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As the most common post-translational protein modification, glycosylation is intimately
linked to muscle atrophy. This study aimed to investigate the performance of protein
glycosylation in the soleus muscle (SOL) in Daurian ground squirrels (Spermophilus
dauricus) and to determine the potential role of protein glycosylation in the mechanism
underlying disuse muscle atrophy prevention. The results showed that (1) seven glycan
structures comprising sialic acid α2-3 galactose (SAα2-3Gal) were altered during
hibernation; (2) alterations in the SAα2-3Gal structure during hibernation were based on
changes in the expression levels of beta-galactoside alpha-2 and 3-sialyltransferases;
and (3) α2-3–linked sialylated modifications of heat shock cognate 70 and pyruvate
kinase and expression of 14-3-3 epsilon protein were oscillatorily changed during
hibernation. Our findings indicate that the skeletal muscles of hibernating Daurian
ground squirrels maintain protein sialylation homeostasis by restoring sialylation
modification during periodic interbout arousal, which might protect the skeletal muscles
against disuse atrophy.

Keywords: disuse muscle atrophy, hibernation, glycoproteomics, protein glycosylation, protein sialylation,
interbout arousal, Daurian ground squirrel, soleus muscle

INTRODUCTION

Since skeletal muscles control mobility, they have a significant impact on overall health and well-
being. Skeletal muscle atrophy leads to deterioration in muscle function and increases fatigability
and susceptibility to pathological and stress fractures (Degens and Alway, 2006; Bonaldo and
Sandri, 2013). Muscle disuse and physical inactivity are common causes of muscle atrophy (Bodine,
2013a; Rudrappa et al., 2016; Gao et al., 2018). Although disuse muscle atrophy is a common clinical
problem, there is currently no effective treatment option available to prevent disease progression.
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This is primarily due to a poor understanding of the cellular and
molecular mechanisms underlying disuse muscle atrophy.

Approximately 70% of all human proteins are modified
by diverse glycan structures, making glycosylation the
most common post-translational protein modification
(Apweiler et al., 1999). Glycans can enhance protein stability
via nascent peptide chain folding, protect proteins from
protease digestion, modify protein–protein binding and
enzymatic activity, control protein secretion events, and
mediate intercellular interaction and signaling (Haltiwanger,
2002; Haltiwanger and Lowe, 2004; Helenius and Aebi, 2004).
Glycosylation, such as O-linked N-acetylglucosaminylation
(O-GlcNAc), has been implicated in the regulation of disuse
muscle atrophy (Cieniewski-Bernard et al., 2004, 2006). Another
glycan modification–protein sialylation–has been reported to
be associated with aging-related fiber degeneration and loss of
muscle strength and mass, and sialic acid has been considered
a biomarker for aging-related changes in muscles (Cieniewski-
Bernard et al., 2006; Marini et al., 2014). Moreover, abnormal
protein glycosylation has been shown to be involved in various
muscle diseases, such as hereditary inclusion body myopathy,
distal myopathy with rimmed vacuoles, and congenital muscular
dystrophy (Martin-Rendon and Blake, 2003; Haliloglu and
Topaloglu, 2004; Malicdan et al., 2008; Stalnaker et al., 2011).
Lectins recognize and bind to specific glycan epitopes of
glycoproteins. Large-scale characterization and quantitative
analysis of glycans and glycoproteins can be achieved using a
lectin microarray (Tateno et al., 2007; Ribeiro and Mahal, 2013)
or another strategy involving lectin-based enrichment of glycan
structures coupled with mass spectrometry (MS) (Wu et al.,
2012; Yang et al., 2013b).

Compared with non-hibernating animals, hibernators show
minimal loss in skeletal muscle mass and less physiological
impairment of skeletal muscle function during hibernation
(Lohuis et al., 2007; Bodine, 2013b). Thus, we used Daurian
ground squirrels (Spermophilus dauricus), which hibernate
for 4–5 months every year, to investigate the relationship
between alterations in glycosylation patterns during hibernation
and muscle atrophy. Previous work has demonstrated that
antigravity soleus muscle (SOL) atrophy was due to disuse
in non-hibernators (Ohira et al., 2002; Gustafsson et al.,
2010). Given the close correlation between protein glycosylation
and disuse muscle atrophy in non-hibernators, the absence
of atrophy in the SOL muscle in Daurian ground squirrels
during hibernation led to the speculation that hibernators could
exhibit alterations in their glycosylation expression profile that
could potentially prevent disuse muscle atrophy (Gao et al.,
2012; Dang et al., 2016a,b). Thus, we performed this follow-
up study to investigate the underlying protective mechanism
utilized by SOL muscles of Daurian ground squirrels during
hibernation using lectin microarray coupled with MS and
bioinformatics analyses. This study provides further insight
into the role of glycosylation in the skeletal muscles of
Daurian ground squirrels during hibernation. Importantly, the
results suggest the significance of homeostatic maintenance of
glycosylation levels in skeletal muscles in preventing disuse
muscle atrophy in hibernators.

MATERIALS AND METHODS

Animals and Study Groups
The Daurian ground squirrels were collected and cared for as
described previously (Gao et al., 2012; Dang et al., 2016b).
Briefly, adult animals of both sexes were captured in Wei Nan,
Shaanxi Province, China, in late August 2013. The animals
were transported to Northwest University in Xi’an and housed
individually in plastic cages (0.55 × 0.4 × 0.2 m3) in a colony
room with an ambient temperature of 18–25◦C and a 12-h:12-h
light:dark cycle. The animals were supplied with standard rodent
chow and water ad libitum, supplemented with fresh fruit
and vegetables. After 1–2 months of acclimation, 32 animals
(22 females, 10 males) were carefully weight matched and
assigned randomly to the following four groups (n = 8/group):
PRE, animals investigated in late autumn as the control, with
body temperatures (Tbs) of 36–38◦C; HIB, animals examined
after 2 months hibernation with Tbs maintained at 5–8◦C; IBA,
animals examined while awake after 2 months hibernation with
Tbs returned to 34–37◦C for several hours; and POST, animals
examined after waking from hibernation and maintaining Tbs of
36–38◦C for more than 2 days.

