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Abstract

Equine skeletal muscle satellite cells (EMSCs) are muscle stem cells in horses, responsible for the postnatal growth, repair,
and homeostasis of skeletal muscles. EMSCs are an attractive model for horses to investigate the mechanisms of muscle
growth and spontaneously fuse to form differentiated muscle fiber types through activating a battery of muscle-specific genes.
Previous reports on the successful isolation and culture of skeletal muscle satellite cells mostly used skeletal muscles of young
animals. With the high value of horses, skeletal muscle samples of foals are very difficult to obtain. The present study describes
protocols for enriching the satellite cell fraction from the semitendinosus of a 2-year-old Mongolian horse to isolate the
EMSCs. Optimized culture conditions with gelatin layering accelerated the adhesion speed of EMSCs. The identification of
EMSCs was carried out through multiple dimensions including cell morphology, myogenic induction, differential adhering,
and molecular signatures. In particular, the Seahorse Extracellular Flux analyzer was utilized for evaluating the bioenergetics
metabolism of EMSCs by measuring the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). The
present study provides reference for the isolation, purification, identification, and bioenergetics metabolism characteristics
of EMSCs, which would be useful for studying the molecular mechanisms for muscle development, muscle fiber type
differentiation, and recovery from muscle injury in horses.
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1. Introduction cells from skeletal muscle [4]. In young mammals, skeletal
muscle satellite cells are stimulated by environmental factors
in the muscle tissue in order to mediate the continuous
proliferation and differentiation, promoting effective muscle
development. Skeletal muscle satellite cells are normally
mitotically quiescent in adult mammals [5]. Quiescent
skeletal muscle satellite cells specifically express Pax-7, Myod,
and Desmin, which are considered molecule markers. Horses
easily suffer from oxidative stress during vigorous exercise

Since the domestication, various selection criteria aiming at
enhancing the usability of horses in transportation, agriculture,
or horsemanship had been applied [1]. Horses are remarkable
athletes whose producible muscle force and performance
depend upon their powerful musculature, accounting for
55% of their body weights [2]. Skeletal muscle satellite cells
are monocytes that lie between the plasmalemma and the
overlying basal lamina [3] and are identified as resident stem

Copyright © 2022 Zhang et al. This Open Access article is distributed under the terms of the Creative Commons
License [CC-BY] (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.




International Journal of Equine Science Vol. 1, Issue 2, 2022

in speed, endurance, and three-day event competition [6].
Oxidative stress can lead to muscle damage, reflected by a
significant increase of aspartate aminotransferase (AST)
and creatine kinase (CK) after short and endurance races
[7,8]. Recurrent exertional rhabdomyolysis (RER) in horses
occurs frequently during intense training and exercise, which
influences the performance, health, and welfare of athletic
horses. When the skeletal muscles are injured, skeletal muscle
satellite cells are activated from state of rest and reenter the
cell cycle for self-renewal through downregulating Pax7
and activating myogenin expression [9]. The loss of satellite
cells or their function impairs skeletal muscle regeneration
capacity resulting in a decrease in skeletal muscle strength
[10]. Therefore, skeletal muscle satellite cells play important
roles in regulating muscle homeostasis, hypertrophy, and

regeneration [11].

Myogenic satellite cells were first discovered in the frog
anterior tibial muscle [12], and many different methods are
subsequently developed to isolate and culture these cells from
different livestock, including chicken [13], bovine [14], ovine
[15],and Porcine [16]. Skeletal muscle satellite cell proportions
decline gradually in rat skeletal muscles with advancing age
[17]. Previous reports mostly used skeletal muscles of young
animals for isolation and culture of skeletal muscle satellite
cells. With the high value of horses, skeletal muscle samples
of foals are very difficult to obtain. Equine skeletal muscle
satellite cells (EMSCs) were isolated and cultured for the
first time from a yearling horse in 1992 [18]. However, the
description of isolation procedures and identification from
mature horses of EMSCs were not sufficiently known in the

previous reports.

