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Simple Summary: Our aim in this study was to investigate the appropriate extracellular matrix
(ECM) for the long-term culture of bovine satellite cells (BSCs), with the goal of supplying satellite
cells for cultured meat. We found that BSCs cultured on gelatin were effectively maintained by
expressing high levels of Pax7 in both short- and long-term cultures.

Abstract: Cultured meat produced using satellite cells has emerged to address issues such as over-
population, the ethical conundrums associated with the breeding environment, and the methane gas
emissions associated with factory farming. To date, however, the challenges of maintaining satellite
cells in vitro and reducing the costs of the culture media are still substantial. Gelatin, collagen,
and fibronectin are commonly used extracellular matrices (ECMSs) that facilitate signal integration
with the cells and promote cell adhesion. In this study, we compared the proliferation, cell cycle,
immunocytochemistry, and expression levels of Pax7, Pax3, Myf5, MyoD1, and MyoG genes in bovine
satellite cells (BSCs) cultured on gelatin-, collagen- and fibronectin-coated dishes as part of short- and
long-term cultures. We observed that BSCs cultured on gelatin-coated dishes showed higher levels of
Pax7 expression than BSCs cultured on collagen- and fibronectin-coated dishes in both short- and
long-term cultures, indicating that BSCs cultured on gelatin effectively maintained the satellite cell
population in both the short- and long-term cultures. Our study highlights that gelatin is an effective
ECM for the maintenance of BSCs and the production of cultured meat.
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1. Introduction

Satellite cells were first studied in 1961, initially focusing on signaling pathways and
their role in muscle regeneration [1-5]. Since then, the growing global population has
heightened the demand for sustainable sources of nutrition. However, sourcing nutrition
from livestock poses major challenges, including excessive deforestation and increased live-
stock waste due to factory farming [6]. “Artificial meat’ or ‘cultured meat’ has emerged as a
potential solution. These meats are produced in a laboratory using satellite cells, adipose
cells, and a stacking material such as a scaffolds or micro-carriers [7,8]. While promising,
the cost of producing meat using culture media is currently too high for mass produc-
tion, and there is no effective method for maintaining satellite cells in vitro. Therefore, a
continuous supply of satellite cells remains essential [9].

The satellite cells are precursors of muscle fibers. The satellite cells are located between
the muscle fiber and basal lamina, along blood vessels and the extracellular matrix (ECM),
collectively known as the satellite cell ‘niche’ [10]. Within this niche, when a signal occurs,
satellite cells interact with surrounding cells or the ECMs and commit to myogenesis. The
myogenic-committed satellite cell then begins to differentiate into myofibers [11-13]. The
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paired box 7 (Pax7) gene is known for maintaining satellite cells and regulating myogenic
differentiation. However, the expression levels of Pax7 drop significantly as it is cultured
in vitro for long periods [14,15].

A number of researchers have attempted to maintain and proliferate bovine satellite
cells (BSCs) in vitro by adding growth factors and cytokines to the culture medium [16,17].
FGEF (fibroblast growth factor) is essential for the maintenance of satellite cells and pro-
moting muscle regeneration [18]. IGF-1 (Insulin-like Growth Factor 1) mediates muscle
hypertrophy by enhancing satellite cell activation and proliferation [19]. Interleukin-6
(IL-6) promotes the proliferation of myogenic satellite cells during muscle regeneration [20].
Additionally, signaling pathways regulate satellite cell proliferation and maintenance. Pre-
vious studies have shown that Notch and Wnt signals amplify satellite cells’ populations
in vitro [21-25]. MAPK (Mitogen-Activated Protein Kinase) is a known initiator of myoge-
nesis, and in BSCs, inhibiting the p38 MAPK signaling pathway regulates differentiation
and enhances the expression of the Pax7 gene [14,26,27].