In late October 2013, the eight active animals in the PRE
group were sacrificed. After presenting evidence of torpor, the
remaining animals were transferred to a dark hibernaculum
maintained at 4–6◦C. Individual observation was performed, and
Tbs were measured daily using a visual thermometer (Thermal
Imager Ti125; Fluke Corporation, Everett, WA, United States) for
the entire hibernation period. Hibernation was identified by low
Tbs (5–8◦C; Figure 1A), curling of the body, and torpor state.
Recovery of Tbs and displacement of sawdust on the back were
used to determine periodic arousal during hibernation. Eight
animals experiencing 2 months hibernation were designated as
the HIB group and were euthanized in the torpid hypothermic
state. Animals that experienced at least 2 months hibernation
and interbout arousal (IBA group) were euthanized in the
early phase of arousal (2–3 h after onset). In April 2014,
the remaining animals (POST group) naturally emerged from
hibernation and were euthanized 2 days later. All animal handling
and care protocols were approved by the Laboratory Animal
Care Committee of China’s Ministry of Health. All experimental
procedures were reviewed and pre-approved by the Northwest
University Ethics Committee.

Muscle Collection
All animals were anesthetized with sodium pentobarbital
(90 mg/kg i.p.) prior to sacrifice. The SOL muscles were obtained
from both hindlimbs of each animal, and muscle wet mass was
recorded. The left SOL muscles were prepared for histochemical
analysis, and the right muscles were flash frozen in liquid
nitrogen and stored at−70◦C until further processing.

Immunohistochemical Analysis
Transverse sections (10 µm) were cut from the mid-belly of
each SOL muscle at −20◦C with a cryostat (CM1850; Leica,
Wetzlar, Germany). Immunohistochemical analysis was used
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FIGURE 1 | Changes in body temperature and soleus (SOL) muscle mass of Daurian ground squirrels during hibernation. (A) Body temperature was detected using
a visual thermometer: (a) Photograph and (b) thermal image of a non-hibernating squirrel. (c) Photograph and (d) thermal image of a hibernating squirrel.
(B) Changes in body mass of squirrels during different periods of hibernation. (C) Changes in SOL muscle wet mass of squirrels during different periods of
hibernation. (D) Changes in SOL muscle/body mass ratio of squirrels during different periods of hibernation. Data are expressed as means ± standard deviations,
n = 8. Analysis of variance was used to assess differences among groups. **P < 0.01 vs. PRE. PRE, pre-hibernation group; HIB, hibernation group; IBA, interbout
arousal group; POST, post-hibernation group.

to determine muscle fiber CSA and distribution. After being
air dried for 10 min and fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS, pH 7.4) for 20 min, the sections
were incubated in 5% bovine serum albumin (BSA; Boster,
Wuhan, China) for 30 min at room temperature and then
incubated in anti-skeletal fast myosin antibody (Sigma-Aldrich,
St. Louis, MO, United States) at 4◦C overnight. Subsequently,
sections were washed (4 × 15 min) in PBS with 1% BSA
and then incubated in anti-mouse polyvalent immunoglobulin
(G,A,M)-fluorescein isothiocyanate antibody produced in goat
(diluted 1:1,000 in PBS with 1% BSA; Sigma-Aldrich) for
2 h at 37◦C to bind to the primary antibody. Sections were
washed (4 × 15 min) in PBS with 1% BSA, then lightly
coated with ProLong Gold antifade mountant (Thermo Fisher
Scientific, San Jose, CA, United States). The sections were imaged
using a laser scanning confocal microscope (LSCM; Nikon,

Tokyo, Japan). A minimum of three fibers or 600 cells per
sample was counted.

The SOL muscle fiber distribution and CSA analyses were
carried out as described previously (Gao et al., 2012). Briefly,
muscle type was established from at least 300 fibers per muscle.
Fiber distribution was expressed as the number of fibers of
each type relative to the total number of fibers. The CSA of at
least 100 fibers per muscle was measured using a Quantimet-
570 video image analyzer (Leica Microsystems Ltd., London,
United Kingdom).

Total Protein Extraction
Total proteins were extracted from the SOL muscles using RIPA
lysis buffer (Beyotime Institute of Biotechnology, Haimen, China)
with a protease inhibitor tablet cocktail (Pierce Chemical Co.,
Rockford, IL, United States) according to the manufacturer’s
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guidelines. Briefly, frozen samples were homogenized in RIPA
lysis buffer with a protease inhibitor (10 µL mg−1) and
then incubated on ice for 30 min. Following centrifugation
(10,000 × g, 10 min, 4◦C), the supernatant was collected and
transferred for use or stored at −70◦C. The bicinchoninic acid
assay (Pierce Chemical Co.) was carried out to determine the
protein concentration.

Lectin Microarray and Data Analysis
The lectin microarray was performed as described previously
(Qin et al., 2012; Yu et al., 2012). Briefly, 37 lectins obtained from
Vector Laboratories (Burlingame, CA, United States), Sigma-
Aldrich, and Calbiochem Merck (Darmstadt, Germany) were
dissolved in the manufacturer-recommended buffer to a final
concentration of 1 mg/mL, and then printed on homemade
epoxysilane-coated slides with Stealth Micro spotting pins (SMP-
10B; TeleChem, Atlanta, GA, United States) using a Capital
smart microarrayer (CapitalBio, Beijing, China). Each lectin was
printed in triplicate per block, with triplicate blocks placed on one
slide. The glycan-binding specificities of the lectins and layout
of the lectin microarrays are shown in Additional Files 4 and 5
(Supplementary Table S1 and Supplementary Figure S1).

The extracted muscle proteins were labeled with Cy3
fluorescent dye and purified using a Sephadex-G25 column
(GE Healthcare, Buckinghamshire, United Kingdom). The Cy3-
labeled proteins were then applied to the lectin microarrays.
Incubation was performed at 37◦C for 3 h in a rotisserie oven set
at 4 rpm. After incubation, the slides were washed three times
in PBS with Tween 20 (PBST) for 5 min each time and once
in PBS for 5 min, then dried by centrifugation at 600 rpm for
5 min at room temperature. The microarrays were finally scanned
at 70% photomultiplier tube and 100% laser power settings
with a Genepix 4000B confocal scanner (Axon Instruments,
Inc., Sunnyvale, CA, United States). The acquired images and
signal intensities were analyzed using Genepix 3.0 software (Axon
Instruments Inc., Foster City, CA, United States) under Cy3
mode (532 nm). The net fluorescence intensity for each spot
was calculated by subtracting the background intensity. Values
less than the average background ± 2 standard deviations (SDs)
were removed. Each protein sample was technically repeated
for nine blocks (three slides). The median fluorescence intensity
for each lectin was normalized to the sum of the medians in
one block. The normalized median and SD for each lectin were
averaged from nine repeated blocks. The normalized data were
compared among groups to identify relative changes in protein
glycosylation levels. Hierarchical clustering was performed with
EXPANDER software (v6.0)1. One-way analysis of variance
(ANOVA) was used to identify significant differences (SPSS
v10.0; SPSS Inc., Chicago, IL, United States).