Plasticity of bioenergetics metabolism enables stem cells to
match the various demands of self-renewal and differentiation
to determine cell fate [19]. Satellite cells are more numerous in
the predominantly oxidative soleus muscle than in the mixed
glycolytic/oxidative extensor digitorum longus muscle [17].
Verdijk et al. concluded that exercise training significantly
increased satellite cell proportion and type II muscle fiber
size in human skeletal muscle [20]. It seems that exercise can
increase the oxidative ability of skeletal muscle satellite cells
and tends to transform them into type II muscle fibers. A
greater understanding of bioenergetics metabolism of satellite
cells would provide further insight into how environmental
skeletal muscle remodeling. However,

factors govern

bioenergetics metabolism characteristics of EMSCs were not

sufficiently studied in the previous studies.

EMSCs are an attractive model for horses to investigate the
mechanisms of muscle growth and spontaneously fuse to
form differentiated muscle fiber types through activating a
battery of muscle-specific genes. The current study enriches
the satellite cell fraction from the semitendinosus of a 2-year-
old Mongolian horse to isolate the EMSCs. Optimized
culture conditions with gelatin layering accelerated the
adhesion speed of EMSCs. The identification of EMSCs
was performed through multiple dimensions, including cell
morphology, myogenic induction, differential adhering, and
molecular signatures. The present study describes protocols
for isolating EMSCs from a mature horse, optimizes culture
conditions with gelatin layering of EMSCs, and investigates

its characteristics of energy metabolism.

2. Materials and Methods

2.1. Reagents and Solution Preparation
The information of reagents involved in the present study is
listed in Table 1:

Table 1: The involved reagents information.

Reagent Corporation

Dulbecco’s Phosphate Buffered Saline
(DPBS)

Fetal Bovine Serum (FBS)

Horse serum (HS)

Gibco Life Technologies

Gibco Life Technologies
Gibco Life Technologies

0.25% Trypsin- Ethylene Diamine
Tetraacetic Acid (EDTA)

100 x Penicillin-Streptomycin
(10,000 U/mL)

100 x Antibiotic- Antimycotic
(10,000 U/mL Penicillin, 10,000
pg/mL Streptomycin, 25 pg/mL

Gibco Life Technologies
Gibco Life Technologies

Gibco Life Technologies

Amphotericin B)

Dulbecco's Modified Eagle Medium Gibco Life Technologies
(DMEM)

Mouse monoclonal anti-Pax7 LifeSpan Biosciences
primary antibody Technologies
Mouse monoclonal anti-Myod1 Thermo Fisher Scientific
primary antibody Inc.

Mouse monoclonal anti-Desmin Abcam
primary antibody

Secondary antibody with Donkey Invitrogen

anti-Mouse

4, 6-diamidino-2-phenylindole Solarbio, CHN

(DAPI)

100X-Triton Sigma, CHN
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Solutions required for isolation, purification, and culture of
EMSCs need to be prepared prior to the experiment: dilute
100x penicillin-streptomycin solution with 98% normal saline
(NS) to 2% and prepare 2x penicillin-streptomycin NS (+),
filtered by 0.22 um and stored at 4°C until use. The DPBS (+)
consists of 99% DPBS and 1% 100x antibiotic-antimycotic.
The DPBS (+) is filtered through 0.22 um and stored at 4°C
until use. The proliferation medium (PM) (+) consists of 20%
FBS, 1% 100x antibiotic-antimycotic, and 79% DMEM. The
PM (+) is filtered through 0.22 pm, then stored at 4°C, and
used within one week. The differentiation medium (DM) (+)
supplemented with 2% HS, 1% 100x penicillin-streptomycin,
and 97% DMEM is filtered through 0.22 um and stored at 4°C
until application. 5 mg collagenase type IV is diluted into 5
mL DMEM. Next, the solution (collagenase type IV) (+) is
filtered through a 0.22 um filter and prepared freshly.

2.2. Instruments and Consumables

The following instruments are involved in the present study,
including centrifuge (TD6A-WS, Hunan Hukang Inc,
China), water bath (HWS-26, Shanghai YIheng Inc., China),
carbon dioxide incubator (ThermoHERAcell150i/240i CO2,
Thermo Fisher Scientific Inc., USA), invert microscope
(ZEISS, Germany), real-time PCR (CFX96, Bio-Rad,
USA), fluorescence microscope (revolve FL, Echo, USA),
and Seahorse XF Analyzers (Agilent, USA). In addition,
the consumables including scalpels, razor blades, forceps,
scissors, cell strainers (pore size 40 um, 70 pm), plastic Petri
dishes, polypropylene centrifuge tubes (15 mL, 50 mL), and
6-wells Petri dishes also need to be prepared in advance. All
the consumables should be sterilized.