Fibronectin, collagen, and laminin are ECM components that exist within the satellite
cell niche. In vitro, these ECM components serve as adhesives between the cells and the
culture dish. These ECM components integrate signals through integrin receptors and
promote cell-cell adhesion [28,29]. Collagens are one of the ECM glycoproteins that are
widely abundant in tissues [30]. They are mainly produced by fibroblasts but are also
secreted in chondrocytes, muscle stem cells, and committed myoblasts [31]. It has been
reported that collagen type VI maintains the self-renewal of the satellite cells by regulating
the muscle satellite cell niche [32]. Fibronectin can be produced by fibroblasts, chondrocytes,
myocytes, and synovial cells [33]. It regulates cell adhesion and migration through integrin
receptors [34]. Gelatin is the irreversible hydrolysis product of the triple helical structure
of collagen that is produced by heat and enzymatic denaturation [35]. Gelatin is low-cost,
non-toxic, and has a similar structure to collagen, making it suitable for many cell culture
conditions [36-38]. However, the characteristics of BSCs cultured on gelatin-, collagen-,
and fibronectin-coated dishes over short and long periods remain unclear.

In this study, we compared cell proliferation, cell cycle dynamics, immunocytochem-
istry (ICC), and the expression levels of Pax7, Pax3, Myf5 (Myogenic Factor 5), MyoD1 (myo-
genic differentiation), and MyoG (Myogenin) genes in BSCs cultured on gelatin-, collagen-,
and fibronectin-coated dishes in both short- and long-term cultures. We found that the
population of S phase cells was significantly higher in BSCs cultured on gelatin-coated
dishes compared with those on collagen- and fibronectin-coated dishes in both short- and
long-term cultures. Moreover, the expression of Pax7 was also significantly higher in
gelatin-coated dishes at short- and long-term cultures. Gelatin could serve as an effective
ECM for maintaining BSCs for long-term culture and for the production of cultured meat.

2. Materials and Methods
2.1. BSC Isolation and Primary BSC Culture

Chuck muscle tissues were isolated from adult Korean native cattle using previ-
ously described protocols [39]. Briefly, the chuck muscle tissues were weighed to 5 g
and minced for 5 min with surgical scissors. The tissues were then dissociated with Di-
gest Solution (1 g/mL) containing DMEM/F12 (Gibco, Carlsbad, CA, USA, #11320-033),
0.25% trypsin-EDTA (TE) (Gibco, #25200-072), Collagenase 2 (Worthington, Lakewood,
NJ, USA, #CLS-2, 5 g), Dispasell (Roche, Indianapolis, IN, USA, #4942078001, 1 U/mL),
and 10% Antibiotic-Antimycotic (A.A., Gibco, #15240062) for 2 h at 37 °C. Each muscle
fragment was neutralized with neutralized media containing DMEM (Gibco, #11885092)
and 15% Fetal Bovine Serum (FBS) (Gibco, 16000-044, 26140079) supplemented with 1%
A.A. The mixture was centrifuged at 80x g for 3 min at 4 °C. Supernatant was collected
and filtered through a 100 um strainer, followed by a 40 pm cell strainer. Red blood cell
(RBC) lysing buffer (Sigma-Aldrich, St. Louis, MO, USA, #R7757-100 mL) was used to
lyse the red blood cells, which were then washed with PBS twice. Cells were then re-
constituted with primary culture media containing Ham'’s F-10 (Gibco, #15240-062), 20%
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FBS, 1% A.A., basic fibroblast growth factor (bFGF) (R&D System, Minneapolis, MN, USA,
#223-FB-500/CF, 5 ng/mL), and Primocin (Invivogene, Pak Shek Kok, New Territories,
Hong Kong, ant-pm-2, 100 pg/mL) until a cell density of 70-80% was achieved. For the
experiment, primary culture media was replaced with culture media where Primocin was
discarded and A.A. was substituted with penicillin-streptomycin (PS). The muscle-derived
cells (passage 0) were cultured on gelatin-coated dishes.

