/6 mice (Mus musculus)
induced by a 14-week high-fat and low-carbohydrate
diet, the gastrocnemius muscle of male obese Wistar
rats (Rattus norvegicus) induced by a 16-week high-
fat and high-carbohydrate Western-type diet, and the
gastrocnemius muscle of male obese C57BL/6 mice
induced by a 10-week high-fat diet (Sishi et al. 2011;
Sitnick et al. 2009; Tong et al. 2019). However, it has
been reported that there is no difference in P-mTOR
or P-Akt levels in the muscles of grizzly bears (Ursus
arctos horribilis) after finishing fattening before
hibernation (in October) compared with the SA period
(in May) (Rigano et al. 2017). In view of the differential
expression of proteins and the possible changes in
skeletal muscle, it is necessary to further compare the
expression of the Akt-mTOR signal in the two rodent
obesity models.

Protein degradation in skeletal muscle involves
the calpain pathway, the ubiquitin-proteasome pathway,
the autophagy lysosomal pathway and others (Jackman
and Kandarian 2004). Calpain is the initiator of
skeletal muscle protein degradation, which triggers
the activation of the ubiquitin-proteasome pathway
(Jackman and Kandarian 2004). Calpainl can be
activated by micromolar Ca®', and calpain2 requires
millimolar Ca** to be activated; these are the two most
widely studied isozyme molecules (Goll et al. 2003).
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Calpastatin is a specific, endogenous inhibitor of calpain
(Goll et al. 2003). It has been reported that there are
higher calpainl and calpain2 mRNA levels in skeletal
muscles in 5-month-old male obese (fa/fa) Zucker
rats than in lean rats when they are in a sedentary
state (Hsiceh et al. 2008). However, our previous study
reported that the protein expression levels of calpainl,
calpain2 and calpastatin show no difference between
the PRE and SA group in the lateral gastrocnemius
muscle, plantaris muscle and extensor digitorum
longus muscle in Daurian ground squirrels (Ma et al.
2019). The ubiquitin-proteasome pathway includes
three catalytic proteins: ubiquitin-activating enzyme
El, ubiquitin-binding enzyme E2s and ubiquitin-
protein ligase E3s (Hershko and Ciechanover 1998).
Atrogin-1 and muscle ring finger-1 (MuRF-1) are two
of the most common E3s (Glass 2005). MuRF-1 level
was significantly increased by 97.4%, while atrogin-1
showed no change in the gastrocnemius muscle of male
obese Wistar rats induced by 16 weeks of high-fat and
high-carbohydrate Western-type diet feeding (Sishi
et al. 2011). However, in Daurian ground squirrels,
the expression levels of MuRF-1 and atrogin-1 in
the lateral gastrocnemius muscle, plantaris muscle,
extensor digitorum longus muscle were not changed
between the pre-hibernation group and the SA group
(Ma et al. 2019). The other pathway involved in protein
degradation is the autophagy lysosomal pathway (Sandri
2008). Autophagy is a highly conserved pathway
responsible for the hydrolysis of long-lived proteins and
organelles in cells (Sala et al. 2014), which maintains
homeostasis by degrading the cell’s own components
and is usually activated in conditions of nutrient
deprivation or starvation (Mizushima et al. 2004;
Mordier et al. 2000). Beclin-1 is one of the important
components of the Class III Phosphotidylinositol-3-
kinase (PI3KC3) complex and plays a necessary role
in the process of autophagosome nucleation (Mei et
al. 2016). Microtubule-associated protein 1A/1B-light
chain 3 (LC3) is another important molecule near the
downstream of the autophagic pathway and is involved
in the formation of autophagosomes, which is an
indicator of autophagy lysosomal pathway activation
(Klionsky et al. 2012). Previous studies showed that
the expression of LC3 did not change between the
obesity and control groups in the gastrocnemius muscle
of C57BL/6 male mice induced by a 10-week high-
fat diet (Herrenbruck and Bollinger 2019). Similarly,
the expression of LC3, LC3-II/I and Beclin-1 was
also not significantly different between the obesity
and control group in the soleus muscle and plantaris
muscle of female Sprague Dawley rats induced by a 16-
week high-fat diet (Campbell et al. 2015). However,
the protein expression level of Beclin-1 in the soleus
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muscle was significantly increased, while the protein
expression levels of LC3-II and the ratio of LC3-1I/1
were significantly decreased in pre-hibernation group
compared with SA group in Daurian ground squirrels
(Chang et al. 2020). Excessive protein degradation
causes muscle mass loss and promotes muscle atrophy.
Therefore, our study selected the largest skeletal muscle
of the hind calf-the gastrocnemius muscle to study the
role of the calpain pathway, the ubiquitin-proteasome
pathway and the autophagy lysosomal pathway in
muscle atrophy in the pathological obesity model and
the healthy obesity model.

Maintenance of skeletal muscle mass is also
associated with cell regeneration (Sartorelli and Fulco
2004). During the regeneration of skeletal muscle
cells, the expression of myogenicity differentiation
factor (MyoD) and myogenin play an important role
in the proliferation and differentiation of satellite cells
(Akhmedov and Berdeaux 2013). However, myostatin,
a negative regulator of cell regeneration, can reduce
myocyte proliferation and differentiation (Lee 2004)
and inhibit the expression of MyoD and myogenin
(Akhmedov and Berdeaux 2013). It has been reported
that the obese mice induced by a high-fat diet display
attenuated muscle regeneration after injury more
than control mice (D’Souza et al. 2015). In addition,
the expression of myostatin in skeletal muscle was
increased in high-fat diet and ob/ob mice as well as in
extremely obese women (Allen et al. 2008; Hittel et
al. 2009). Therefore, it is necessary to clarify whether
the regeneration is different in skeletal muscle between
the pathological obesity model and the healthy obesity
model.