Lectin Histochemical Analysis
Skeletal muscle specimens from the four groups of squirrels
were subjected to lectin histochemical analysis as described
previously (Qin et al., 2012), with some modifications. Briefly,
frozen sections (10 µm) were mounted on glass slides and dried

1http://acgt.cs.tau.ac.il/expander/

at room temperature. Fixation was achieved by incubation with
4% paraformaldehyde in PBS for 10 min at room temperature.
Subsequently, the sections were blocked with blocking buffer
(5% BSA in PBS) at room temperature for 1 h. The sections
were then stained with Cy3 fluorescein-labeled lectins to a final
concentration of 20 µg/mL at 4◦C in the dark overnight, then
washed three times with PBS for 10 min each time. The sections
were incubated with 2 µg/mL DAPI (Sigma-Aldrich) for 10 min
to label the nuclei, and then washed with PBS. Finally, image
acquisition and fluorescence scanning were performed with
an LSCM (Nikon).

Real-Time Polymerase Chain Reaction
(PCR)
Total RNA was isolated from the SOL muscles using RNAiso
Plus reagent (TaKaRa Bio, Dalian, China) according to the
manufacturer’s protocol. RNA sample integrity was examined
using 1% agarose gel electrophoresis. Nanophotometry
(IMPLEN, Munich, Germany) was applied to confirm the
concentration and purity of RNA samples, with samples
showing 260/280 optical densities of 1.8–2.0 deemed to be
acceptable. Total RNA was reverse transcribed into cDNA
using the PrimeScript RT Master Mix (TaKaRa Bio, Japan).
All primers were designed using PrimerQuest2 to produce
exon-spanning amplicons of 70–150 bp and purchased from
Generay Biotech Co., Ltd. (Shanghai, China). All primers
were tested for efficiency by serial dilution of cDNAs. The
efficiencies of the target and reference gene amplifications
were 90–110% and approximately equal. Real-time PCR was
performed using a LightCycler 480 (Roche Applied Science,
Mannheim, Germany) and 20 ng total RNA as the template.
The PCR mixture included 2 µL diluted single-stranded cDNA,
1.6 µL gene-specific primer set (0.8 µM), 10 µL SYBR Premix
Ex TaqII (2×; TaKaRa), and 6.4 µL sterile distilled water in
a final volume of 20 µL. The PCR thermocycling protocol
comprised initial denaturation at 95◦C for 5 min, followed by
40 cycles of 30 s at 95◦C and 40 s at 58◦C. All PCR assays were
performed in triplicate. PCR product melting curves displaying
single sharp peaks confirmed the specificity of primer annealing
(Supplementary Figure S2). To normalize the mRNA expression
of each target gene, GAPDH was used as the housekeeping gene.
The relative expression of all genes was determined using the
2−11CT equation. The gene-specific primers used are listed
in Table 1.

Selective Isolation of Glycoproteins
Selective isolation of glycoproteins was performed according to
previously established procedures (Yang et al., 2012, 2013a,b). In
brief, total muscle proteins (2 mg) extracted from each group
were diluted to 600 µL with binding buffer (0.1 M Tris-HCl,
150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, and 1 mM MnCl2;
pH 7.4) containing 6 µL of a proteinase inhibitor cocktail (Sigma-
Aldrich). Homemade MAL-II magnetic particles were rinsed
with binding buffer and then incubated in the diluted protein
solution at room temperature for 1 h under gentle shaking.

2https://sg.idtdna.com/Primerquest/Home/Index
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TABLE 1 | List of primers used for qRT-PCR.

Primer Forward Reverse

ST3Gal1 5′-ATGGTCCTCGTGCCC
TTCA-3′

5′-GTCCTGCTTCACCTTGATC
TTCG-3′

ST3Gal2 5′-TCTACAACCCAGCCTT
CTTCA-3′

5′-CGTTCACCTCATCACA
CACA-3′

ST3Gal3 5′-GCCTGAACAGTATGAGC
GTGAC-3′

5′-GCCACCGATTTCCAG
AAGC-3′

ST3Gal5 5′-TCACGCTACTGACCTGTTT
GTTG-3′

5′-TTTTCTGCCACCTGCT
TCCA-3′

Neu1 5′-GACCTTTGACCCTGAA
CTGG-3′

5′-GAACTCTGGATGGGCT
GGAT-3′

Neu3 5′-CACTGGTCTCACCCTT
GGAT-3′

5′-ACTCGGTCCCACACTC
AAAC-3′

GAPDH 5′-GACAACTTTGGCATCG
TGGA-3′

5′-ATGCAGGGATGATGTT
CTGG-3′

ST3Gal1–6: beta-galactoside alpha-2 and 3-sialyltransferases 1–6; NEU1–
4: sialidases.

After washing three times with washing buffer (binding buffer
with 0.1% Tween 20), the unbound proteins were removed.
The captured glycoproteins were eluted with 300 µL elution
buffer (0.5 M methyl-α-D-mannopyranoside in binding buffer
supplemented with 3 µL proteinase inhibitor cocktail). The
eluted glycoproteins were denatured with 8 M urea at room
temperature for 30 min.

Glycoprotein Digestion and Identification
of Peptides by LC-ESI-MS/MS
The pH of the glycoprotein solution was adjusted to 8.5
with 1 M ammonium bicarbonate. After chemical reduction
with the addition of 10 mM dithiothreitol, the glycoproteins
were carboxyamidomethylated by treatment with 55 mM
iodoacetamide, and then digested with Trypsin Gold (Promega,
Madison, WI, United States) to a final substrate/enzyme ratio
of 30:1 (w/w) at 37◦C for 16 h. After digestion, the tryptic
peptides were acidified with 10 µL formic acid and desalted with a
Strata X column (Phenomenex, Los Angeles, CA, United States).
The resulting peptides were dried in a speed vacuum and
resolubilized in 200 µL buffer A [2% acetonitrile (ACN), 0.1%
formic acid (FA)]. Following centrifugation at 20,000 × g
for 10 min at room temperature, a peptide solution with a
final concentration of ∼0.5 µg/µL was obtained for LC-ESI-
MS/MS analysis with the Triple TOF 5600 system (AB SCIEX,
Concord, ON, Canada).