For the bovine satellite cells’ purification, cells were reconstituted with FACS buffer
containing 1% BSA (Sigma, St. Louis, MO, USA, #A8412) with PBS and stained with APC
anti-human CD29 antibody (1:20, BioLegend, San Diego, CA, USA, #303008), PE-CyTM7
anti-human CD56 antibody (1:20, BD Bioscience, Franklin Lakes, NJ, USA, #335826), FITC
anti-sheep CD31 (1:10, Bio-Rad, Hercules, CA, USA, #MCA1097F), FITC anti-sheep CD45
(1:10, Bio-Rad, #MCA220F), and Hoechst 34580 (1 pg/mL, Invitrogen, Carlsbad, CA, USA,
H21486) for 45 min in ice. The CD29" CD56* CD31~ CD45~ cell population was sorted
using a BD FACS Aria III (BD bioscience, Franklin Lakes, NJ, USA). The pure bovine satellite
cells from the isolated muscle-derived cells using antibodies were seeded on gelatin-coated
dishes (passage 1). The experiment was conducted from passage 3 to passage 10 to identify
the appropriate ECMs for the long-term maintenance of BSCs.

2.2. BSC Culture on ECM Coating

BSCs were cultured on dishes coated with 0.1% gelatin (Sigma-Aldrich, #G1393),
20 ug/mL of fibronectin (Sigma-Aldrich, #FC010), and 35 ug/mL of collagen (Sigma-
Aldrich, #C8919). BSCs were seeded in 100 mm and 6-well plate, 4-well plate, and 96-well
plate with cell quantities of 1 x 10°, 1.8 x 10°,5 x 10%,and 5 x 10> respectively. Media
were changed every day and passaged every 3 days.

2.3. Cell Proliferation Analysis

BSCs were seeded in a 96-well plate coated with gelatin, collagen, and fibronectin.
BSCs were seeded in every well at a density of 2 x 10*. Cells were then cultured in
culture media for 3 days. Growth was detected using a Cell Counting Kit-8 (CCK-8§,
Dojindo, Kumamoto, Japan #CK04-11). Cells were treated with CCK-8 solution according
to manufacturer’s instructions and incubated at 37 °C for 3 h. Proliferation was measured
using a microplate reader with a wavelength of 450 nm.

2.4. Cell Cycle Analysis

BSCs were collected during short- (P2) and long-term (P10) culture. Cells were seeded
in a 35 mm dish at a density of 18 x 10%. For cell cycle analysis, early and late cells were
detached using 0.25% trypsin-EDTA and neutralized with neutralized media containing
DMEM, 15%FBS, and 1% A.A. Cells were then washed with cold PBS (containing 1% BSA),
fixed with 70% ethanol for 5 min at 4 °C, and then centrifuged 850x g at 4 °C for 5 min.
Ethanol was removed and cells were washed with PBS twice, after which 100 ug/mL of
RNase A (Sigma-Aldrich, #70856) was added, as was 25 ug/mL of Propidium iodide (PI)
(Bio Legend, San Diego, CA, USA, #421301) with PBS. Cells were then analyzed by flow
cytometry with a blue laser (excitation 488 nm).

2.5. Immunofluorescence Staining of BSCs and Analysis of Expressed Pax7 and MyoD1

BSCs were seeded in a 4-well plate at a density of 5 x 10* and cultured for three
days. Cells were then washed with PBS twice, fixed with 4% paraformaldehyde for 20 min
at 4 °C, and then washed with PBS three times. Cells were then incubated in blocking
solution (washing solution + 3% bovine serum Albumin (Bovogen, Keilor East, Australia,
Bovostar) and washing solution (0.3% Triton X-100 (Gibco, 10010-023)) with PBS for 2 h.
After blocking, cells were washed again with washing solution. Cells were then stained
overnight with primary antibodies against anti-MyoD1 (Polyclonal, 1:200, Proteintech,
Rosemont, IL, USA) and Pax7 (anti-paired box 7) (Pax7 monoclonal, 1:50, DHSB, Iowa, IA,
USA) at 4 °C. Cells were then stained with Alexa488 anti-mouse (Invitrogen, USA, A11001)
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antibodies and Alexa568 labeled anti-rabbit (Invitrogen, USA, A11004) antibodies at room
temperature for 2 h and stained with 1 ug/mL of 4'6-diamidino-2-phenylindole (DAPI) for
30 min. After DAPI staining, cells were washed with washing solution for 10 min. BSCs
stained with Pax7 and MyoD1 was captured with Leica DFC 9000 (Deerfield, IL, USA) at
200x magnification. The number of expressed Pax7 and MyoD1 was calculated as a ratio
of the total DAPI count.