Why do pre-hibernation ground squirrels prevent
skeletal muscle atrophy caused by fattening before
hibernation? Based on the previous research on protein
metabolism, we hypothesize that the skeletal muscle
can be maintained through regulating protein synthesis,
degradation and cell regeneration in the healthy
obesity ground squirrels caused by pre-hibernation
fattening, which is different from the muscle atrophy
in pathologically obese mice induced by high-fat
diet. In this study, the Daurian ground squirrels after
natural fattening were used as a healthy animal model
of obesity, whereas the Kunming mice fed with high-
fat diet for 3 months were used as a pathological
model of nutritional obesity. We examined the body
weight, the adipose tissue wet weight, the muscle wet
weight, the cross-sectional area, the muscle fiber type
and the protein expressions of MuRF-1, atrogin-1,
calpainl, calpain2, calpastatin, troponin T, desmin,
Beclin-1, LC3-II, P-Akt, P-mTORC1, P-S6K1, P-4E-
BP1, MyoD, myogenin and myostatin, intending to
compare and clarify the similarities and differences
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of protein expression levels of key signal molecules
related to protein metabolism and cell regeneration in
gastrocnemius muscle between pathological obesity
and healthy obesity, which will provide experimental
evidence for screening key targets for anti-atrophy
induced by obesity in fattening before hibernation.

MATERIALS AND METHODS
Animal model of pathological obesity

All animal experiments were approved by the
Experimental Animal Protection Committee of the
Ministry of Health of the People’s Republic of China.
Four-week-old male Kunming mice, weighing 23
to 25 grams, were purchased from Chengdu Dashuo
Experimental Animal Company. The mice were
placed in plastic cages with sawdust. There were 2-3
mice per cage, and food and water were provided ad
libitum. They were kept in a standard animal room at
18-25°C where the light and darkness corresponded
to the local sunrise and sunset. The sawdust in the
cage was replaced every two days to keep it clean.
The mice were randomly divided into two groups
after being fed a normal diet for one week. (1) Contol
group (CON group, n = 6): fed with normal diet; (2)
obesity group (OB group, n = 6): fed with high-fat diet,
as the pathological obesity model. The normal feed
and high-fat feed were provided by Chengdu Dashuo
Experimental Animal Company. Individuals were then
stored at room temperature and protected from light.
The composition of normal diet and high fat diet is
shown in table 1. After feeding for 3 months, both
groups of mice were sacrificed and sampled.

Animal model of healthy obesity

As described by our laboratory previously

Table 1. Composition of the experimental diets

page 4 of 18

(Chang et al. 2018), the Daurian ground squirrels
were captured from the Weinan plain in the Shaanxi
province of China. After returning to the laboratory, all
ground squirrels were put in plastic cages with sawdust,
with one ground squirrel per cage; food and water
were provided ad libitum. The ground squirrels were
maintained in an animal room at 18-25°C where the
light and darkness corresponded to the local sunrise and
sunset. The sawdust in the cage was replaced every two
days to keep it clean. There were two groups of ground
squirrels in the experiment (n = 6, three females and
three males in each group): (1) Summer active group (SA
group): active squirrels in June with a body temperature
(Tb) of 36-38°C; captured and sacrificed in end of June.
(2) Pre-hibernation group (PRE group): squirrels that
had finished fattening in nature; captured and sacrificed
in late-autumn (end of September, 30—40 d before
hibernation).

Sample collection

After the body weight was recorded, the mice
were anesthetized with 2 mg/kg sodium pentobarbital
intraperitoneally, while the ground squirrels were
anesthetized with 90 mg/kg sodium pentobarbital
intraperitoneally. Then the gastrocnemius muscles from
both legs were separated and weighed immediately.
Subsequently, the muscle samples were frozen in liquid
nitrogen and stored at -80°C for follow-up experiments.
The adipose tissues—including mesenteric adipose,
perirenal adipose and back scapula subcutaneous
adipose—were also separated and weighed. The animals
were sacrificed by an overdose injection of sodium
pentobarbital after sampling was completed.

Immunofluorescent analysis

The muscle fiber cross-sectional area (CSA)
and fiber type composition were measured by

(A) Composition of normal diet

(B) Composition of high fat diet

Components Content Components Content
Corn 254 ¢ Patterned animal base 50¢g
Wheat 306¢g Soy flour S5g
Soybean 13g Fish meal S5g
Fish meal 6¢g Milk powder 10g
Rice bran 6g Peanut 6g
Wheat bran 10g Egg yolk powder S5¢g
Soybean meal 5g Lard 12¢g
Other 4g Salt 2g
Total 100g Sucrose 5g
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immunofluorescent analysis, as described by our
laboratory previously (Chang et al. 2018). Briefly, the
mid-belly of gastrocnemius muscle was cut into 10-pum
thick frozen muscle cross-sections at -20°C with a
cryostat (Leica, Wetzlar, CM 1850, Germany). Then the
slides with sections were fixed in 4% paraformaldehyde
for 30 min, and subsequently permeabilized in 0.1%
Triton X-100 (dissolve in PBS) for 30 min. The slides
were then blocked with 1% bovine serum albumin
(BSA) in PBS for 60 min at room temperature, and
immediately incubated at 4°C overnight with the anti-
laminin rabbit polyclonal antibody (1:200, Boster,
BA1761-1) to visualize the myofiber interstitial tissue
and the anti-skeletal slow myosin mouse monoclonal
antibody (1:200, Boster, BM1533) to visualize the type
I MHC in both muscles. The slides were rinsed twice in
PBS and incubated with Alexa Fluor 647-labeled IgG
secondary antibody (1:200; Thermo Fisher Scientific,
#A21245) and FITC-labeled IgG secondary antibody
(1:200; Sigma, F1010) for 60 min. Image-Pro Plus 6.0
software was used to measure the CSA of at least 10
different visual fields of each sample.

