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Abstract
To improve culture efficiency of Hanwoo myosatellite cells, these cells were cultured at dif-
ferent temperatures. Hanwoo myosatellite cells were compared with C2C12 cells to observe 
proliferation and differentiation at culture temperatures of 37℃ and 39℃ and determine the 
possibility of using them as cultured meat. Immunofluorescence staining using Pax7 and 
Hoechst, both cells cultured at 37℃ proliferated better than cultured at 39℃ (p < 0.05). When 
differentiated cells were stained with myosin and Hoechst, there was no significant difference 
in myotube thickness and Fusion index (p > 0.05). In Western blotting analysis, Hanwoo 
myosatellite cells were no significant difference in the expression of myosin between cells 
differentiated at the two temperatures (p > 0.05). C2C12 cells were no significant difference 
in the expression of myosin between cells differentiated at the two temperatures (p > 0.05). In 
reverse transcription and quantitative polymerase chain reaction (RT-qPCR) analysis, Han-
woo myosatellite cells cultured at 39℃ had significantly (p < 0.05) higher expression levels 
of MyHC, MYF6, and MB than those cultured at 37℃. C2C12 cells cultured at 39℃ showed 
significantly (p < 0.05) higher expression levels of MYOG and MB than those cultured at 
37℃. To increase culture efficiency of Hanwoo myosatellite cells, proliferating at 37℃ and 
differentiating at 39℃ are appropriate. Since results of temperature differences of Hanwoo 
myosatellite cells were similar to those of C2C12 cells, they could be used as a reference for 
producing cultured meat using Hanwoo satellite cells.
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INTRODUCTION
Prenatal and postnatal skeletal muscle growths in animals are due to embryonic myoblasts and 
satellite cells, respectively. In particular, myosatellite cells found between the sarcolemma and the 
basal lamina participate in muscle development, recovery, and regeneration [1]. Although they are 
normally in a resting state, they can be activated by external stimuli such as muscle damage and 
exercise. Activated satellite cells can repeatedly increase myoblasts through proliferation according 
to demands of skeletal muscle. Through differentiation, myoblasts can attach to each other to form 
myotubes and myofibroblasts. By fusion to the skeletal muscle, myoblasts can regenerate and grow 
[2,3]. These myosatellite cells play an important role in muscle regeneration after injury. Among 
various cell types for cultured meat production, myosatellite cells have been shown to be the most 
effective and promising [1]. Among stem cells, except for satellite cells, there are embryonic stem 
cells, induced pluripotent stem cells, and adipose-derived adult stem cells. Although these cells have 
sufficient differentiation capacity [4], whether they can successfully form muscle tissues has not 
been reported yet.  

In 2013, a company made the first cultured beef hamburger. Since then, dozens of companies 
have entered the cultured meat field, developing a variety of products including chicken, beef, pork, 
and seafood [5]. In addition, cell-based cultured meat development is being actively carried out 
in several countries such as the United States, Israel, the Netherlands, Canada, Japan, Singapore, 
Spain, China, the United Kingdom, and Turkey [6]. A large amount of muscle fibers for cultured 
meat can be obtained with only a very small number of cells [7]. Although various cells can be used 
for the production of cultured meat, C2C12 myoblast is popularly used for cell culture experiments 
including cultured meat because it rapidly proliferates and differentiates with the advantage of 
being well cultured in a relatively poor environment [8]. Various cattle breeds are being researched 
for cultured meat production. Various studies such as gene expression, effects of vitamins, and 
hypoxia of Hanwoo myosatellite cells have been reported [9]. However, there are very few research 
on cultured meat production using Hanwoo myosatellite cells. Hanwoo is an indigenous Taurine 
cattle in Korea. It is characterized by marbling, soft texture, juiciness, and unique flavor [10]. 
Domestic consumption of Hanwoo per capita in 2021 was 4.4 kg, an increase of 4.8% compared 
to 2020 when it was 4.2 kg, showing a continuous increase in Hanwoo consumption [11]. As such, 
we judge that it would be good to use Hanwoo, which accounts for a large portion of domestic beef 
consumption, as a key raw material for cultured meat research, like other breeds of cattle abroad 
where research is actively underway for cultured meat production.