Peptide separation was performed with an LC-20AD nano–
high-performance liquid chromatograph (Shimadzu, Kyoto,
Japan). The peptide solution (10 µL) was loaded onto a 2-cm
C18 trap column, and then eluted onto a 10-cm analytical C18
column (inner diameter, 75 µm). The samples were loaded at a
rate of 8 µL/min for 4 min. The linear gradient steps for peptide
separation were as follows: 35 min gradient at 300 nL/min from
2% to 35% B (95% ACN, 0.1% FA), 5 min linear gradient to 60%,
2 min linear gradient to 80%, maintenance at 80% B for 4 min,
and return to 5% in 1 min.

Data were acquired using the Triple TOF 5600 system
equipped with a Nanospray III source (AB SCIEX) and a pulled
quartz tip (New Objectives, Woburn, MA, United States). An
ion spray voltage of 2.5 kV, curtain gas of 30 psi, nebulizer gas
of 15 psi, and interface heater temperature of 150◦C were set.
The system was operated with a rotary pump of no less than
30,000 full-width half-maximum for the time-of-flight MS scans.
For information-dependent acquisition, survey scans with 2+ to
5+ charge states were obtained at 100 ms, and 40 product ion
scans beyond 150 counts/s were collected. The Q2 transmission
window was set at 80 and 100 Da for 50%.

Data Analysis
Raw MS files were converted to MGF files with Proteome
Discoverer 1.2 (Thermo Fisher Scientific) and then searched
using the Mascot search engine (v2.3.02; Matrix Science, London,
United Kingdom) against the most recently updated Rodentia
Uniprot database (30 April 2015; 265,553 entries).

The search parameters were set as follows: mass tolerances
of 0.05 Da for peptides and 0.1 Da for fragmented ions;
max trypsin missed cleavage of 1; Gln- > pyro-Glu (N-term
Q), oxidation (M), and deamidated (NQ) as the potential
variable modifications; and carbamidomethyl (C) as the fixed
modification. A decoy database search was performed in Mascot.
Peptides with significance scores ≥ 20 at the 99% confidence
level, as determined by Mascot probability analysis, were
counted as identified.

Analysis of Identified Protein
Bioinformatics
GO annotations of the identified proteins were obtained using
the Blast2GO program (Gotz et al., 2008). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of the
identified proteins was performed using Fisher’s hypergeometric
test (Lu et al., 2014; Lv et al., 2015) with a threshold of P < 0.05.
Protein–protein interaction (PPI) analysis of the identified
proteins from two groups was performed using the IntAct
molecular interaction database and visualized by construction of
a PPI network using Cytoscape software (Kohl et al., 2011).

Western Blotting
An equal amount of protein (40 µg) from each SOL
muscle sample was separated by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred onto polyvinylidene fluoride membranes (Millipore,
Bedford, MA, United States) using a semi-dry transfer
apparatus (Bio-Rad Laboratories, Hercules, CA, United States).
Membranes were blocked with 5% skim milk dissolved in
Tris-buffered saline with Tween 20 (TBST pH 7.6; 10 mM
Tris-HCl, 150 mM NaCl, 0.05% Tween20) for 2 h at room
temperature, followed by overnight incubation with appropriate
primary antibodies, including rabbit monoclonal anti–14-3-
3 epsilon (Abcam, Cambridge, MA, United States), rabbit
monoclonal anti-HSC70 (Abcam), rabbit monoclonal anti–PK
isozymes M1/M2 (Cell Signaling Technology, Beverly, MA,
United States), and rabbit polyclonal anti-GAPDH (Santa
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Cruz Biotechnology, Santa Cruz, CA, United States). All
antibodies were diluted to the recommended concentrations
with TBST. Membranes were washed three times with TBST
for 15 min each time, and then incubated with horseradish
peroxidase–conjugated anti-rabbit secondary antibodies
(Pierce Chemical Co.) for 1 h at 37◦C. Following washing
with TBST (3 × 15 min), immunoblots were visualized using
enhanced chemiluminescence reagents (Pierce Chemical Co.).
Quantity One software (Bio-Rad Laboratories) was used for
quantification. The expression of GAPDH was used as an
internal control.

Lectin/Glyco-Antibody Microarrays
Lectin/glyco-antibody microarrays were carried out as described
previously (Li et al., 2009; Yang et al., 2013b). Briefly, antibodies
were spotted on homemade epoxysilane-coated slides with
Stealth Micro spotting pins (SMP-10B; TeleChem) using a
Capital smart microarrayer (CapitalBio, Beijing, China). Each
antibody was printed in triplicate in one block. The slides
were incubated in a humidity-controlled incubator (at 50%
humidity) overnight to immobilize antibodies. After washing
with coupling buffer supplemented with 0.05% Tween 20 (0.02
M sodium acetate; pH 5.5) and coupling buffer alone (0.02
M sodium acetate; pH 5.5), the printed slides were oxidized
with 200 mM NaIO4 solution at room temperature (18–
22◦C) in the dark for 30 min, then rinsed three times with
coupling buffer. Subsequently, the slides were immersed in
1 mM 4-hydroxybenzhydrazide in dimethylformamide at room
temperature for 2 h to allow derivatization of the carbonyl groups.
The slides were blocked with 1 × Carbo-free blocking solution
(Vector Laboratories) diluted with PBST for 1 h, and then dried
by centrifugation at 600 rpm for 5 min at room temperature.
Afterward, 120 µL total proteins from each SOL sample (diluted
with 1 × Carbo-free blocking solution) was applied to the
antibody microarrays and incubated in a humidified chamber
at 37◦C for 3 h. To remove unbound proteins, the slides were
rinsed three times with PBST for 5 min each time, followed
by a 5-min wash with PBS. The slides were treated with Cy3-
labeled MAL-II in diluted 1 × Carbo-free blocking solution in
a humidified chamber at 37◦C for 3 h, and then washed with PBS
and dried by centrifugation at 600 rpm for 5 min. Finally, the
slides were scanned with a Genepix 4000B microarray scanner
and analyzed using GenePix 3.0 software (Axon Instruments
Inc.). The average background was subtracted, and values less
than the average background ± 2 SDs were removed. The data
points for each antibody were multiplied by a normalization
factor derived from the ratio of the sum of the medians of
data points in one block to that of data points in another
block. Each sample was technically repeated for three slides, and
the normalized value of each antibody was averaged from six
repeated blocks.

Statistical Analysis
All data were analyzed using SPSS software v10.0 (SPSS Inc.,
Chicago, IL, United States) and are expressed as mean ± SD.
One-way ANOVA with Tukey’s post hoc tests were used

to identify significant differences among groups. Statistical
significance was set at P < 0.05.