2.3. Horse Muscle Sample Collection

The involved animal horse slaughtering procedures and all
the sample collections comply specifically with the guidelines
approved by the Animal Welfare Committee of Inner
Mongolia Agricultural University on experimental animals.
After slaughter, muscle samples from the semitendinosus
of a 2-year-old Mongolian horse are collected and placed in
NS (+) and brought back to the laboratory within two hours
using an ice box.

2.4. Isolation, Purification, and Culture of EMSCs
2.4.1. Muscle Treatments

First, the collected muscle samples are quickly soaked and
sterilized in a Petri dish with 70% ethanol. The sterilized
muscle samples are immediately transferred to a new Petri
dish with DPBS (+). The outer alcohol-infested muscle
tissues are trimmed, and the remaining muscle blocks are
put into a new Petri dish. The muscle masses are rinsed 3
times with DPBS until they are bloodless. Scalpels are utilized
for removing visible fat and connective tissue from flushed
muscle blocks. The muscle tissue is transferred into a Petri
dish containing DMEM and divided into 1 mm3 pieces
through the use of ophthalmic scissors in the biological safety
cabinet. The ground muscle pieces are transferred into a 15 ml
centrifuge tube and centrifuged at 1000 rpm for 5 minutes in
order to separate intact myofiber and supernatant.

2.4.2. Enzymatic Tissue Digestion

The intact myofibers are collected in a 15 ml centrifugal tube
and added 2-4 times 0.25% Trypsin-EDTA for digestion in

the 37°C water bath for 1 h. Meanwhile, a pipet is used to
pump the digesting intact myofiber 10-15 times every 10 min
in order to gently dissociate the muscle-derived cells. Then,
the centrifugal tube is centrifuged at 200 rpm for 5 minutes
s0 as to separate the supernatant and the underlying muscle
fragments pellet. In order to enrich the satellite cell fraction,
the supernatant and the underlying muscle fragments are
simultaneously treated as the following procedures.

On one hand, the supernatant is poured into a 15 ml centrifuge
tube, followed by 2000 rpm centrifuge for 5 minutes to collect
the cell pellet. The cell pellet is resuspended with 5 ml of
PM (+) and then centrifuged at 2000 rpm for 10 minutes to
collect the precipitation. The precipitation is suspended with
3 ml of PM (+). Then, the cell suspension is filtered by 70 um
cell strainers and centrifuged at 2000 rpm for 10 minutes to
collect precipitation (precipitation A).

On the other hand, the underlying tissue fragment pellet was
further digested for 1 h with 2- to 4-fold collagenase type IV
(+). Then, the tissue fragments are aspirated for 10-15 times
with pipettes to gently detach the cells. After being filtered by
a 70 um filter, the cell suspension is centrifuged for 5 minutes
at 2000 rpm in order to separate the supernatant and the cell
pellets, and the supernatant is centrifuged for 10 min at 2,000
rpm to collect the residual cell pellet, and the collected cell
pellets are mixed. The combined cell pellets are suspended
with 5 ml of PM (+). The cell suspension is centrifuged at 2000
rpm for 5 minutes to collect the precipitation (precipitation
B). Then, precipitation B is treated the same as precipitation
A.

Next, precipitation A and B are suspended with 1 ml PM (+),
respectively, and the precipitation suspension A and B are
mixed and centrifuged at 2000 rpm for 5 minutes to collect
the precipitation again. The precipitation is suspended with 5
ml DPBS and centrifuged at 2000 rpm for 10 minutes again
to collect precipitation. The precipitation is suspended with
5 ml of PM (+) and filtered through a 40 pm filter. The cell
suspension is adjusted to 10 ml with PM (+) before being
centrifuged at 700 rpm for 10 minutes to collect precipitation.
The collected precipitation is suspended with 2 ml of 37°C
prewarmed PM (+) and then spread in a Petri dish. Then, the
cell suspension is cultured for 2 hours at 37°C, in a 5% CO,
incubator for purification of EMSCs, where the fibroblasts
adhere quickly to the bottom of the Petri dish, while the
skeletal muscle satellite cells will stay in the supernatant.
The purification of EMSCs is frozen with liquid nitrogen for
further study.