Cultured meat shows a lot of potential as a solution to various problems, including environmental 
pollution, methane emission, land and water shortage, and the welfare of livestock caused by 
consumption of meat food [12]. Despite many advantages of cultured meat, the high production 
cost compared to meat produced by a general method is the reason for the lack of its popular 
consumption [13]. To lower the production cost of cultured meat, culture efficiency should be good 
above all else. Thus, it is necessary to study a method to increase the culture efficiency by shortening 
the time for proliferation and differentiation of cells to prepare cultured meat. Cell culture may vary 
depending on various external conditions such as cell type, compositions of culture medium, pH of 
culture, time of culture, air conditioning, growth factors, mechanical, electronic, gravitational, and so 
on [14,15]. Among which various external conditions, satellite cells are very sensitive to temperature 
changes, which can greatly affect their proliferation and differentiation [16]. For example, in 
the case of primary human skeletal muscle cultured cells, human skeletal muscle myoblasts, and 
C2C12 mouse myoblasts, diameters of myotubes cultured at 39℃ are larger than those cultured 
at 37℃ [17]. In addition, cells cultured at 43℃ could not proliferate well due to heat shock [18]. 
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When cells are exposed to a high temperature above a certain level, various cellular dysfunctions 
such as inhibition of protein synthesis, defects in protein structure and function, and changes in 
morphology due to cytoskeletal rearrangement can occur [19].

To provide data for using Hanwoo myosatellite cells as cultured meat, the proliferation and 
differentiation efficiency of Hanwoo myosatellite cells in comparison with C2C12 cells according 
to culture temperature of 37℃ and 39℃.

MATERIALS AND METHODS
Cells
Before using Hanwoo myosatellite cells, preliminary experiments were performed using C2C12 
cells. C2C12 cells (CRL-1772, ATCC, Manassas, VA, USA) are commonly used in cultured meat 
experiments. Hanwoo myosatellite cells used in the experiment were collected from the round 
top muscle of one 34-month-old Hanwoo at Farmstory Hannaeng located in Eumseong-gun, 
Chungcheongbuk-do, Korea. These collected muscles were moved to the laboratory using an ice 
box. Hanwoo myosatellite cells were collected with an isolation technique in the laboratory.

Cell proliferation and differentiation
A flask coated with collagen for proliferation and a flask coated with Matrigel for differentiation 
were prepared. The collagen coating solution was prepared by diluting a collagen solution of 5 
mg/mL with distilled water to a concentration of 0.5%. 1M acetic acid was added to the collagen 
coating solution to have a final concentration of 2% for collagen solubilization. After dispensing the 
prepared collagen solution into a flask, it was left in an incubator at 37℃ for at least 16 hours. After 
removing the coating solution by suction before using in the experiment, the flask was washed twice 
using 1X phosphate buffered saline (PBS; HyCloneTM, Cytiva, Logan, Utah). It was then dried for 
use in the experiment. For Matrigel coating, a solution of Matrigel was prepared by diluting it with 
cold 1X PBS at a ratio of 1:200. After Matrigel coating, the flask was then left in an incubator at 
37℃ for at least 4 hours. After removing the coating solution using suction, the flask was washed 
once with 1X PBS. It was then dried before it was used in the experiment.