RESULTS

SOL Muscle Size and Morphology Do
Not Change in Daurian Ground Squirrels
During Hibernation
Significant decreases in ground squirrel body weight were
observed in the hibernation (HIB; 29.65%), interbout arousal
(IBA; 31.87%), and post-hibernation (POST; 30.58%) groups
compared with the pre-hibernation (PRE) group (314.2 g; all
P < 0.01). However, no significant difference was observed
in the SOL muscle wet weight or muscle/body mass ratio
among the four groups (Figures 1B–D). Immunohistochemical
analysis was used to determine SOL muscle fiber types
(Figure 2A), and no significant difference in the SOL muscle
fiber cross-sectional area (CSA) or distribution was found
among groups (Figures 2B–D). Thus, the SOL muscle size
and morphology remained unchanged in Daurian ground
squirrels during prolonged periods of hibernation inactivity and
nutritional deficiency.

Glycopatterns in the SOL Muscles of
Daurian Ground Squirrels Differ Among
Hibernation Periods, as Determined by
Lectin Microarray
The lectin microarray results revealed altered protein
glycopatterns in the SOL muscles of Daurian ground squirrels
during different periods of hibernation; lectins showing
differences in glycan expression among groups are framed in
white in Figure 3A. Differential analysis revealed obvious
differences (ratio > 2.0 or < 0.5; P < 0.05) in specific
lectins among groups, indicating significant alterations in
the abundance of glycans recognized by different lectins (Table 2
and Figures 3C–J). Results showed that (1) the level of sialic
acid α2-3 galactose (SAα2-3Gal), recognized by MAL-II, was
significantly decreased in the HIB group compared with the
PRE group, but was significantly increased and recovered to
pre-hibernation levels in the IBA and POST groups; (2) the
level of N-acetylglucosamine (GlcNAc), recognized by Datura
stramonium agglutinin (DSA), was significantly increased
in the HIB group compared with the PRE group, but was
significantly increased and recovered to pre-hibernation levels
in the IBA and POST groups; (3) changes in the levels of α

N-acetylgalactosamine (αGalNAc) and Gal, recognized by
Psophocarpus tetragonolobus lectin (PTL) I, were similar to
that of SAα2-3Gal, i.e., levels were decreased in the HIB group
but increased in the IBA and POST groups; (4) the level of
Galα1-3 (Fucα1-2) Gal, recognized by Euonymus europaeus
lectin, was increased in the HIB group compared with the other
three groups; (5) the levels of αGalNAc and Gal, recognized
by Griffonia simplicifolia lectin I (GSL-I), were significantly
increased in the IBA group compared with the other three
groups; (6) the levels of tri- and tetra-antennary complex-type

Frontiers in Physiology | www.frontiersin.org 6 February 2020 | Volume 11 | Article 37

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00037 February 6, 2020 Time: 16:34 # 7

Dang et al. Homeostasis of Protein Sialylation in Muscles

FIGURE 2 | Soleus (SOL) muscle size and morphology did not change during hibernation in Daurian ground squirrels. (A) Representative immunohistochemical
images of the SOL muscles of squirrels during different periods of hibernation. I = type I fiber; II = type II fiber. (B) Changes in the type I fiber cross-sectional area
(CSA) of squirrel SOL muscles during different periods of hibernation. (C) Changes in the type II fiber CSA of squirrel SOL muscles during different periods of
hibernation. (D) Percentages of type I fiber in squirrel SOL muscles during different periods of hibernation. Data are expressed as means ± standard deviations,
n = 8. Analysis of variance was used to assess differences among groups. PRE, pre-hibernation group; HIB, hibernation group; IBA, interbout arousal group; POST,
post-hibernation group.

N-glycans, recognized by Phaseolus vulgaris lectin (PHA-E + L),
were significantly increased in the HIB, IBA, and POST groups
compared with the PRE group; (7) the levels of αGalNAc and
Gal, recognized by PTL-II, were significantly increased in the
IBA group compared with the other three groups; and (8) the
level of terminal GalNAc, recognized by Wisteria floribunda
lectin, was significantly decreased in the HIB group compared
with the PRE group, and increased in the IBA and POST groups
compared with the HIB group.

Validation of Differential Glycopatterns
by Lectin Histochemical Analysis
Four altered lectins (MAL-II, DSA, PTL-I and PHA-E + L) were
selected and used to validate the microarray results using lectin
histochemistry. Lectin staining of tissue sections (Figure 3B)
showed that the fluorescence signal intensity of MAL-II was
significantly decreased in the HIB group compared with the
PRE group, whereas the intensity of DSA was significantly
decreased in the POST group compared with the HIB group. The
fluorescence signal intensity of PTL-I was significantly increased
in the IBA group compared with the HIB group, and the intensity
of PHA-E + L was significantly increased in the HIB group
compared with the PRE group (all P < 0.05). Thus, the lectin
histochemical results were comparable to the microarray results.

mRNA Expression of Sialyltransferases
and Sialidases in Different Periods of
Hibernation
MAL-II–binding Sia2-3Gal expression was significantly
altered in different periods of hibernation. Therefore, we
focused on sialyltransferases [beta-galactoside alpha-2 and 3-
sialyltransferases 1–6 (ST3Gal1–6)] and sialidases (NEU1–4) for
further experiments. Compared with the PRE group, the mRNA
expression of ST3Gal1, ST3Gal2, and ST3Gal5 was significantly
decreased by 55.00, 42.70, and 60.91%, respectively, in the HIB
group (all P < 0.01), but returned to pre-hibernation levels in the
IBA group (Figure 4). The mRNA expression of ST3Gal3 and
NEU1,3 did not differ significantly among groups, and that of
ST3Gal4, ST3Gal6, NEU2, and NEU4 was not detectable in any
group, indicating extremely low levels (or absence) in the SOL
muscles of Daurian ground squirrels.