2.4.3. Optimized Culture Conditions with Gelatin
Layering of EMSCs

Two Petri dishes are treated as follows. One dish is paved
with 2 ml of gelatin solution (0.0025 g/ml deionized water)
and incubated in a 37°C and 5% CO, incubator for 2 hours,
with the excess gelatin removed, and it is washed twice with
DPBS. Then, 1 ml of proliferative culture is added. The same
operations are conducted in another Petri dish without

gelatin. The same amount of EMSCs is seeded into the two
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above Petri dishes and observed using a microscope at 1 h, 4
h, and 8 h of culture.

2.5. Identification of EMSCs
2.5.1. Inducing Differentiation

The isolated EMSCs are inoculated in a new culture dish and
incubated at 37°C and 5% CO,. When the cells confluence
reaches up to 70% -80 %, the original PM (+) is discarded.
Then, the residual cells are cleaned with DPBS and changed
with DM (+) to induce differentiation, and their morphology
is observed after 24 h with an inverted microscope.

2.5.2. Differential Adhering Method

The isolated EMSCs are seeded in a new culture dish, while
the equine fibroblast cells (EFCs), as controls with an equal
number in another Petri dish, are cultured at 37°C under 5%
CO.. Then, they are observed and photographed through the
use of an inverted microscope at different time points (1, 4,
and 8 hours).

2.5.3. Immunofluorescence

With further identification of EMSCs, the 4™ passage muscle
satellite cells are seeded into a twelve-well plate with glass
sheets and cultured to 70%-80% confluence in a 5% CO,
incubator at 37°C. After washing the cells with PBS, the
cells are fixed in 4% paraformaldehyde for 40 min at room
temperature and subsequently washed with ice-cold PBS,
followed by permeabilizing by PBS penetration for 30 min
with 0.1% Triton and incubated overnight at 4°C. Afterward,
the cells are washed with cold PBS, and the cells are incubated
with blocking solution supplemented with 2% bovine serum
albumin (BSA) for 1 h and incubated with 100-fold dilution
of mouse monoclonal anti-Pax7 primary antibody, mouse
monoclonal anti-Myodl primary antibody, and mouse
monoclonal anti-Desmin primary antibody, respectively,
overnight at 4°C. After washing with cold PBS 3 times, cells
are incubated with 2000-fold dilution of donkey anti-mouse
secondary antibody for 1 h at room temperature under dark
conditions and then washed with cold PBS 3 times. The cells
nuclei are counterstained with DAPI for 10 min, and then
the samples are washed once with PBS before securing to the
glass slide and observed under a fluorescence microscope.

2.5.4. Quantitative Real-Time PCR (qRT-PCR)

Fourth-generation EMSCs and EFCs are inoculated into new
Petri dishes and cultured to 80% confluence in an incubator at
37°C with 5% CO,. The TRIzol reagent (Thermofisher, USA)
is utilized for extracting total RNA from cells and transcribed
into cDNA using a super RT Kit (Takara, CHN). Quantitative
real-time PCR (qRT-PCR) is performed to analyze the mRNA
expression of Pax7, Myodl, and GAPDH, which is used as a

housekeeping gene. Primers used in this study are listed in
Table 2. Run real-time PCR was performed in a total volume
of 20 pl containing 10 pl TB Green Premix Ex Taq II, 6 ul
RNase-free water, 0.4 ul ROX Reference Dye, 0.8 pl forward
primer, 0.8 ul reverse primer, and 2 pul cDNA template.
Quantitative RT-PCR is carried out using the CFX96 (Bio-
Rad) with the manufacturer: one step at 95°C for 30 s, 40
cycles of denaturation at 95°C for 10 s, annealing at 60°C for
20 s, and extension at 72°C for 20 s. Post-PCR melting curves
confirm the specificity of the single target amplification
with each gene expression being measured in triplicate. The
relative expression values are calculated using the formula (2-
44¢t) as described by Livak and Schmittgen, where Ct is the
cycle threshold [21].