For cell proliferation, Ham’s F-10 (11550-043, Gibco, Waltham, MA, USA) medium 
supplemented with 20% fetal bovine serum (FBS; 35-015-CV, Corning, Corning, NY, USA) 
and 1% penicillin-streptomycin-amphotericin B (PSA; 17-745E, Lonza, Basel, Swiss) was 
used. For effective cell proliferation and growth, basic fibroblast growth factor (bFGF; Gibco) 
at a final concentration of 0.05% was added to the flask. Medium used for differentiation was 
DMEM (11995-065, Gibco) supplemented with 2% FBS and 1% PSA. For cell proliferation 
during experiments, Hanwoo cells and C2C12 cells were seeded at a density of 1,800 cells/
cm2 and cultured in an incubator at 37℃ with 5% CO2 nor 39℃ with 5% CO2 for 5 days and 
4 days, respectively. In the case of differentiation, cells were cultured in growth medium (GM) 
until confluent in a 96-well plate or a T25 flask and then differentiated into muscle myotubes in 
differentiation medium (DM). 

Cell counting
Cells were detached with trypsin. The number of cells was counted using a cell counter (Countess 
cell FL automated cell counter, Invitrogen, Waltham, MA, USA) after staining with trypan blue 
solution (T8154, Sigma-Aldrich, Burlington, MA, USA). A trypsin neutralization solution (2% 
FBS in PBS) was used to neutralize trypsin.
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Immunofluorescence staining
To measure proliferation capacity using an antibody, Hanwoo cells and C2C12 cells were seeded at 
a density of 1,800 cells/cm2 in a 96-well plate and cultured in an incubator at 37℃ with 5% CO2 
or 39℃ with 5% CO2 for 3 days and 4 days, respectively. After removing the culture medium, cells 
were washed with 1X PBS and treated with 2% paraformaldehyde (GeneAll, Seoul, Korea) at 37℃ 
for 45 minutes. After washing twice with 1X PBS, cells were treated with 0.1% Triton X (Sigma-
Aldrich, St. Louis, MO, USA) at room temperature for 20 minutes. Thereafter, cells were incubated 
with 2% bovine serum albumin (BSA; Roche, Basel, Swiss) at room temperature for 30 minutes, 
washed twice with 1X PBS, and incubated with Pax7 (Paired box 7) antibody at 4℃ overnight. 
After washing twice with 1X PBS, cells were incubated with secondary antibody (Goat anti-Rabbit 
IgG [H+L] Cross-Adsorbed Secondary Antibody, Alexa Fluor 488) at room temperature for 2 
hours. Finally Hoechst reagent was added. Immunofluorescence-stained Hanwoo myosatellite cells 
and C2C12 cells were observed with an EVOS-5000 optical microscope. Images were obtained 
after dividing each well into five zones. Each treatment was repeated in five wells. The number of 
muscle cell nuclei number, myotube width, fusion index were counted by an experienced expert on 
imaging data using ImageJ program.

To measure the differentiation, Hanwoo myosatellite cells and C2C12 cells were seeded into 96-
well plates coated with Matrigel at 1,800/cm2 each well and then cultured at 37℃ or 39℃. After 
proliferation for 3 days and 4 days, respectively, DM was used to replace GM. Differentiation was 
performed for 4 days and 5 days, respectively. Differentiation ability was measured monoclonal anti-
myosin antibody, was used as the antibody, and goat anti-mouse IgG1 cross-adsorbed secondary 
antibody, Alexa Fluor 488 was used as the secondary antibody.

Western blotting 
Hanwoo myosatellite cells and C2C12 cells were dispensed into Matrigel pre-coated T25 flasks 
and cultured at 37℃ and 39℃ as described above. When these T25 flasks were more than 80% 
confluent, GM was replaced by DM. Differentiated Hanwoo muscle cells and C2C12 cells in T25 
flasks were sampled for western blotting. These T25 flasks were kept cold and washed with cold 
1X tris-buffered saline (TBS; Bio-Rad, Hercules, CA, USA). Then 1X radio-immunoprecipitation 
assay (RIPA) lysis buffer (Rockland, Gilbertsville, PA, USA) was dispensed and cells were separated 
from the flask using a cell scraper. Protein concentrations in samples were measured by Bradford 
assay. These quantitatively measured protein samples were separated by TGX Precast Gel (Bio-
Rad) and transferred to an Immun-Blot PVDF membrane (Bio-Rad). The membrane was blocked 
with EveryBlot Blocking Buffer (Bio-Rad) at room temperature for 1 hour. Proteins of Hanwoo 
myosatellite cells were incubated with primary antibodies against β-actin, myosin levels for one 
day at 4℃. Proteins of C2C12 cells were incubated with primary antibodies against β-actin and 
myosin at 4℃ for one day. Membranes were washed twice in TBS with 0.1% tween® 20 (Bio-Rad) 
at room temperature for 10 minutes and then incubated with Affinity Purified Goat Anti-Mouse 
IgG (H+L) horseradish peroxidase (HRP)-conjugated antibody at room temperature for 1 hour. 
After washing 4 times with TBST again (10 minute each wash), Clarity western ECL substrate 
(Bio-Rad) was used to detect proteins. 