Identification and Properties of
Glycoproteins With SAα2-3Gal Structure
Isolated From the SOL Muscles of
Daurian Ground Squirrels
Significant changes in the SAα2-3Gal structure specifically
recognized by MAL-II in the SOL muscles of Daurian ground
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FIGURE 3 | Changes in protein glycosylation in Daurian ground squirrel soleus (SOL) muscles during hibernation. (A) Glycan profiling of SOL muscles in squirrels
during different periods of hibernation using lectin microarray. Lectins showing significant differences in glycan expression are marked; (a1,a2): analysis of PRE (a1)
and HIB (a2) groups; (b1,b2): analysis of HIB (b1) and IBA (b2) groups; (c1,c2): analysis of HIB (c1) and POST (c2) groups; (d1,d2): analysis of PRE (d1) and
POST (d2) groups. (B) Validation by lectin histochemistry. Frozen SOL sections were double stained with Cy3-labeled lectins and DAPI. Results were consistent with
the microarray results. (C–J) Normalized fluorescence intensity of lectins with altered signals in the lectin microarray (ratio > 2.0 or <0.5). Analysis of variance was
used to assess differences among groups. *P < 0.05, **P < 0.01. MAL-II, Maackia amurensis lectin II; PTL-I, Psophocarpus tetragonolobus lectin I; EEL, Euonymus
europaeus lectin; DSA, Datura stramonium agglutinin; PHA-E + L, Phaseolus vulgaris lectin; WFA, Wisteria floribunda lectin; GSL-I, Griffonia simplicafolia lectin I;
PTL-II, Psophocarpus tetragonolobus lectin II. PRE, pre-hibernation group; HIB, hibernation group; IBA, interbout arousal group; POST, post-hibernation group.

squirrels during hibernation may play an important protective
role against disuse muscle atrophy. Therefore, we prepared
lectin MAL-II magnetic microparticles, and then extracted
glycoproteins with terminal SAα2-3Gal from the SOL muscles
before and during hibernation. The extracted glycoproteins were

identified by liquid chromatography–electrospray ionization–
tandem mass spectrometry (LC-ESI-MS/MS), followed by a
Uniprot database3 search. A total of 227 and 185 glycoproteins

3https://www.uniprot.org/uniprot/?query=Rodentia+&sort=score
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TABLE 2 | Differential glycopatterns in the SOL muscles of hibernating Daurian
ground squirrels, determined by lectin microarray analysis.

Lectin Specificity HIB/PRE
ratio

IBA/HIB
ratio

POST/HIB
ratio

POST/PRE
ratio

MAL-II SAα2-3Gal 0.49 2.17 2.01 /

PTL-I αGalNAc and Gal 0.40 2.43 2.35 /

WFA Terminal GalNAc / 2.14 2.73 /

GSL-I αGalNAc / 2.84 / /

PTL-II Gal / 2.06 / /

DSA GlcNAc 2.57 0.36 0.48 /

EEL Galα1-3
(Fucα1-2) Gal

2.49 0.41 / /

PHA-
E + L

Tri-and tetra-
antennary
complex-type
N-glycans

4.08 / / 6.22

/ 0.5 ≤ ratio ≤ 2 (no difference between groups). SAα2-3Gal, sialic
acid α2-3 galactose; Gal, galactose; GalNAc, N-acetylgalactosamine; GlcNAc,
N-acetylglucosamine; Fuc, fucose.

were identified in the PRE and HIB groups, respectively. There
were 86 glycoproteins in common between these two groups
(Supplementary Table S2).

Blast2GO (Gotz et al., 2008) was used to analyze the
function and distribution of the 326 glycoproteins identified
in the PRE and HIB groups (Figure 5). According to
cell component annotations (Figure 5A), the glycoproteins
isolated by the MAL-II magnetic microparticles from the SOL
muscles were located predominantly in the cell (17.52%),
organelle (15.89%), and membrane (8.15%), and existed mainly
as macromolecular complexes (9.06%). Based on molecular
functional annotations (Figure 5A), the main functions of these
glycoproteins were binding (43.97%), catalytic activity (27.01%),
and structural molecule activity (11.49%). Based on biological
process annotations (Figure 5A), the isolated glycoproteins were
involved mainly in cellular processes (13.06%), single-organism
processes (10.98%), metabolic processes (10.57%), and biological
regulation (7.65%).

We analyzed protein enrichment for each KEGG pathway
with all qualitative proteins serving as background using
hypergeometric tests (P < 0.05), and further identified pathways
with significant enrichment of the isolated glycoproteins. The
results showed 40 and 36 pathways with significant enrichment
of glycoproteins from the PRE and HIB groups, respectively
(Supplementary Tables S3, S4), of which 14 were significantly
enriched only before hibernation and 10 were significantly
enriched only during hibernation (Figure 5B).

To systematically reveal the functions and PPIs of the
glycoproteins bearing SAα2-3Gal extracted from the SOL
muscles of Daurian ground squirrels and to explore the proteins
potentially involved in the mechanism against disuse muscle
atrophy, PPI analysis was performed. We used the IntAct
database4 to construct glycoprotein PPI network maps for
the PRE (Figure 6A) and HIB (Figure 6B) groups using
Cytoscape software (Kohl et al., 2011; Zhang et al., 2015).

4https://www.ebi.ac.uk/intact/

We also calculated the degree of each node in the network,
which indicates the number of links from a corresponding
protein to all other proteins, with higher values signifying
a greater number of links. Among all proteins, Ywhae (14-
3-3 epsilon protein; d = 84) showed the highest degree
value, suggesting close interaction with SAα2-3Gal–containing
glycoproteins. Therefore, we hypothesized that the 14-3-3 epsilon
protein plays a key role in the protective mechanism against
disuse muscle atrophy.

Changes in 14-3-3 Epsilon Protein
Expression in the SOL Muscles of
Daurian Ground Squirrels in Different
Periods of Hibernation
Given that the PPI analysis showed that 14-3-3 epsilon was
the core protein in the glycoprotein interaction network, we
investigated the expression of this protein during hibernation.
Compared with the PRE group, 14-3-3 epsilon protein expression
was decreased by 42.59% in the HIB group (P < 0.01). Compared
with the HIB group, 14-3-3 epsilon protein expression increased
significantly by 51.61 and 58.06% in the IBA and POST groups,
respectively (both P < 0.01). No significant difference was found
among the PRE, IBA, and POST groups (Figure 7).

Validation by Western Blot and
Lectin/Glyco-Antibody Microarray
Analyses
Western blot and lectin/glyco-antibody microarray analyses were
used to validate the glycoprotein extraction and MS results. We
selected heat shock cognate 70 (HSC70) and pyruvate kinase (PK)
for the validation.

Western blot analysis showed significantly decreased (37.39%)
HSC70 protein expression in the HIB group compared with the
PRE group (P < 0.01). Intriguingly, compared with the HIB
group, HSC70 protein expression was increased markedly in the
IBA (51.39%) and POST (41.67%) groups (both P < 0.01). No
significant difference was found among the PRE, IBA, and POST
groups (Figures 8A,C). The protein expression level of PK did
not differ among the four groups (Figures 8A,E).