2.6. Bioenergetics Metabolism of EMSCs

The Seahorse Extracellular Flux analyzer (XFp, Agilent
Technologies, Santa Clara, CA, USA) is utilized for assessing
the bioenergetics metabolism of EMSCs under basal
conditions, respiration inhibition, and stressed metabolic
state by measuring oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) to reveal the
quiescent, glycolytic, and energetic phenotypes of cell energy
metabolism, respectively. Briefly, EMSCs are seeded on a
Seahorse XF 8 plate at a density of 12500 cells/well and grown
overnight in the 37°C CO, incubator. After 24 h, the Agilent
Seahorse XFp Cell Culture miniplate is removed from the 37°C
CO, incubator. Then, the PM (+) is changed into pH 7.4 assay
medium, which consists of 1 mM pyruvate, 2 mM glutamine,
and 10 mM glucose (Gibco) of Seahorse XF Base Medium.
Afterward, the Agilent Seahorse XFp Cell Culture miniplate
is placed into a 37°C and non-CO, incubator for 1 hour prior
to the assay. During the assay, EMSCs under basal conditions
are measured directly. EMSCs under respiration inhibition
are measured and induced by 0.5 uM oligomycin, which
is an inhibitor of mitochondrial ATP production. EMSCs
under stressed metabolic state are measured and induced
by 2 pM FCCP (carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone), which is a mitochondrial membrane
depolarizing agent.

2.7. Statistical Analysis

The mRNA expression of Pax7 and Myodl between equine
muscle satellite cells and fibroblasts and OCR and ECAR
values under basal conditions, respiration inhibition, or
stressed metabolic state were evaluated through the use of
ANOVA of the GLM procedures of SAS 9.0 (SAS Institute
Inc., 2002). Student’s t-test was used to analyze differences
between mRNA expression, OCR, and ECAR values with
least squares means. The difference was significant at P < 0.05,
0.05 < at P < 0.1, and not significant at P> 0.1.

Table 2: Primer sequences used in RT-PCR assay.

Primer Sequence Genetic ID Length(bp)
myod1-F GAACCGCTACGATGGCACCTACTAC

NM_001317253.1 101
myodl-R CCACGATGCTAGACAGGCAGTCAAG
pax7-F GTGCCCTCAGTGAGTTCGATTAGC

XM_014836146.1 108
pax7-R CTTGGCTTTATTCTCGCCGTCGT
GAPDH-F CATCATCCCTGCTTCTACTGG

XM_014866500.1 117

GAPDH-R

TCCACGACTGACACGTTAGG
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3. Results

3.1. Isolation and Culture of Equine Skeletal Muscle

Satellite Cells

The morphology of EMSCs was spherical with strong
refraction when they were separated. A handful of cells began
to attach to the plates within 3 days. The number of adhered
cells increased with time (5 d or 7 d), and cells were gradually
extended into spindle or polygonal shapes as the normal
EMSCs (Figure 1).

As the results show in Figure 2, the adherent percentage
of EMSCs increased over cultural time, and the adherent
percentage of EMSCs in the gelatin group was higher than in
the gelatin-free group after 1 h of culture. After 8 h of culture,
EMSCs extended and hypertrophied obviously in the gelatin
group compared to the gelatin-free group.

3.2. Identification of Equine Skeletal Muscle Satellite
Cells

80% confluent 4™ generation EMSCs before differentiation
appeared in spindle or polygonal shapes (Figure 3A). After
replacing of DM (+) for 24 h, the EMSCs were regularly
arranged in parallel and began to fuse formed myotubes
(Figure 3B).

The EMSCs had no cell adhering at 1 hour (Figure 4D), and
the equine fibroblast cells (EFCs) had already started to adhere

(Figure 4A). When the EMSCs had just begun to adhere at
4 h (Figure 4E), the EFCs had grown with morphological
changes (Figure 4B). At 8 hours, numerous EMSCs adhered
(Figure 4F), whereas EFCs had reached high confluency
(Figure 4C).

Immunofluorescence analysis of Pax7, Myodl, and Desmin
on proliferating EMSCs is shown in Figure 5. The results
showed that the cells are Pax7, Myod1, and Desmin positive.
Both Pax7 and Myodl were presented in the nucleus, and

Desmin was distributed within the cytoplasm adversely.