Reverse transcription and quantitative polymerase chain reaction (RT-qPCR) 
Hanwoo myosatellite cells and C2C12 cells were dispensed into Matrigel pre-coated T25 flasks 
and cultured at 37℃ and 39℃ in the same manner as described above. When the T25 flask was 
more than 80% confluent, GM was replaced by DM. Muscle stem cell samples were collected 
by scraping differentiated Hanwoo muscle cells into a T25 flask with a cell scraper. TRIzol 
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reagent (Ambion, Carlsbad, CA, USA) was used for RNA extraction. In the case of Hanwoo 
myosatellite cells, expression levels of MYOG (myogenin), MyHC (myosin heavy chain), MYF6 
(myogenic factor 6), and MB (myoglobin) were determined. cDNA was prepared using a Reverse 
Transcription Master Premix (ELPIS-BIOTECH, Korea). For RT-qPCR of Hanwoo myosatellite 
cells, a template RNA Primer Mixture was prepared using 1.0 μg of mRNA as a template 
according to the manufacturer’s manual, followed by incubation at 60℃ for 60 minutes and 94℃ 
for 5 minutes. Expression levels of MYOG, MyHC, MYF6, and MB were analyzed byqRT-PCR. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an internal control 
for expression level analysis. The qRT-PCR reaction had a volume of 20 μL consisting of 1 μL 
of cDNA as a template, 10 μL EzAmp™ FAST qPCR 2X Master Mix (ELPIS - BIOTECH, 
Daejeon, Korea), and 1 μL of each primer. Amplification was conducted at 95℃ for 10 minutes 
followed by 40 cycles of 95℃ for 10 seconds and 60℃ for 20 seconds. Gene-specific primers were: 
MYOG, Forward – AGA AGG TGA ATG AAG CCT TCG A and Reverse – GCA GGC 
GCT CTA TGT ACT GGA T; MyHC, Forward - AGG AAG AGT TCC AGA AAA CC and 
Reverse - TGG AGC TGT AGG TCA TTT TT; MYF6, Forward - GGT GGA CCC CTT 
CAG CTA CAG and Reverse - TGC TTG TCC CTC CTT CCT TGG; MB, Forward - AAG 
AGG TGG ATG GGT TAG GG and Reverse - GGC ATT GAG GTG AAA GGA AA; and 
GAPDH, Forward - CAC CCT CAA GAT TGT CAG C and Reverse - TAA GTC CCT CCA 
CGA TGC.

In RT-qPCR of C2C12, MYOG, MyHC, and MB expression levels were measured. 
Amplification was conducted at 95℃ for 10 minutes followed by 40 cycles of 95℃ for 10 seconds 
and 53℃ for 20 seconds. Gene-specific primers were: MYOG, Forward – GCC CAG TGA ATG 
CAA CTC CCA CA and Reverse – CAG CCG CGA GCA AAT GAT CTC CT; MyHC, 
Forward - AGC AGC GAC ACT GAA ATG GA and Reverse - GTT GTC GTT CCT CAC 
GGT CT; MB, Forward - GGA AGT CCT CAT CGG TCT GT and Reverse - GCC CTT 
CAT ATC TTC CTC TGA; and GAPDH, Forward - GTG GCA AAG TGG AGA TTG 
TTG CC and Reverse - GAT GAT GAC CCG TTT GGC TCC.