Western blots

As described previously by our lab (Chang et
al. 2018). The total protein, extracted from the frozen
gastrocnemius muscles of mice and ground squirrels
by homogenization, was put into a sample buffer
(pH 6.8, 100 mM Tris, 4% SDS, 5% glycerol, 5%
2-B-mercaptoethanol, and bromophenol blue). Then, the
muscle protein extracts were separated by SDS-PAGE
(10% Laemmli gels with an acrylamide/bisacrylamide
ratio of 29:1 for P-Akt, P-mTORCI1, P-S6K1, P-4E-
BP1, calpainl, calpain2, calpastatin, troponin T, desmin,
atrogin-1, MuRF-1, Beclin-1, LC3, MyoD, myogenin
and myostatin). After electrophoresis, the total protein
bands were visualized by putting the gel on the UV
transilluminator and irradiating for 2 min; the Syngene
G:BOX system (Syngene, Frederick, MD) was then
used to take photographs of the gel. The protein gel
was transferred electrically to PVDF membranes
(0.45 pm) using a Bio-Rad semi-dry transfer apparatus.
Then, the membranes were blocked with 5% skim milk
dissolved in TBST (10 mM Tris—HCI, 150 mM NaCl,
0.05% Tween-20. pH 7.6) for 2 h at room temperature
and incubated with the primary antibodies of P-Akt
(Ser473) (1:1,000, abcam, 81283), P-mTORCI1
(Ser2448) (1:1,000, sigma, 4504476), P-S6K1 (Thr389)
(1:1,000, Cell Signaling Technology (CST), 9205S),
P-4E-BP1 (Thr37/46) (1:1,000, CST, 2855S), calpainl
(1:1,000, CST, 25568), calpain2 (1:1,000, CST, 2539S),
calpastatin (1:1,000, CST, 4146S), troponin T (1:1,000,
Sigma, T6277), desmin (1:1,000, CST, 4024S), atrogin-1
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(1:1,000, Proteintech, 12866-1-AP), MuRF-1 (1:1000,
Abcam, ab172479), Beclin-1 (1:1000, CST, 3738), LC3
(1:1000, abcam, ab48394), MyoD (1:1,000, proteintech,
18943-1-AP), myogenin (1:1,000, abcam, 124800) and
myostatin (1:1,000, proteintech, 19142-1-AP) in TBST
containing 0.1% bovine serum albumin (BSA) at 4°C
overnight. Then the membrane was washed with TBST
four times (10 minutes/time) and incubated with HRP-
conjugated anti-mouse secondary antibody (1:10000,
Thermo Fisher Scientific, A28177) or HRP-conjugated
anti-rabbit secondary antibody (1:5000, Thermo Fisher
Scientific, A27036) for 2 h at room temperature. Then
the PVDF membrane was washed three times (10 min/
time). The fluorescent bands were visualized using
enhanced chemiluminescence reagents (Thermo Fisher
Scientific, NCI5079). The NIH Image J software was
used to carry out quantification analysis. The density
of the immunoblot band in each individual lane was
standardized using the summed densities from a group
of total protein bands in the same lane.

Statistical analyses

An independent-samples ¢-test was used to
determine the significant differences between OB and
CON mice, SA and PRE ground squirrels. All western
blot data were corrected for false discovery rate (FDR).
All data were analyzed using SPSS 24 and expressed
as means £ SEM. p < 0.05 was considered to be
statistically significant.

RESULTS
Body weight

The composition of normal diet and high fat diet
is shown in table 1. The fat calorie percentage of high
fat diet is 61%. As shown in table 2, after being fed a
high-fat diet or normal diet for 3 months, the OB mice
gained 10.6% higher body weight than the CON group
(CON: 463 +0.5 gvs. OB: 51.2+ 1.1 g, p <0.05). In
ground squirrels, the body weight of the PRE group was
significantly increased by 67.9% (SA: 200.3 £ 2.0 g vs.
PRE: 336.3 £ 15.6 g, p < 0.05) compared with the SA
group at experiment time.

Adipose tissue wet weight, muscle wet weight
and the ratio of muscle wet weight to body
weight

As shown in table 3, compared with the CON

mice, the mesenteric adipose wet weight in the OB
group was significantly increased by 1.1-fold from
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0.89 g to 1.89 g (p < 0.05), while the perirenal adipose
wet weight was significantly increased by 1.1-fold from
0.30 g to 0.63 g (p < 0.05). Compared with the SA
ground squirrels, the mesenteric adipose wet weight in
the PRE group was significantly increased by 24.4-fold
from 0.74 g to 18.78 g (p < 0.05), the perirenal adipose
wet weight was significantly increased by 8.8-fold
from 0.32 g to 3.13 g (p < 0.05), and the subcutaneous
adipose wet weight was significantly increased by 34.6-
fold from 0.35 g to 12.47 g (p < 0.05).

As shown in figure 1A, the wet weight of the
gastrocnemius muscle in the OB mice was significantly
reduced by 8.8% from 361.75 mg to 329.80 mg
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compared with the CON group (p < 0.05). However,
there was no change in the gastrocnemius muscle wet
weight between the PRE and SA ground squirrels.

As shown in figure 1B, the ratio of muscle wet
weight/body weight was significantly decreased by
17.4% in the OB mice compared with the CON group (p
< 0.05), while the ratio was significantly decreased by
40.3% in the PRE ground squirrels compared with the
SA group (p <0.05).

Fiber type distribution and fiber CSA

The fiber type distribution and CSA of the
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Fig. 1. Skeletal muscle wet weight and the ratio of muscle wet weight/body weight. (A) The changes in muscle wet weight in mice and Daurian
ground squirrels. (B) The changes in the ratio of muscle wet weight/body weight in mice and Daurian ground squirrels. CON: control mice, OB: mice
after 3 months of ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE: pre-hibernation, squirrels that finished natural fattening,
sacrificed in late-autumn (end of September, 30-40 d before hibernation). Values are mean = SEM, n = 6. *p < 0.05 compared with CON group.
#p < 0.05 compared with SA group.

Table 2. Body weight for all groups

CON OB SA PRE
Body weight before high fat-fed (g) 24.1+0.3 245+0.2 - -
Body weight at experiment time (g) 46.3+0.5 512+1.1% 200.3£2.0 3363+ 15.6#

CON: control mice, OB: mice after 3 months of ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE: pre-hibernation, squirrels
that finished natural fattening, sacrificed in late-autumn (end of September, 3040 d before hibernation). Values are mean + SEM, n = 6. *p < 0.05
compared with CON group. #p < 0.05 compared with SA group.