2.6. Gene Expression Analysis by gRT-PCR

RNA was extracted from cells using an AccuPrep® Universal RNA Extraction kit
(Bioneer, Seoul, Republic of Korea) following the manufacturer’s protocol. Then, 1 nug
of total RNA was reverse-transcribed with Accupower® CycleScript RT Premix (Bioneer,
Seoul, Republic of Korea) consistent with the manufacturer’s instructions. Relative gene
expression was performed in triplicate using Powerup SYBR Green master mix (Applied
Biosystem, Carlsbad, CA, USA). The primers used for qRI-PCR were as follows: GapDH
sense 5'-CACCCTCAAGATTGTCAGC-3/, GapDH antisense 5'-TAAGTCCCTCCACGATGC-
3’, Pax7 sense 5-CTCC CTCT GAAG CGTA AGCA-3/, Pax7 antisense 5-GGGT AGTG
GGTC CTCT CGAA-3/, Pax3 sense 5'-CAAAGCTTACAGAGGCCCGA-3/, Pax3 antisense 5'-
GGTCTCTGACAGCTGGTACG-3', Myf5 sense 5'-TCTATCTCTCTGCTGTCCAGGC-3, Myf5
antisense 5'-AACTCGTCCCCGAACTCAC-3', MyoD1 sense 5-TTTGCCAGAGCAGGAGCCC
CTC-3/, MyoD1 antisense 5-TGGACTCTTGGGCCAACTTGAGAT-3', MyoG sense 5'-GCGCA
GACTCAAGAAGGTGA-3', and MyoG antisense 5'-TGCAGGCGCTCTATGTACTG-3'.

2.7. Statistical Analysis

All experiments were performed three times, and the data of all repetitions of each
experiment were collated and expressed as means + standard error (SE) of the mean.
Statistical tests were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA),
and statistical differences were performed with Student’s t-test or variance (ANOVA)
followed by Duncan’s Multiple Range Test for post hoc comparisons. A p-value < 0.05 was
regarded as significant.

3. Results
3.1. Analysis of the Proliferation and Cell Cycle of BSCs Cultured on Gelatin-, Collagen- and
Fibronectin-Coated Dishes in Short- and Long-Term Cultures

We first sorted the pure bovine satellite cells using the surface markers of BSCs
(CD29 and CD56). Live cells were initially sorted using Hoechst staining followed by
secondary sorting of the CD31 and CD45 negative population. The CD29 and CD56
positive population was sorted as pure satellite cells (Figure 1A). We next confirmed the
sorted satellite cells by ICC, separating those that expressed Pax7 and MyoD1 (Figure 1A).
The culture dishes were coated with 0.1% gelatin, which is commonly used in various
cell types and species [40—42]. Fibronectin was coated at 20 pg/mL, which was the most
efficient cell adhesive in MCP-5 cells [43] and had higher proliferation in porcine satellite
cells [44]. The recommended concentration for collagen coating is typically 57.6-96 pg/mL
in a 6-well plate. However, we found collagen coatings to be cost ineffective. We minimized
the collagen concentration to 35 pug/mL in 6-well plates. To evaluate the growth of BSCs
cultured on gelatin, collagen, and fibronectin coatings, we analyzed cell proliferation in
both short-term (passage 2, P2) and long-term (passage 10, P10) cultures. There were no
significant differences in cell proliferation among the three different ECMs at short-term
culture (Figure 2A). However, the BSCs cultured on collagen-coated dishes exhibited the
highest proliferation at long-term culture (Figure 2A) (p < 0.001). We next evaluated the cell
cycle of BSCs cultured on gelatin, collagen, and fibronectin in both short- and long-term
cultures. The population of GO/G1 phase cells in BSCs cultured on collagen-coated dishes
was significantly higher in both short- and long-term cultures compared with gelatin- and
fibronectin-coated dishes (Figure 2B) (p < 0.001).
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Figure 1. (A) Bovine satellite cells were sorted by CD29 (APC), CD31 (FITC), CD45 (FITC), and CD56
(PE—Cy?7) antibodies and Hoechst. Cells were first distinguished as live or dead cells by Hoechst.
CD31 and CD45 negative cells were then distinguished. Next, CD29 and CD56 double-positive
cells were sorted. (B) The isolated CD29*, CD56%, CD31~, and CD45, bovine satellite cells were
stained with PAX7 (green), MYODI1 (red) antibody, and DAPI (blue). Scale bar indicates 100 um.
(B) Comparative analysis of cell proliferation of bovine satellite cells cultured on gelatin-, fibronectin-,
and collagen-coated dishes for short (P2)- and long (P10)-term culture (p < 0.001). n = 9. Each letter
(a, b, c) represents significant differences. Values are presented as means =+ SE. (C) The cell cycles of
the bovine satellite cells were stained with Propidium iodide (PI). The bovine satellite cultured on
gelatin-, fibronectin-, and collagen-coated dishes for short- and long-term culture were then analyzed
with flow cytometry. n = 3. Each letter (a, b, c) represents significant differences (p < 0.001). Values
are presented as means + SE.