Statistical analysis
All measurements were repeated at least three times. A statistical processing program SAS (9.4 
for Windows, Cary, NC, USA) was used to test the significance of results. To compare significant 
differences between measured values, Duncan multiple range test was performed at a significance 
level of p < 0.05.

RESULTS
Proliferation capacity of C2C12 cells incubated 37℃ and 39℃
C2C12 cells in flasks were cultured at 37℃ and 39℃ for 4 days (Fig. 1A). Live cell counting and 
viability of C2C12 cells cultured at 37℃ and 39℃ for 4 days were measured (Fig. 1B). Doubling 
time was calculated to compare differences by culture temperature (Fig. 1B). For C2C12 cells, 
more live cells were obtained at 37℃ than at 39℃ based on live cell count (p < 0.05). Cell viability 
was also found to be higher at 37℃ than at 39℃ but showed no significant difference (p > 0.05). 
C2C12 cells confluent in flask were differentiated with DM. C2C12 cells cultured at 37℃ showed 
differentiated after culturing for 3 days. The myotube was highly differentiated after culturing 
for 5 days (Fig. 1A). It tore off after culturing for 7 days. C2C12 cells cultured at 39℃ showed 
differentiation after culturing for 2 days. The myotube was highly differentiated after culturing for 4 
days (Fig. 1A). It tore off after culturing for 7 days.
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Immunofluorescence staining was performed for C2C12 cells cultured for 4 days using Pax7 
antibodies and Hoechst (Fig. 1C). When dyed area was observed under a microscope, blue color 
indicated nuclei and the green color indicated Pax7. When the number of nuclei was calculated 
based on stained cells and nuclei (Fig. 1D), the distribution of C2C12 cultured at 37℃ appeared to 
be significantly higher (p < 0.05) that that cultured at 39℃. 

Differentiation capacity of C2C12 cells incubated 37℃ and 39℃
Immunofluorescence staining was performed using myosin antibodies and Hoechst to indirectly 
compare differentiation power of C2C12 cells differentiated at 37℃ and 39℃ for 4 days (Fig. 
2A). When dyed area was observed under a microscope, the blue color indicated the nuclei and 
the green color indicated myosin. When immunofluorescence staining was performed to myotube 
width, number of nuclei, and fusion index (Fig. 2B), it was found that C2C12 cells differentiated at 
39℃ and 37℃ showed no significant difference in myotube thickness and fusion index of cells (p > 
0.05). However, cells differentiated at 37℃ had significantly higher number of nuclei (p < 0.05).
 Western blot was performed to determine myosin levels in C2C12 differentiated for 3 days at 37℃ 
or 39℃ (Fig. 2C). When western blot results of C2C12 cells differentiated at 37℃ and 39℃ were 

Fig. 1. Experimental results (cell counting, immunofluorescence staining) for measuring proliferation capacity of C2C12 cells cultured 37℃ and 
39℃. (a) Images of C2C12 cells proliferated at 37℃ and 39℃ for 4 days, differentiated at 37℃ for 5 days and 39℃ for 4 days (40× magnification). (b) Live cell 
count, viability, and doubling time of C2C12 cells cultured 37℃ and 39℃ for 4 day. (c) Immunofluorescence staining was performed for C2C12 cells cultured 
for 4 days using Pax7 antibody and Hoechst. The blue color indicates nuclei, and the green color indicates Pax7 (100× magnification). (d) Nuclei numbers of 
C2C12 cells cultured 37℃ and 39℃ were counted using ImageJ. *p < 0.05.
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compared, level of myosin protein in C2C12 differentiated at 39℃ was measured to be relatively 
higher than those at 37℃, although such differences were not statistically significant (p > 0.05). A 
similar pattern was found for myotubes based on immunofluorescence staining.