Both relative mRNA expressions of Pax7 and Myodl were
higher in EMSCs than that of EFCs (P < 0.05, Figure 6).

3.3. Bioenergetics Metabolism of Equine Skeletal Mus-
cle Satellite Cells

Bioenergetics metabolism of EMSCs under three different
conditions is compared and shown in Figure 7. The glycolytic
EMSCs under respiration inhibition had higher ECAR
(P < 0.05) compared to the quiescent EMSCs under basal
conditions. Energetic EMSCs under stressed metabolic
state demonstrated 77.5% increment (P < 0.05) in OCR in

comparison with the quiescent EMSCs under basal condition.

Figure 1: Morphology of in vitro cultured equine muscle satellite cells at different times.
(A: 1 day; B: 3 days; C: 5 days; D: 7 days).
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E3B Gelatin-free group
Gelatin group

100+

Adherent percent of EMSCs(%)

Figure 2: The influence of gelatin on the adherent percent of EMSCs at different cultural times.
A-C. EMSC:s in the gelatin group, adhering for 1 h (A), 4 h (B), and 8 h (C).
D-E. EMSCs in the gelatin-free group, adhering for 1 h (D), 4 h (E), and 8 h (F).

Figure 3: Equine muscle satellite cells before differentiation and after differentiation (A: equine muscle satellite cells before
differentiation; B: differentiation for 24 h of equine muscle satellite cells formed myotubes).

Figure 4: Differential adherence of EMSCs and EFCs at different times.
EFCs, adhering at 1 h (A), 4 h (B), and 8 h (C); EMSCs, adhering at 1 h (D), 4 h (E), and 8 h (F).

4, Discussion

4.1. Isolation and Culture of Equine Skeletal Muscle

Satellite Cells

Horses easily suffer from muscle damage during high-intense
exercise. EMSCs play major roles in muscle development and
regeneration, which have greater research value and wide
application prospects in muscle regeneration in vitro [22].
Isolation of muscle satellite cells from various species requires
different protocols. Rosenblatt ef al. separated muscle satellite
cells from rats through tissue culture system [23]. Mesires and

Doumit obtained pig skeletal muscle satellite cells through
percoll gradient centrifugation [24]. Although many animals
have established culture procedures for muscle satellite cells,
methods are quietly different between species.

Muscle satellite cells are adult stem cells located between
the basal lamina and sarcolemma of the muscle fibers. The
number of muscle satellite cells may differ considerably
in various muscles and ages of the animals. Di Foggia and
Robson studied that soleus has a higher number of satellite
cells than extensor digitorum longus of the mouse [4]. The
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semimembranosus, semitendinosus, and longissimus dorsi
muscles are generally utilized for the isolation of skeletal
muscle satellite cells. There is no obvious distinction to isolate
EMSCs of different muscles [16,25]. Mesires and Doumit
found that the relative proportion of porcine skeletal muscle
satellite cells gradually declined from 1% to 64™ weeks after
birth [24]. Previous reports on the successful isolation and
culture of skeletal muscle satellite cells mostly used skeletal
muscles of young animals. How to isolate muscle satellite
cells efficiently from muscles of adult animals is crucial. In
the present study, semitendinosus from a 2-year-old mature
Mongolian horse was selected and successful in isolating
EMSCs.

Pronase had been applied to break down the connective tissue
and muscle fibers and release the equine muscle satellite cells
described by Greene and Raub [18]. Currently, two-step
enzyme digestion methods were generally chosen to isolate
the muscle satellite cells. Gharaibeh et al. utilized 0.2% type
IV collagenase to digest for 1 h followed by digesting 0.1%
trypsin from murine skeletal muscle for 30 min [26]. Wu et
al. adopted 0.1% type I collagenase for 50 min followed by
digesting 0.25% trypsin from sheep skeletal muscle satellite
cells for 10-20 min [15]. Recently, Li et al. used 1.5 mg/ml
pronase for 1 h followed by 1.5 mg/ml type XI collagenase
digestion for 1 h from porcine skeletal muscle satellite
cells [16]. According to previous studies, different enzyme
combinations could digest muscle and isolate muscle satellite

cells. Consistent with previous studies, we also used a two-
step enzyme digestion method to isolate EMSCs, adopting
0.25% trypsin digestion for 1 h followed by 1 mg/ml type
IV collagenase for 1 h. In addition, the underlying tissue
fragment pellet digested by trypsin was collected to enrich the
satellite cell fraction and fully isolated during the subsequent
centrifugation.