The S phase population was significantly higher in BSCs cultured on gelatin-coated
dishes than in those cultured on collagen- or fibronectin-coated dishes in both short-term
cultures (Figure 2B) (p < 0.001). The population of the G2/M phase was significantly
higher in BSCs cultured on fibronectin-coated dishes in both short- and long-term cultures
(Figure 2B) (p < 0.001). Our results indicate that the BSCs being cultured on different ECMs
could influence the cell proliferation and cell cycle through short- and long-term culture.

3.2. Comparative Analysis of Bovine Satellite Cells’ State Between Three Different ECMs

To determine the state of the BSCs cultured on the different ECMs, we first stained
PAX7 and MYOD1 using ICC method (Figure 2A). We next analyzed the population of
Pax7* MyoD1~ (quiescence), Pax7* MyoD1" (activated satellite cells), and Pax7~ MyoD1*
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(myoblasts). To determine the BSCs’ states at long-term culture depending on the dif-
ferent ECMs, we stained PAX7 and MYOD1 using the ICC method at long-term culture
(Figure 2A). The population rate of expressed Pax7* MyoD1~ was significantly higher in
BSCs cultured on gelatin-coated dishes at short-term culture (p < 0.01) (Figure 2B). The
population rate of expressed Pax7* MyoD1~ was significantly higher in BSCs cultured
on gelatin (p < 0.005) (Figure 2C). However, the population of Pax7~ MyoD1* and Pax7*
MyoD1* was significantly higher in BSCs cultured on collagen-coated dishes (p < 0.05)
(Figure 2C). Our results indicate that BSCs being cultured on gelatin-coated dishes af-
fected the population rate of BSCs that expressed only Pax7, while BSCs being cultured
on collagen-coated dishes affected the population rate that co-expressed Pax7 and MyoD1,
indicating that the extracellular matrix could influence the BSCs population rate.
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Figure 2. (A) Bovine satellite cells cultured on gelatin-, fibronectin-, and collagen-coated dishes at
short- and long-term culture were stained with PAX7 (green), MYODI1 (red) antibody, and DAPI
(blue). Scale bar indicates 100 pm. (B) Comparative analysis of Pax7* MyoD1~, Pax7~ MyoD1*, and
Pax7* MyoD1* cell populations between gelatin, fibronectin, and collagen in short-term culture. Pop-
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ulation of Pax7* MyoD1~ (p < 0.01) n = 3. Each letter (a, b) represents significant differences. Values
are presented as means + SE. (C) Comparative analysis of Pax7* MyoD1~, Pax7~ MyoD1*, and
Pax7* MyoD1* cell populations between gelatin, fibronectin, and collagen in long-term culture. Pax7*
MyoD1~ (p < 0.005), Pax7~ MyoD1* (p < 0.05), Pax7* MyoD1* (p < 0.05), n = 3. Each letter (a, b, c)
represents significant differences. Values are presented as means + SE.