Table 3. Adipose tissue wet weight

CON OB SA PRE
Mesenteric adipose wet weight (g) 0.89+0.12 1.89+0.21 * 0.74+0.20 18.78 £2.74 #
Perirenal adipose wet weight (g) 0.30+0.03 0.63+0.08 * 0.32+0.13 3.13+0.37#
Subcutaneous adipose wet weight (g) - - 0.35+0.17 1247+ 1.15#

CON: control mice, OB: mice after 3 months of ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE: pre-hibernation, squirrels
that finished natural fattening, sacrificed in late-autumn (end of September, 3040 d before hibernation). Values are mean + SEM, n = 6. *p < 0.05
compared with CON group. #p < 0.05 compared with SA group.
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gastrocnemius muscle fibers were measured by
immunofluorescent staining. As shown in figure 2B, the
percentage of MHC I fiber isoform in the gastrocnemius
muscles was significantly increased (58.1%, p < 0.05)
in the OB mice compared with the CON group, whereas
it had no significant difference between the PRE and SA
ground squirrels.

Compared with the CON mice, the CSA of
the gastrocnemius muscle was significantly reduced
(-14.7%, p < 0.05) in the OB group, whereas it was not
significantly different between the PRE and SA ground
squirrels (Fig. 2C).

Relative protein levels of MuRF-1 and atrogin-1

We analyzed the expression levels of MuRF-1
and atrogin-1, which are molecular markers of muscle
atrophy and the E3s in the ubiquitin proteasome
pathway (Bodine et al. 2001). Compared with the CON
mice, the expression of MuRF-1 was significantly
increased in the OB group (18.1%, p < 0.05), while it
was not significantly different between the PRE and
SA ground squirrels (Fig. 3B). The expression level of

A Mice
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atrogin-1 showed no change in the CON or OB mice. In
addition, there was no significant difference in the PRE
or SA ground squirrels (Fig. 3C).

Relative protein levels of calpain1, calpain2,
calpastatin, desmin and troponin T

We determined the molecules in the calpain
pathway that initiate protein degradation, including
calpainl and calpain2, which act on degradation, their
inhibitor calpastatin, and their substrates desmin and
troponin T (Yang et al. 2014). The expression levels
of calpainl and calpain2 were significantly increased
in the gastrocnemius muscle in the OB mice (60.1%
and 22.4%, respectively, p < 0.05) compared with the
CON group, while there was no significant difference
between the PRE and SA ground squirrels (Fig. 4B and
4C). The expression level of calpastatin showed no
significant difference between the OB and CON mice,
or between the PRE and SA ground squirrels (Fig. 4D).
As the substrates of calpain, both desmin and troponin T
showed a significant decrease in the OB mice compared
with the CON group (-33.6% and -29.8%, respectively,
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Fig. 2. MHC I isoform distribution and single fiber cross-sectional area (CSA). (A) Representative immunofluorescent images of MHC 1 (green)
fibers in gastrocnemius muscles in each group. Red represents laminin stain of myofiber interstitial tissue. Scale bar = 50 pm. (B) The changes in
MHC 1 isoform distribution (%) in mice and Daurian ground squirrels. (C) The changes in muscle single fiber CSA in mice and Daurian ground
squirrels. CON: control mice, OB: mice after 3 months of ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE: pre-hibernation,
squirrels that finished natural fattening, sacrificed in late-autumn (end of September, 30-40 d before hibernation). Values are mean + SEM, n = 6.

*p <0.05 compared with CON group.
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p < 0.05). However, both desmin and troponin T was
not significantly different between the PRE and SA
ground squirrels (Fig. 4E and 4F).

Relative protein levels of Beclin-1 and LC3-ll

Beclin-1 and LC3-II are important molecules in
the autophagy pathway of protein degradation (Chang et
al. 2020). Compared with the CON mice, the expression
levels of Beclin-1 and LC3-II had no significant
differences in the OB group. However, both Beclin-1
and LC3-II were significantly decreased in the PRE
ground squirrels compared with the SA group (-11.8%
and -35.5%, respectively, p < 0.05, Fig. 5B and 5C).

Relative protein levels of P-Akt, P-mTORC1,
P-S6K1 and P-4E-BP1

The Akt//mTOR pathway is an important way
to regulate protein synthesis, and S6K1 and 4E-
BP1 are the most important effectors downstream of
mTORCI1 (Schiaffino et al. 2013). Here, we measured
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the expression levels of phosphorylated Akt, mTORCI,
S6K1 and 4E-BP1 to compare the differences in protein
synthesis in obesity mice and ground squirrels. As
shown in figure 6, the relative protein levels of P-Akt
and P-mTORC1 were significantly decreased in the
OB mice compared with the CON group (-33.8% and
-25.0%, respectively, p < 0.05). In contrast, both P-Akt
and P-mTORC1 were significantly increased in the
PRE ground squirrels compared with the SA group
(22.3% and 28.9%, respectively, p < 0.05, Fig. 6B and
6C). The relative protein level of P-S6K1 showed no
change between the OB and CON group in mice (Fig.
6D), while it was significantly increased in the PRE
ground squirrels compared with that in the SA group
(30.5%, p < 0.05, Fig. 6D). In addition, the protein
expression level of P-4E-BP1 in the OB mice was
significantly decreased compared with the CON group
(-26.1%, p < 0.05), while it showed an increased trend
but no significant difference in the PRE ground squirrels
compared with that in the SA group (40.1%, p = 0.05,
Fig. 6E).
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Fig. 3. The protein expression levels of MuRF-1 and atrogin-1. (A) Representative immunoblots of MuRF-1 and atrogin-1 in gastrocnemius muscles
in each group. (B) The relative protein expression level of MuRF-1 in mice and Daurian ground squirrels. (C) The relative protein expression level
of atrogin-1 in mice and Daurian ground squirrels. CON: control mice, OB: mice after 3 months of ingesting high fat diet, SA: summer active
Daurian ground squirrels, PRE: pre-hibernation, squirrels that finished natural fattening, sacrificed in late-autumn (end of September, 3040 d before
hibernation). Values are mean + SEM, n = 6. *p < 0.05 compared with CON group.
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Fig. 4. The protein expression levels of calpainl, calpain2, calpastatin, desmin and troponin T. (A) Representative immunoblots of calpainl,
calpain2, calpastatin, desmin and troponin T in gastrocnemius muscles in each group. (B) The relative protein expression level of calpainl in mice
and Daurian ground squirrels. (C) The relative protein expression level of calpain2 in mice and Daurian ground squirrels. (D) The relative protein
expression level of calpastatin in mice and Daurian ground squirrels. (E) The relative protein expression level of desmin in mice and Daurian ground
squirrels. (F) The relative protein expression level of troponin T in mice and Daurian ground squirrels. CON: control mice, OB: mice after 3 months
of ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE: pre-hibernation, squirrels that finished natural fattening, sacrificed in
late-autumn (end of September, 30-40 d before hibernation). Values are mean + SEM, n = 6. *p < 0.05 compared with CON group.
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Relative protein levels of MyoD, myogenin and
myostatin