Conversely, lectin/glyco-antibody microarray analysis
revealed significantly decreased (by 30.08%) expression of the
terminal SAα2-3Gal structure of glycans on HSC70 in the
HIB group compared with the PRE group (P < 0.01). This
expression increased significantly by 37.66% (P < 0.05) and
54.40% (P < 0.01) in the IBA and POST groups, respectively.
No significant difference was observed among the PRE, IBA,
and POST groups (Figures 8B,D). Compared with the PRE
group, expression of the terminal SAα2-3Gal structure of PK
was significantly reduced (29.40%) in the HIB group (P < 0.01).
However, the same modification was significantly increased in
the IBA (30.91%) and POST (34.41%) groups compared with
the HIB group (both P < 0.05). No significant difference was
detected among the PRE, IBA, and POST groups (Figures 8B,F).

The western blot and lectin/glyco-antibody microarray
analyses confirmed that HSC70 and PK were both
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FIGURE 4 | Relative mRNA expression of sialyltransferases and sialidases in soleus (SOL) muscles of hibernating Daurian ground squirrels. Relative mRNA levels of
3-sialyltransferases 1–6 (ST3Gal1–6) and sialidases (NEU1–4) in the SOL muscles of squirrels at different timepoints during hibernation. mRNA expression of
ST3Gal1 (A), ST3Gal2 (B) and ST3Gal5 (D) was changed and mRNA expression of ST3Gal3 (C), NEU1 (E) and NEU3 (F) did not differ in the SOL muscles of
squirrels during hibernation. mRNA levels of ST3Gal4, ST3Gal6, NEU2 and NEU4 in the SOL muscles of squirrels were below the detection levels. Data are
expressed as means ± standard deviations, n = 8. Analysis of variance was used to assess differences among groups. **P < 0.01 vs. HIB. PRE, pre-hibernation
group; HIB, hibernation group; IBA, interbout arousal group; POST, post-hibernation group.

glycoproteins containing SAα2-3Gal oligosaccharide chains, thus
validating the MS results.

DISCUSSION

In the present study, we observed no change in SOL muscle
size and morphology, including muscle wet weight, muscle/body
mass ratio, and fiber CSA and distribution, in Daurian ground
squirrels during hibernation. These results indicate that the
SOL muscle did not atrophy during hibernation. Moreover,
we found an oscillatory pattern in the SAα2-3Gal-carrying
glycoprotein sialylation level in the SOL muscle of Daurian
ground squirrels during hibernation, suggesting its potential
involvement in different signaling pathways that could confer
protection against disuse muscle atrophy arising from prolonged
inactivity. Based on MS identification and bioinformatics
analysis, we identified the glycoproteins with terminal SAα2-
3Gal modifications. Gene ontology (GO) functional annotation
revealed that most glycoproteins with terminal SAα2-3Gal chains
are intracellular and macromolecular proteins distributed in
organelles and membrane structures, and are primarily binding
proteins associated with catalytic and structural functions.
Furthermore, GO biological process annotation suggests the
potential involvement of these identified glycoproteins in
cellular processes, stimulation responses, metabolic processes,
and biological regulation. Given the known importance of

sialylation in maintaining normal fiber structure and regulating
the contractile properties of skeletal muscles and neuromuscular
junctions (McDearmon et al., 2003; Johnson et al., 2004; Nilsson
et al., 2010; Schwetz et al., 2011), as well as its implications
in aging (Marini et al., 2014) and inherited atrophy-related
muscular disorders (Tajima et al., 2005; Iwata et al., 2013), the
present study supports an association between sialylation during
hibernation and protection against disuse atrophy.

Recent studies have suggested that periodic arousal in
hibernators compensates for the negative effects of disuse on
skeletal muscles during hibernation to prevent disuse muscle
atrophy (Lee et al., 2010; Bodine, 2013b). Consistent with these
results, our study suggests that the compensatory increase in
Sia2-3Gal during interbout arousal could prevent skeletal muscle
atrophy in hibernating Daurian ground squirrels. We observed
that PTL-I and GSL-I expression levels were significantly
increased during periodic interbout arousal, but showed different
alteration trends during and after hibernation. Of note, these two
lectins are O-glycan binders (Wu et al., 1996; Kulkarni et al., 2005;
Pan et al., 2005; Tateno et al., 2007), suggesting that the O-glycan
profiles of glycoproteins in the SOL muscles of Daurian ground
squirrels, particularly the O-GalNAc–initiated glycan structures,
are altered during hibernation. Unlike N-glycan structures, which
tend to be larger and more branched, O-glycans are typically
several residues long and are linked to proteins via the hydroxy
group of hydroxy amino acids (Spiro, 2002; Willer et al., 2003).
O-glycosylation has been shown to modulate the gating of
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FIGURE 5 | Bioinformatics analysis of glycoproteins with the sialic acid α2-3 galactose (SAα2-3Gal) structure from the soleus (SOL) muscles of hibernating Daurian
ground squirrels. (A) Gene ontology annotation of all identified glycoproteins with the SAα2-3Gal structure in the SOL muscles of squirrels in the pre-hibernation
(PRE) and hibernation (HIB) groups, conducted using Blast2GO. (B) Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes pathways of the identified
glycoproteins with the SAα2-3Gal structure in the SOL muscles of squirrels in the PRE and HIB groups, performed using Fisher’s hypergeometric test. Percentages
of glycoproteins enriched in each pathway in the total isolated glycoprotein population are shown.
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FIGURE 6 | Protein–protein interaction networks of glycoproteins with the sialic acid α2-3 galactose (SAα2-3Gal) structure in the soleus (SOL) muscles of
pre-hibernating (A) and hibernating (B) Daurian ground squirrels. Yellow circles represent glycoproteins identified in the present study; green circles represent
extended proteins.
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FIGURE 7 | Changes in 14-3-3 epsilon protein expression in the soleus (SOL)
muscles of Daurian ground squirrels during hibernation. (A) Representative
western blots of 14-3-3 epsilon in the SOL muscles of squirrels. (B) Relative
protein expression of 14-3-3 epsilon in the SOL muscles of squirrels during
different periods of hibernation. Data are expressed as means ± standard
deviations, n = 8. Analysis of variance was used to assess differences among
groups. *P < 0.05, **P < 0.01 vs. HIB. PRE: pre-hibernation group; HIB,
hibernation group; IBA, interbout arousal group; POST, post-hibernation
group.

Kv channels in skeletal muscle thereby modulating muscle
excitability (Schwetz et al., 2011), and play a role in regulating
skeletal muscle metabolism and contractile processes, and muscle
protein homeostasis (Cieniewski-Bernard et al., 2004, 2006).
Taken together, we speculate that increased O-glycosylation of
proteins in the skeletal muscles of Daurian ground squirrels
during interbout arousal may contribute to the innate protective
mechanism against disuse muscle atrophy in hibernators.