3.3. Comparative Analysis of Gene Expression of BSCs Cultured on Gelatin-, Collagen-, and
Fibronectin-Coated Dishes at Short- and Long-Term Cultures

It is known that the expression of Pax7 and MyoD1 in BSCs continuously decreases
as they are cultured for the long term in vitro [14]. To determine the gene expression
levels of BSCs cultured on different ECMs, we analyzed the expression levels of Pax7,
Pax3, and myogenic regulator factors (Myf5, MyoD1, and MyoG) in BSCs cultured on
gelatin-, collagen-, and fibronectin-coated dishes at short- and long-term cultures. The Pax7
expression levels were significantly elevated in BSCs cultured on gelatin-coated dishes in
both short- and long-term culture (p < 0.005) (Figure 3A,B). In short-term culture, Myf5
and MyoG expression levels were markedly higher in BSCs cultured on both gelatin- and
fibronectin-coated dishes (p < 0.001) (Figure 3A,B). At long-term culture, Myf5 expression
levels remained significantly higher in BSCs cultured on gelatin (p < 0.005), while the
expression levels of MyoG were notably higher in BSCs cultured on fibronectin-coated
dishes (p < 0.0001) (Figure 3A,B). The Pax3 expression levels followed a similar pattern to
MyoG, with higher expression levels in BSCs cultured on collagen- and fibronectin-coated
dishes compared with gelatin-coated dishes during short-term culture. However, only
fibronectin-coated dishes had notably higher expression levels of Pax3 at long-term culture
(p < 0.05) (Figure 3A,B). The expression levels of the MyoD1 gene were significantly higher
in BSCs cultured on gelatin-coated dishes at short-term culture; however, the expression
levels of the MyoD1 gene were significantly higher in fibronectin-coated dishes at long-
term culture (p < 0.001) (Figure 3A,B). Our results showed that BSCs cultured on gelatin
could be maintained better than BSCs cultured on collagen- or fibronectin-coated dishes.
Additionally, BSCs cultured on fibronectin-coated dishes could have a larger population of
myogenic committed satellite cells compared with those cultured on gelatin- or collagen-
coated dishes.
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Figure 3. (A) Gene expression levels of Pax7, Pax3, Myf5, MyoD1, and MyoG in BSCs cultured
on different ECMs in short-term culture (n = 3). Significant differences are indicated by different
letters (a, b, ¢; p values: Pax7, Pax3, Myf5 < 0.005; MyoD1, MyoG < 0.0001). Values are presented as
means =+ SE. (B) Gene expression levels of Pax7, Pax3, Myf5, MyoD1, and MyoG in BSCs cultured on
different ECMs in long-term culture (n = 3). Significant differences are indicated by different letters
(a, b, c; p values: Pax7, Myf5 < 0.005; Pax3 < 0.05; MyoD1, MyoG < 0.0001). Values are presented as
means =+ SE.
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4. Discussion

Research has been devoted to maintaining BSCs in vitro through the regulation of
growth factors, signaling pathways, and ECMs. The expression of the Pax7 gene in porcine
satellite cells has been shown to be significantly higher when fibronectin-coated dishes are
used compared with other ECMs (i.e., collagen, gelatin, matrigel, laminin) [29]. To date, the
characteristics of BSCs cultured on gelatin, collagen, and fibronectin have remained unclear.

In the present study, we analyzed the proliferation, cell cycle, ICC, and expression
levels of Pax7, Pax3, and the myogenic regulator factors Myf5, MyoD1, and MyoG genes
of BSCs cultured on different ECMs. We found that the populations in the S phase were
significantly higher in BSCs cultured on gelatin-coated dishes in both short- and long-term
cultures. The population rate of Pax7* MyoD1~ expression was significantly higher in
gelatin-coated dishes compared with collagen- or fibronectin-coated dishes in both short-
and long-term cultures (Figure 2B,C). Our results also confirmed that the expression levels
of the Pax7 gene were significantly higher in gelatin-coated dishes from both short- and
long-term cultures. However, as BSCs were cultured for long periods, the expression
levels of MyoD1 and MyoG genes were ultimately significantly higher when fibronectin
coated-dishes were used.