The myoblast enrichment protocol takes an advantage of
the fact that myoblasts attach much less to plastic than
fibroblasts, so the fibroblasts can be removed from the
culture by preabsorption on plastic tissue culture plates. Li
et al. employed two 30 min differential adhering methods in
order to purify the obtained chicken skeletal muscle satellite
cells [16]. Kim et al. indicated 45 min differential adhering
methods in order to purify mouse satellite cells [27].

The newly isolated satellite cells are spherical with strong
refraction under a microscope, which is in agreement
with Beijing fatty chicken and Luxi cattle by [28] and [29],
respectively. The isolated Mongolian skeletal muscle satellite
cells had only a small number of cells adhered in the first
three days. Wu et al. also demonstrated that freshly isolated
sheep skeletal muscle satellite cells were difficult to attach to
the bottom of culture plates [15]. To solve this problem, this
study found that gelatin accelerated the adhering speed of
EMSCs, which is similar to that performed in mice [30] and
sheep [15].

A

DAPI Pax7
B

DAPI Myodl

Desmin

Figure 5: Immunofluorescence analysis of Pax7, Myodl, and Desmin on proliferating equine muscle satellite cells. (A)
Immunofluorescence analysis of Pax7 on proliferating equine muscle satellite cells. (B) Immunofluorescence analysis of
Myodl on proliferating equine muscle satellite cells. (C) Immunofluorescence analysis of Desmin on proliferating equine

muscle satellite cells.
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Figure 6: Relative mRNA expression of Pax7 and Myod1 in equine
muscle satellite cells (EMSCs) compared to equine fibroblasts cells
(EFCs).

* represents significant differences (P < 0.05).

4.2. Identification of Equine Skeletal Muscle Satellite

Cells
4.2.1. Myogenic Induction

Greene and Raub had proved that differentiation into myotubes
is appropriate for the identification of EMSCs [18]. Wang et

al. found that the bovine skeletal muscle satellite cells are
fused to form multinucleated myofibers [31]. With prolonged
cell differentiation culture on the fourth day, cells formed into
a large number of muscle tubes and arranged into myofiber
bundles. Danoviz and Yablonka showed that round cells were
observed at the beginning of culture, while the formation
of multi-nuclear muscle tube was observed after 5 days of
differentiation [32]. Wu et al. also demonstrated that sheep
skeletal muscle satellite cells began to fuse and form short
myotubes after 5 days of myogenic induction [15]. Consistent
with previous reports, equine skeletal muscle satellite cells are
regular parallel arrangement, gradual elongation and thinness,
the fusion between proliferating cells, and the formation of
myotubes after 72 hours of myogenic induction. These studies
are consistent with our results.

4.2.2. Differential Adhering Method

As the adhering characteristic of fibroblasts is different from
muscle satellite cells, we utilized the different adherence
methods to purify EMSCs. The results showed that although
fibroblasts adhered within 1 h EMSCs began to adhere to the
plate after 4 hours, which made us distinguish between two
cell populations.
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Figure 7: Bioenergetics metabolism of equine skeletal muscle satellite cells.
* represents significant differences between respiration inhibition and basal conditions (P < 0.05). # represents significant

differences between stressed metabolic and basal conditions (P < 0.05).
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4.2.3. Molecular Signature of Muscle Satellite Cells