Utilizing lectin microarray, we found that the GlcNAc and
biantennary N-glycans in the SOL muscles of Daurian ground
squirrels remained unchanged. However, expression of the tri-
and tetra-antennary N-glycans was significantly increased during
hibernation and interbout arousal, and just after final arousal.
Lectin histochemistry revealed that PHA-E + L–binding tri-
and tetra-antennary complex-type N-glycans were moderately
bound in the sarcolemma of the SOL muscle in pre-hibernating
squirrels, but that binding was significantly elevated in the
sarcolemma of hibernating squirrels. Taken together, we showed
that the expression levels of tri- and tetra-antennary N-glycans
of sarcolemma-associated proteins in the skeletal muscles of
Daurian ground squirrels were upregulated during hibernation.

Beta-galactoside alpha-2 and 3-sialyltransferases (ST3Gal1–
6) transfer sialic acids through α2, 3 linkage to the galactose
residues on N- and O-glycans (Suzuki et al., 2011), and
sialidases (NEU1–4) catalyze their removal from glycoconjugates
(Fanzani et al., 2012; Miyagi and Yamaguchi, 2012). In the
present study, significant downregulation of the mRNA levels of
ST3Gal1, ST3Gal2, and ST3Gal5 observed during hibernation,
followed by the recovery to normal pre-hibernation level
during interbout arousal, was consistent with the alterations in
Sia2-3Gal expression noted from the lectin microarray. These
results suggest that alterations in the Sia2-3Gal structure during
hibernation are likely due to changes in the expression of beta-
galactoside alpha-2 and 3-sialyltransferases, including ST3Gal1,
ST3Gal2, and ST3Gal5.

The expression levels of major HSPs, e.g., αB-crystallin,
Hsp90, Hsp70, Hsp27, and Hsp20, decreased in rats following
2 weeks of hindlimb immobilization, while no significant change
was detected in HSC70 expression level (Sakurai et al., 2005).
Similarly, no change in HSC70 expression level was observed
after 2 weeks of hindlimb unloading in heat shock transcription
factor 1–knockdown mice (Yasuhara et al., 2011). These results
suggest that HSC70 utilizes a conserved and unique mechanism
to protect against skeletal muscle damage. In the present study,
we noted an oscillatory pattern in HSC70 expression before,
during, and after hibernation. Significant decreases in HSC70
protein expression appeared to coincide with the decrease in Tb,
but the HSC70 levels recovered to pre-hibernation levels during
interbout arousal and after hibernation, alluding to the likely
involvement of a protective mechanism modulating HSC70 level.
Our findings, together with previous reports on the recovery
of protein and gene expression during interbout arousal (van
Breukelen and Martin, 2002; Carey et al., 2003; Storey and Storey,
2010), led us to propose the potential importance of restoring
HSC70 protein expression to pre-hibernation levels during
interbout arousal in the maintenance of normal physiological
function of skeletal muscles during hibernation. Furthermore,
the correlation between SAα2-3Gal modification and HSC70
expression in SOL muscle of Daurian ground squirrels before
and during hibernation suggests the probable role of sialylation in
the prevention of disuse muscle atrophy. Decrease in SAα2-3Gal
modification may be due to the inhibition of protein translation
and important cellular functions, e.g., sialylation modification, to
reduce energy consumption during hibernation (van Breukelen
and Martin, 2002; Carey et al., 2003).

The activity of the rate-limiting glycolysis enzyme PK in
the SOL muscle, which increased significantly after 21 days of
hindlimb immobilization in rats (Bigard et al., 1998), may be
associated with the change in metabolic type of skeletal muscle
fibers from aerobic to anaerobic under conditions of disuse
(Boonyarom and Inui, 2006; Bialek et al., 2011). PK expression in
the skeletal muscle cells of hibernating Daurian ground squirrels
did not change significantly in the current study, confirming
that the SOL muscle fiber type remained constant, unlike in
non-hibernating animals. We also observed a similar expression
pattern for SAα2-3Gal-modified PK in the course of hibernation
to that observed for the HSC70 glycoprotein. Once again, these
findings point to the importance of compensatory changes in the
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FIGURE 8 | Expression changes of heat shock cognate 70 (HSC70) and pyruvate kinase isozymes M1/M2 (PKM1/2) in the soleus (SOL) muscles of hibernating
Daurian ground squirrels. (A) Representative western blots of HSC70 and PKM1/2. (B) Images from lectin/glyco-antibody microarrays of HSC70 and PKM1/2. (C,E)
Relative protein expression of HSC70 (C) and PKM1/2 (E) in the SOL muscles of squirrels during different periods of hibernation. (D,F) Analyses of
lectin/glyco-antibody microarrays of HSC70 (D) and PKM1/2 (F). Maackia amurensis lectin II was used in the microarrays, with weak fluorescence intensity of
microarray signals representing low expression of the sialic acid α2-3 galactose structure. Data are expressed as means ± standard deviations, n = 8. Analysis of
variance was used to assess differences among groups. *P < 0.05, **P < 0.01 vs. HIB. PRE, pre-hibernation group; HIB, hibernation group; IBA, interbout arousal
group; POST, post-hibernation group.

sialylation profile during interbout arousal for the maintenance of
normal skeletal muscle physiology during hibernation. Similarly,
given the known anti-apoptotic function of the 14-3-3 epsilon
protein (Roy et al., 1991; Zhang et al., 1999; Fu et al., 2000; Brunet
et al., 2002; Milton et al., 2006; Nielsen et al., 2008), the observed

restoration of its expression to pre-hibernation levels during
interbout arousal in the present study suggests its involvement in
preserving normal muscle physiology. This is consistent with the
observation that apoptosis was not increased during prolonged
hibernation (Rouble et al., 2013), and that the increased muscle
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cell apoptosis observed in non-hibernating animals led to disuse
muscle atrophy (Borisov and Carlson, 2000; Siu et al., 2005;
Dupont-Versteegden, 2006).

CONCLUSION

We observed an oscillatory pattern in protein glycosylation
levels in the SOL muscles of Daurian ground squirrels
during prolonged periods of hibernation disuse. This unique
glycopattern profile indicates the presence of an underlying
mechanism that regulates and maintains protein sialylation
homeostasis during periodic hibernation, which could potentially
protect hibernators against disuse muscle atrophy. Furthermore,
the present study suggests the potential contribution of HSC70,
PK, and 14-3-3 epsilon proteins in maintaining normal skeletal
muscle physiology and preventing skeletal muscle apoptosis in
hibernating squirrels.
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