We also determined the molecular expression of
regeneration pathway related to maintaining muscle
mass, including MyoD and myogenin, which promotes
the proliferation and differentiation of satellite cells
(Chen and Shan 2019), and myostatin, a negative
regulator of muscle growth (Ohno et al. 2016). As
shown in figure 7, the relative protein level of MyoD
showed no significant difference between the OB and
CON mice, while it was significantly increased in the
PRE ground squirrels compared with the SA group
(39.2%, p < 0.05, Fig. 7B). The expression level of
myogenin was significantly decreased in the OB mice
compared with the CON group (-31.0%, p < 0.05),
while it showed an increased trend but no significant
difference in the PRE ground squirrels compared with
the SA group (21.6%, p = 0.08, Fig. 7C). Moreover,
the expression of myostatin in the OB mice was
significantly increased by 42.7% compared with that
in the CON group (p < 0.05), but showed no change
between the PRE and SA ground squirrels (Fig. 7D).

DISCUSSION

In this study, we innovatively compared the
differences in protein metabolism and regeneration
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related protein expression levels in gastrocnemius
muscle between the pathological obesity model induced
by high-fat diet (mice) and the healthy obesity model
fattened before hibernation (ground squirrels). We
detected body weight, adipose tissue wet weight,
gastrocnemius muscle wet weight, cross-sectional
area, fiber type distribution, and the relative expression
levels of proteins which related to protein synthesis,
degradation and cell regeneration. Our results showed
that the gastrocnemius muscle exhibited opposite effects
of muscle atrophy and anti-atrophy in pathologically
obese mice and healthy obese ground squirrels, which
was caused by the differential regulation of protein
synthesis, degradation and cell regeneration (Fig.
8 and Table 4). Although some controversial views
may focus on the differences in body size and living
environment between mice and ground squirrels, they
are all rodents at least, and the atrophy and anti-atrophy
in gastrocnemius muscle are affirmatory in the two
species, respectively. Perhaps other hibernating animals
can be used as a potential research model for anti-
obesity muscular atrophy.

Both the OB mice and the PRE ground squirrels
showed a significant increase in body weight (Table
2) and adipose tissue wet weight (Table 3). The body
weight of the OB mice increased by nearly 10.6%
compared with the CON group, while the body weight
showed a higher increase by 67.9% in the PRE ground
squirrels compared with the SA group (Table 2). In
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Fig. 5. The protein expression levels of Beclin-1 and LC3-II. (A) Representative immunoblots of Beclin-1 and LC3 in gastrocnemius muscles in
each group. (B) The relative protein expression level of Beclin-1 in mice and Daurian ground squirrels. (C) The relative protein expression level of
LC3-II in mice and Daurian ground squirrels. CON: control mice, OB: mice after 3 months of ingesting high fat diet, SA: summer active Daurian
ground squirrels, PRE: pre-hibernation, squirrels that finished natural fattening, sacrificed in late-autumn (end of September, 30—40 d before
hibernation). Values are mean + SEM, n = 6. #p < 0.05 compared with SA group.
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addition, our data showed that the increase in adipose
tissue wet weight in the OB mice was mainly due to
the increase in fat around the organs such as kidneys
and mesentery, but no fat was accumulated at the
subcutancous level of the back scapula (Table 3).
Perhaps adipose tissue always exists in subcutaneous
tissue at a certain level, but it may not be apparent in
the CON and OB mice. We could not easily separate
subcutaneous adipose tissue by dissection. Of course,
we believe that it is unnecessary to use other methods
(for example, Soxhlet solvent extraction method) to

A Mice
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extract subcutaneous adipose tissue in the present study.
In contrast, in the ground squirrels, fat accumulation
was not only increased around the organs including the
kidney and mesentery, the subcutaneous fat content of
the back scapula also increased significantly after the
fattening before hibernation (Table 3). The fattening
period before hibernation is a transition period from
active to hibernation, in which the ground squirrels
prepare for the hibernation period to successfully cope
with fasting, disuse, hypoxia and other conditions
(Chang et al. 2020). Brown adipose is located in the
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Fig. 6. The protein expression levels of P-Akt, P-mTORCI, P-S6K1 and P-4E-BP1. (A) Representative immunoblots of P-Akt, P-mTORC1, P-S6K 1
and P-4E-BP1 in gastrocnemius muscles in each group. (B) The relative protein expression level of P-Akt in mice and Daurian ground squirrels. (C)
The relative protein expression level of P-mTORC]1 in mice and Daurian ground squirrels. (D) The relative protein expression level of P-S6K1 in
mice and Daurian ground squirrels. (E) The relative protein expression level of P-4E-BP1 in mice and Daurian ground squirrels. CON: control mice,
OB: mice after 3 months of ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE: pre-hibernation, squirrels that finished natural
fattening, sacrificed in late-autumn (end of September, 30-40 d before hibernation). Values are mean + SEM, n = 6. *p < 0.05 compared with CON

group. #p < 0.05 compared with SA group.
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subcutaneous area of the back scapula (Smith and Hock
1963), which is considered to be the main contributor
to rapid heat production that quickly restores body
temperature and metabolic rate during interbout arousals
period (Ballinger and Andrews 2018). Therefore, the
location and degree of fat accumulation are different in
the pathological obesity and healthy obesity models.