Significantly, several studies have reported that muscle
satellite cells could be identified by molecular markers,
such as Pax7, M-cadherin, Desmin, and Myod family genes
Cxcr4, syndecan3/4, and c-met [10,33,34]. Pax7, a major
transcription factor to determine quiescent muscle satellite
cells, is referred to as a molecular marker to characterize the
skeletal muscle satellite cells derived from various species, and
the expression of Pax7 is downregulated when satellite cells
are committed to differentiation [35,36]. Myod gene family
members belong to the myogenic basic helix-loop-helix
transcription factor family [37]. Myod1, which is expressed
in proliferating and activating satellite cells, is important
during myogenesis [38]. Desmin is one of the cytoskeleton
components in muscle satellite cells [39]. In the present
study, Pax7 and Desmin were utilized for characterizing the
proliferating muscle satellite cells, while Myod1 was utilized
for monitoring the differentiation capability of muscle
satellite cells through qRT-PCR and immunofluorescence.
Bai et al. proved that chicken skeletal muscle satellite cells
were positive for four specific genes (c-met, Pax7, Myod, and
Desmin) by qRT-PCR [28]. The obtained pig skeletal muscle
satellite cells were identified, and the immunofluorescence
results were positive for Pax7 and Desmin. In our study,
the mRNA expressions of Myodl and Pax7 in EMSCs were
greater than in EFCs, and specific proteins of Pax7, Myodl,
and Desmin were positively shown by immunofluorescence.
Identifying EMSCs in combination with molecular signatures
increases the reliability, thus avoiding the controversy of using
a single method for identification.

4.2.4. Bioenergetics Metabolism of Equine Skeletal Muscle
Satellite Cells

Satellite cells contribute to muscle remodeling and
regeneration through migration, DNA synthesis, division, and
fusion into existing muscle fibers [40]. Equine skeletal muscle
myofibers are composed of oxidative and glycolytic myofibers
[41]. Oxidative myofibers generate energy by mitochondrial
respiration for continuous contractions with less fatigue,
whereas glycolytic myofibers have a high glycolysis capacity
for fast movements [42]. The Mongolian horse is famous for
endurance with a high proportion of oxidative myofibers than
thoroughbred [41]. The unique training method, called “hang
the horse,” combines exercise and feed restricted to enhance
the endurance of Mongolian horses. Previous studies had
proved that exercise could lead to a switch from glycolytic
myofibers to oxidative myofibers [43]. White ef al. found that
dietary selenium improves skeletal muscle mitochondrial
biogenesis in young equine athletes [44]. Moreover, Shamim
et al. indicated that amino acids improve muscle satellite
cell dynamics in vitro [45]. Whether nutritional factors can
stimulate the differentiation of muscle satellite cells into
different types of muscle fibers remains to be studied.

The transition between muscle fiber types may depend on the
types of bioenergetics metabolism of EMSCs. Bioenergetic

metabolisms EMSCs can be used as a biomarker to optimize
feeding and training strategies to improve horse performance.
The Seahorse Extracellular Flux analyzer has been widely
utilized for evaluating the bioenergetics metabolism of cells
by measuring the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR). Oligomycin can
inhibit the production of ATP by the mitochondria through
binding to the proton channel on the Fo component of ATP
synthase. As a result, oligomycin blocks oxygen uptake and
causes a compensatory increase in the rate of glycolysis.
The oligomycin concentrations work on different cells in
the region of 0.25-5 uM [46]. Here, we showed that 0.5 pM
oligomycin successfully induces proton uncoupling after
the inhibition of ATP synthesis, as evidenced by lower OCR
values and higher ECAR values of glycolytic EMSCs under
respiration inhibition in comparison with the quiescent
EMSCs under basal conditions. FCCP, a potent uncoupler
of oxidative phosphorylation in mitochondria, makes the
inner mitochondrial membrane permeable for protons and
allows maximum electron flux through the electron transport
chain [47]. 2 uM FCCP stressed mitochondrial oxidation as
evidence of increasing oxygen consumption rate (OCR) in
energetic EMSCs in comparison with the quiescent EMSCs.
We established a suitable concentration of oligomycin and
FCCP to measure the bioenergetics metabolism characteristics
of three different EMSCs types.

5. Conclusions

The isolation procedures of equine skeletal muscle satellite
cells are elaborated in detail by two-step enzymatic digestion
from a two-year-old Mongolian horse. Optimized culture
conditions with gelatin layering accelerated the adhesion
speed of EMSCs. Furthermore, we identified the equine
skeletal muscle satellite cells through a series of methods
including cell morphology, myogenic induction, differential
adhering, and molecular signatures. In addition, our study
investigated the bioenergetics metabolism characteristics of
different types of EMSCs induced by 0.5 uM oligomycin and
2 uM FCCP through a Seahorse Extracellular Flux analyzer.
These methods in the present study are essential to use the
EMSCs in vitro for studying the molecular mechanisms
of muscle development, regeneration, and muscle fiber
differentiation of horses.
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