Fibronectins interact with $1-integrin and collaborate with FGF to augment the phos-
phorylation of ERK and the AKT signaling pathway, which regulate cell proliferation [45].
In a prior study, porcine satellite cells cultured on fibronectin expressed significantly higher
levels of Pax7 compared with those cultured on gelatin [29]. Moreover, our previous results
demonstrated that porcine satellite cells cultured on fibronectin showed higher proliferation
and expression of Pax7 by ICC. We also previously confirmed high expression levels of
Pax7 as the concentration of fibronectin falls in porcine satellite cells [44].

Collagen is composed of three amino acids: proline, glycine, and hydroxyproline,
which combine to form a triple helix structure that determines the structural form of the
protein. There are 28 various types of collagen discovered in the human body, and the
most common types of collagens are type I to type IV, with type I accounting for more than
90 percent [46]. Type I collagen in myoblasts substantially decreases as it differentiates,
whereas the addition of collagen inhibits the differentiation of C2C12 cells [47]. A previous
study revealed that impaired collagen type VI in C2C12 cells lost the ability to support
self-renewal and muscle regeneration after injury in vivo. However, impaired collagen type
VI C2C12 cells were able to recover the satellite cells” population when cultured on collagen
type VI-coated dishes in vitro, indicating that collagen type VI regulates the self-renewal
and regeneration of mouse muscle satellite cells [32].

Gelatin is widely used in cell cultures to improve the adhesion of cells to the culture
dish. Ovine satellite cells cultured on pigskin gelatin have been found to initially have
fewer total cells than those cultured on bovine fibronectin-coated dishes; however, the cells
cultured on gelatin had a larger number of total cells at the end of the proliferation period.
Ovine satellite cells cultured on gelatin have also been reported to enhance their differen-
tiation capability by forming large myotubes that are more branched and contain more
nuclei [48]. One prior study confirmed that cod-skin gelatin hydrolysates (CGHs), which
are prepared by hydrolyzing gelatin with alkaline protease and trypsin, reduced MMP-1
expression, subsequently decreasing type I collagen in fibroblasts under UV irradiation
conditions. Among CGHs, two peptides have been shown to inhibit p-ERK and p-p38
in the MAPK pathway [49]. Notably, the inhibition of p-p38 by p38i in BSCs leads to an
increase in the Pax7 expression levels [14].

When the expression of Pax7 is high alone in mouse muscle stem cells, it is associated
with quiescent muscle stem cells, which are known for their slow entry into the cell cycle,
low metabolic activity, and effective engraftment in vivo [50]. In another study, it was
shown that the population of mouse satellite cells expressing Pax7* MyoD1~ was higher
on non-coated dishes compared with those on matrigel- and collagen VI-coated dishes [32].

Our results showed that BSCs cultured on gelatin exhibited a significantly higher
population of cells expressing Pax7* MyoD1™ in both short-term and long-term cultures
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compared with those cultured on other ECMs (Figure 2B,C). In contrast, BSCs cultured on
fibronectin and collagen exhibited higher populations of cells expressing both Pax7 and
MyoD1, as well as MyoD1 alone, at long-term culture (Figure 2B,C). In addition, previous
studies have shown that high expression of Pax7 combined with low expression of Myf5 is
associated with a quiescent and self-renewing state, while high expression of both Pax7
and Myf5 is linked to activated satellite cells, leading to myogenic differentiation [51]. Our
results demonstrate that BSCs cultured on gelatin had significantly higher levels of Pax7
and Myf5 expression at long-term culture compared with those cultured on fibronectin and
collagen (Figure 3A,B). This finding suggests that the BSCs cultured on gelatin are more
effective at maintaining themselves over time compared those cultured with other ECMs.
ECMs seemed to affect the population rate of BSCs in vitro, and further research is needed
to determine the relationship between the population of BSCs and the ECMs. Effective
maintenance and high growth rates of BSCs are essential for the production of bovine-
derived cultured meat. The development of methods for maintaining and expanding BSCs
in vitro is necessary for ensuring a continuous supply of BSCs.

5. Conclusions

In our present study, we confirmed that gelatin maintains the BSCs’ population during
long-term culture. Gelatin is considered an appropriate ECM for supplying cells needed
for cultured meat production due to its cost advantage compared with other ECMs.
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