In the present study, the muscle wet weight, the
ratio of muscle wet weight/body weight and the CSA of
the gastrocnemius muscle were significantly decreased
by 8.8%, 17.4% and 14.7%, respectively, in the OB
mice compared with the CON group (Figs. 1 and 2).
Additionally, the percentage of MHC I fiber (slow-twitch
fiber) isoform was significantly increased by 58.1% (Fig.
2), which is consistent with the increase in type I fiber in
gastrocnemius and plantaris muscles of male C57BL/6J
mice induced by 8-week high-fat diet (Shortreed et al.
2009). Furthermore, the protein expression level of
MuRF-1 (one of atrogenes) was significantly increased
by 18.1% (Fig. 3B). The above results indicated an
atrophy in gastrocnemius muscle of the OB mice.
Similarly, the cross-sectional area of gastrocnemius
muscle fiber was significantly decreased by 22.9% in
the male obese Wistar rats induced by a 16-week high-
fat and high-carbohydrate Western-type diet (Sishi et al.

A
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2011). Muscle atrophy also occurred in adult BALB/c
mice fed a high-fat diet for 10 weeks and the degree of
atrophy was soleus muscle > gastrocnemius muscle >
tibialis anterior muscle (Adhikary et al. 2019). Atrophy
of the tibialis anterior muscle was also found in male
12-week-old C57BL/10 mice fed on a high-fat diet for
38 weeks (Abrigo et al. 2016). However, there was no
change in the muscle weight of gastrocnemius muscle
(Fig. 1A), the CSA of muscle fibers, the proportion of
MHC I in muscle fibers (Fig. 2), the expression levels
of MuRF-1 and atrogin-1 in the PRE ground squirrels
(Fig. 3) compared with the SA group, which indicated
that the gastrocnemius muscle was maintained in PRE
ground squirrels. The significant decrease in the ratio
of muscle wet weight/body weight (more severe than
OB mice, Fig. 1B) is due to the rapid increase in body
weight, which indicates severe obesity. Consistent
with our previous research, the plantaris muscle and
extensor digitorum longus muscle were also maintained
in PRE ground squirrels compared with the SA group
(Zhang et al. 2019; Ma et al. 2019). Thus, after the
fat accumulation, the gastrocnemius muscle showed
atrophy in the OB mice, but was maintained in the PRE
ground squirrels.

In the present study, the protein expression
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Fig. 7. The protein expression levels of MyoD, myogenin and myostatin. (A) Representative immunoblots of MyoD, myogenin and myostatin in
gastrocnemius muscles in each group. (B) The relative protein expression level of MyoD in mice and Daurian ground squirrels. (C) The relative
protein expression level of myogenin in mice and Daurian ground squirrels. (D) The relative protein expression level of myostatin in mice and
Daurian ground squirrels. CON: control mice, OB: mice after 3 months of ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE:
pre-hibernation, squirrels that finished natural fattening, sacrificed in late-autumn (end of September, 30—40 d before hibernation). Values are mean +
SEM, n = 6. *p < 0.05 compared with CON group. #p < 0.05 compared with SA group.
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levels related to protein degradation were different in
pathologically obese mice and healthy obese ground
squirrels. First, the protein expression levels of calpainl
and calpain2 were significantly increased, while
calpastatin (the endogenous inhibitor of calpains)
showed no change in the OB mice (Fig. 4). However,
in the PRE ground squirrels, the protein expression
levels of calpainl, calpain2 and calpastatin showed no
change in gastrocnemius muscle compared with the
SA group (Fig. 4). Therefore, the differential calpain
activation is involved in the mechanisms of muscle
atrophy in pathological obesity mice and remarkable
ability of muscle maintenance in healthy obese ground
squirrels. Our previous research showed that the
homeostasis of Ca®" concentration plays an important
role in the calpain system regulation and anti-atrophy in
skeletal muscle of the Daurian ground squirrels during
hibernation; meanwhile, the concentration of Ca*' in
the gastrocnemius muscle rises during hibernation and
returns to normal post-hibernation (Fu et al. 2016).
Our recent study shows that there is no change in the
cytoplasmic Ca”" level in the plantaris or adductor
magnus muscle in the PRE group compared to the
SA ground squirrels (Zhang et al. 2020). Therefore,
our study suggests that the homeostasis of cytosolic
calcium might be involved in the inactivation of the

Table 4. The relative protein expression levels
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calpain system in the gastrocnemius muscle of PRE
ground squirrels compared with the SA group. Calpain
system has many substrates including cytoskeleton
proteins and sarcomeric proteins (Goll et al. 2003),
which can reflect the activity of calpain (Dina et al.
2018; Huang and Zhu 2016). Desmin is an intermediate
fibrin located around the Z line of skeletal muscles and
can be rapidly degraded by calpain (Tokuyasu et al.
1983). We found that the protein expression level of
desmin was significantly reduced in the OB mice (Fig.
4), indicating an increase in calpain activity. However,
no change was detected in desmin protein expression in
the PRE ground squirrels compared with SA group (Fig.
4), which indicated the inactivated calpain. Similarly,
troponin T, another substrate of calpain system, which
is one of the components of sarcomeric proteins, also
significantly decreased in the OB mice, but showed no
change in the PRE ground squirrels (Fig. 4). Thus, our
study suggests that the calpain system might play an
important role in the mechanism of muscle atrophy and
anti-atrophy in pathological obesity and healthy obesity
models.

The increased calpain activity can lead to an
increase in the expression of proteins in the ubiquitin-
proteasome pathway (Smith et al. 2008). In the
ubiquitin-proteasome pathway, MuRF-1 can bind to

Pathway Proteins OB vs. CON PRE vs. SA
Protein degradation ubiquitin-proteasome pathway MuRF-1 18.1% * 8.1%
atrogin-1 11.3% -0.9%
calpain pathway calpainl 60.1% * -7.4%
calpain2 22.4% * 3.1%
calpastatin -2.7% 4.1%
desmin -33.6% * 7.6%
troponin T -29.8% * 6.7%
autophagy lysosomal pathway Beclin-1 9.0% -11.8% "
LC3-1I 7.8% -35.5%"
Protein synthesis PI3K/AKT/mTOR pathway P-Akt -33.8% * 22.3%*
P-mTORCI -25.0% * 28.9% °
P-S6K 1 -6.5% 30.5% "
P-4E-BP1 -26.1% * 40.1% (p = 0.05)
Cell regeneration MyoD -17.5% 39.2%*
myogenin -31.0% * 21.6% (p = 0.08)
myostatin 42.7% * 5.5%

Compared with the CON group, the protein expression level changes in the OB group are shown in the fourth column. Similarly, compared with
the SA group, the protein expression level changes in the PRE group are shown in the fifth column. CON: control mice, OB: mice after 3 months of
ingesting high fat diet, SA: summer active Daurian ground squirrels, PRE: pre-hibernation, squirrels that finished natural fattening, sacrificed in late-
autumn (end of September, 3040 d before hibernation). Values are mean + SEM, n = 6. *p < 0.05 compared with CON group. #p < 0.05 compared

with SA group.
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and induce myosin heavy chain degradation, which
contributes to muscle atrophy (Egerman and Glass
2014). Our results showed that the protein expression
of MuRF-1 was significantly increased, while atrogin-1
showed no change in the gastrocnemius muscle of the
OB mice compared with the CON group (Fig. 3), which
suggested that the ubiquitin-proteasome pathway was
activated in pathologically obese mice. Similarly, there
was a significant increase in the protein expression
level of MuRF-1 in the gastrocnemius muscle of male
Wistar rats fed a high-fat and high-carbohydrate diet for
16 weeks, while atrogin-1 showed an increased trend
but no significant difference (p = 0.06) in the obese rats
(Sishi et al. 2011). Sulekha et al. also reported that the
mRNA level of MuRF-1 was significantly increased in
the obese mice fed with a high-fat diet compared with
the control group, and that there was no change in the
mRNA level of atrogin-1 (Adhikary et al. 2019). Our
data suggested that the MuRF-1 was more sensitive than
atrogin-1 in the high-fat diet-induced obesity model.
Tumor necrosis factor o (TNF-0) regulates different
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E3s (Sishi et al. 2011). Nuclear factor kappa-B (NF-
«B) activated by IkB kinase b (IKKb) specifically acts
on the activation of MuRF-1 instead of atrogin-1, while
p38 mitogen-activated protein kinase (p38 MAPK)
acts on the activation of atrogin-1 (Glass 2005). The
expression of TNF-a was significantly increased in
the skeletal muscle of obese Male Wistar rats induced
by high-fat diet (Borst and Conover 2005). Thus, we
assumed that TNF-o and NF-xB signals were involved
in obese muscular atrophy induced by the high-fat
diet, and the difference in NF-kB and p38 MAPK
activity resulted in different sensitivities of MuRF-
1 and atrogin-1 in the high-fat diet-induced obesity
model. However, there were no changes in the protein
expression levels of atrogin-1 and MuRF-1 between the
PRE and SA ground squirrels (Fig. 3). In addition, the
present study showed that the protein levels of Beclin-1
and LC3-II were unchanged in the gastrocnemius
muscle between the OB and CON mice (Fig. 5), which
indicated that the autophagy lysosomal pathway was not
activated in the OB mice. Similarly, the protein level
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Fig. 8. Diagrammatic representation of the protein metabolism and cell regeneration in skeletal muscle of two obesity models. (A) The change in
protein synthesis. In the OB mice, the expression levels of P-Akt, P-rmTORC]1 and P-4E-BP1 decreased significantly. In the PRE ground squirrels, the
expression levels of P-Akt, P-mTORC]1 and P-S6K1 increased significantly. (B) The change in protein degradation. In the OB mice, the expression
levels of calpainl, calpain2 and MuRF-1 increased significantly, and the expression levels of desmin and troponin T decreased significantly. In the
PRE ground squirrels, the expression levels of beclin-1 and LC3-II decreased significantly. (C) The change in cell regeneration. In the OB mice, the
expression level of myostatin increased significantly, and the expression level of myogenin decreased significantly. In the PRE ground squirrels, the
expression level of MyoD increased significantly. OB: mice after 3 months of ingesting high fat diet, PRE: pre-hibernation, squirrels that finished
natural fattening, sacrificed in late-autumn (end of September, 3040 d before hibernation). P-Akt, phosphorylated protein kinase B; P-mTORCI,
phosphorylated mammalian target of rapamycin in complex 1; P-S6K 1, phosphorylated ribosomal protein S6 kinase 1; P-4E-BP1, phosphorylated
4E binding protein 1; MuRF-1, muscle ring finger-1; LC3, microtubule-associated protein 1A/1B-light chain 3; MyoD, myogenicity differentiation
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of LC3 was unchanged in the gastrocnemius muscle
of C57BL/6 male mice induced by a 10-week high-
fat diet (Herrenbruck and Bollinger 2019). Beclin-1
and LC3-II/I also showed no difference between the
obesity and control groups in the soleus muscle and
plantaris muscle of female Sprague Dawley rats induced
by a 16-week high-fat diet (Campbell et al. 2015).
Moreover, the expression of Beclin-1 also showed
no change in the soleus and gastrocnemius muscle of
obese male C57BL/6 mice fed a high-fat diet for 20
weeks (Zhang et al. 2019). However, the expression of
Beclin-1 and LC3-II were significantly decreased in the
gastrocnemius muscle in PRE ground squirrels (Fig. 5),
which was different from our recent report showing that
the expression of Beclin-1 was increased in the soleus
muscle of the PRE Daurian ground squirrels compared
with the SA group (Chang et al. 2020). We assumed
that the autophagy activation is muscle type specific.
Thus, the increased levels of proteins in the calpain
system and the ubiquitin-proteasome pathway might
be involved in the increased protein degradation in the
gastrocnemius muscle of pathological obesity induced
by a high-fat diet, further contributing to muscle
atrophy. However, compared with the SA ground
squirrels, the decrease in the level of proteins from the
autophagy lysosomal pathway might be involved in the
reduced protein degradation in healthy obesity caused
by fattening before hibernation, further contributing to
preventing muscle atrophy.

The Akt/mTOR pathway plays a critical role in
skeletal muscle protein synthesis (Gao et al. 2018).
In the present study, the protein levels of P-Akt and
P-mTORCI1 showed a significant reduction, while their
downstream effector, P-4E-BP1, showed a significant
decrease and P-S6K1 showed no change in the OB
mice compared with the control group (Fig. 6), which
is consistent with the findings in the plantaris muscle
of male obese C57BL/6 mice induced by a 14-week
high-fat and low-carbohydrate diet, the gastrocnemius
muscle of male obese Wistar rats induced by a 16-week
high-fat and high-carbohydrate Western-type diet, and
the gastrocnemius muscle of male obese C57BL/6 mice
induced by a 10-week high-fat diet (Sishi et al. 2011;
Sitnick et al. 2009; Tong et al. 2019). However, the
expression levels of P-Akt, P-mTORCI1 and P-S6K1
significantly increased, and the expression level of
P-4E-BP1 had no significant difference but showed
an increased trend (p = 0.05) in PRE ground squirrels
compared to those in the SA group (Fig. 6), which might
contribute to preventing the gastrocnemius muscle
atrophy in healthy obese ground squirrels. Moreover,
P-Akt can not only activate mTOR, but also prevent
the activation of the atrogin-1 MuRF-1 in the ubiquitin-
proteasome pathway and LC3 in the autophagy
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lysosomal pathway, which can inhibit the degradation
of proteins (Schiaffino and Mammucari 2011; Stitt et
al. 2004). In our study, the expression of P-Akt in obese
mice was significantly reduced (Fig. 6), which suggests
that the inhibitory effect of Akt on protein degradation
was weakened. Additionally, the significant increase
in P-Akt expression in the PRE ground squirrels also
suggests that the inhibition of protein degradation
was enhanced (Fig. 6). Taken together, the reduction
in the levels of proteins in the Akt/mTOR pathway
might involve the decrease in protein synthesis in the
gastrocnemius muscle of pathological obesity induced
by a high-fat diet, further promoting muscle atrophy.
However, compared with the SA ground squirrels, the
enhanced Akt/mTOR pathway protein expression levels
might be involved in the increased protein synthesis in
healthy obesity caused by fattening before hibernation,
further contributing to the prevention of muscle atrophy.

Our data showed that the expression level of
myogenin proteins in OB mice was significantly
reduced, with the increase of myostatin compared with
the CON group, however, MyoD showed no change
between the OB and the CON mice (Fig. 7). The results
indicated that the pathological obesity induced by a
high-fat diet caused a decrease in skeletal muscle cell
regeneration process. Similar to our study, the mRNA
levels of myogenin and MyoD decreased significantly,
while myostatin increased significantly in muscles in
8-week old male BALB/c mice fed a high-fat diet for
10 weeks (Adhikary et al. 2019). Moreover, in male
wild-type C57/black6j mice fed a high-fat diet for one
month, the mRNA level of myostatin was significantly
increased in the tibialis anterior muscle (Allen et al.
2008). In contrast, the protein expression level of MyoD
was significantly increased and the expression level
of myogenin had no significant difference but showed
an increased trend (p = 0.08), while the myostatin
level showed no change in the PRE ground squirrels
compared with the SA group (Fig. 7), which suggests
that an increase in skeletal muscle regeneration
occurs in the healthy obesity induced by fattening
before hibernation. Myostatin negatively regulates
Akt signaling in skeletal muscle (Sartori et al. 2009;
Trendelenburg et al. 2009). Previous studies have
reported that myostatin can up-regulate atrogin-1 and
MuRF-1 in cultured muscle cells (Bonaldo and Sandri
2013), which indicates that myostatin is a negative
regulator of muscle growth. In the current study, both
the expression of myostatin and MuRF-1 increased
significantly in the pathological obesity model, which
indicates that myostatin had a regulatory effect and
that myogenesis was reduced. MyoD is a substrate of
atrogin-1, so atrogin-1 plays a negative regulatory role
in myogenesis (De Larichaudy et al. 2012; Lokireddy et
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al. 2012). Desmin is not only a substrate of the calpain
system, but also an intermediate filament protein
expressed during muscle differentiation. A decrease in
desmin is a signal of impaired muscle fiber maturation
(Hawke et al. 2003). Our results showed that desmin
expression was significantly decreased in the OB mice,
but showed no change in the PRE ground squirrels,
which suggested that the muscle fiber maturation is
impaired in the OB mice, but not in the PRE ground
squirrels. Thus, pathological obesity induced by a high-
fat diet caused a decline in the expressions of proteins
related to cell regeneration, while healthy obesity
caused by pre-hibernation fattening showed an increase
in protein expressions related to cell regeneration,
which might be involved in the mechanism of muscle
atrophy and anti-muscle atrophy in obese mice and
ground squirrels, respectively.

CONCLUSIONS

In conclusion, the gastrocnemius muscle showed
atrophy in pathological obese mice induced by high-
fat diet, but it showed anti-atrophy in healthy obese
ground squirrels caused by pre-hibernation fattening.
The decrease in the protein expression levels of the
Akt/mTOR pathway and cell regeneration, the increase
in the protein expression levels of the calpain system
and ubiquitin-proteasome pathway were involved in
the mechanism of muscle atrophy in the gastrocnemius
muscle of the OB mice. However, the increased
protein expression levels of the Akt/mTOR pathway
and cell regeneration, and the decreased protein
expression levels of the autophagy lysosomal pathway,
were involved in the mechanism of anti-atrophy in
gastrocnemius muscle of the healthy obese ground
squirrels fattened before hibernation. The present study
not only clarified the differential protein metabolism
and regeneration in gastrocnemius muscles in high-
fat diet fed mice and pre-hibernation Daurian ground
squirrels, but also provided experimental evidence for
screening key targets for anti-obesity muscular atrophy
in fattening ground squirrels before hibernation.
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