RT-qPCR was performed to confirm quantitative gene amounts of Myog, Myhc, and Mb in 
C2C12cells differentiated at 37℃ and 39℃ for 3 days (Fig. 2D). When expression levels of the 
above gene were measured to determine the degree of formation of differentiated myotubes, gene 
levels of Myhc in cells differentiated at 39℃ were higher than those in cells differentiated at 37℃, 
although these differences were not statistically significant (p > 0.05). Gene levels of Myog and Mb 
were significantly higher in cells cultured at 39℃ than in cells cultured at 37℃ (p < 0.05).

Proliferation capacity of Hanwoo myosatellite cells incubated 37℃ and 39℃
After completing the preliminary experiment using C2C12 cells, the same experiment was 
performed on Hanwoo myosatellite cells. Hanwoo satellite cells in flasks were cultured at 37℃ and 
39℃ for 5 days (Fig. 3A). Live cell counting and viability of Hanwoo myosatellite cells cultured 
at 37℃ and 39℃ for 5 days were measured (Fig. 3B). Doubling time was calculated to compare 

Fig. 2. Experimental results (immunofluorescence staining, western blotting, RT-qPCR) for measuring differentiation capacity of C2C12 cells 
cultured 37℃ and 39℃. (a) Immunofluorescence staining was performed to nuclei number, myotube width, and fusion index of C2C12 cells differentiated for 
4 days using myosin antibodies and Hoechst. The blue color indicates nuclei, and the green color indicates myosin (100× magnification). (b) Nuclei number, 
myotube width, and fusion index of C2C12 cells differentiated at 37℃ and 39℃ were measured using ImageJ. (c) Western blot results of C2C12 differentiated 
at 37℃ and 39℃ for 3 days were confirmed through band intensity. Intensities of myosin band in C2C12 cells differentiated at 37℃ and 39℃ in western blotting 
were measured. (d) Expression levels of Myog, Myhc, and Mb in C2C12 cells differentiated at 37℃ and 39℃ for 3 days were measured using RT-qPCR. *p < 
0.05. RT-qPCR, reverse transcription and quantitative polymerase chain reaction.
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differences by culture temperature (Fig. 3B). For Hanwoo myosatellite cells, more live cells were 
obtained at 37℃ than at 39℃ based on live cell count (p < 0.05). Cell viability was also found to be 
higher at 37℃ than at 39℃ but showed no significant difference (p > 0.05). Hanwoo myosatellite 
cells confluent in flask were differentiated with DM. It was confirmed that Hanwoo myosatellite 
cells differentiated at 37℃ had myotube formation after culturing for 2 days. They were highly 
differentiated after culturing for 4 days (Fig. 3A). The myotube tore off after culturing for 6 days. 
On the other hand, Hanwoo myosatellite cells cultured at 39℃ were differentiated after 1 day of 
culture. They were highly differentiated after culturing for 3 days (Fig. 3A). The myotube quickly 
tore off after culturing for 4 days.

Immunofluorescence staining was performed for Hanwoo myosatellite cells cultured for 3 days 
using Pax7 antibodies and Hoechst (Fig. 3C). When dyed area was observed under a microscope, 
blue color indicated nuclei and the green color indicated Pax7. When the number of nuclei was 
calculated based on stained cells and nuclei (Fig. 3D), the distribution of Hanwoo myosatellite cells 
cultured at 37℃ appeared to be significantly higher (p < 0.05) that that cultured at 39℃. 

Fig. 3. Experimental results (cell counting, immunofluorescence staining) for measuring proliferation capacity of Hanwoo myosatellite cells 
cultured 37℃ and 39℃. (a) Images of Hanwoo myosatellite cells proliferated at 37℃ and 39℃ for 5 days, differentiated at 37℃ for 4 days and 39℃ for 3 days 
(40× magnification). (b) Live cell count, viability, and doubling time of Hanwoo myosatellite cells cultured 37℃ and 39℃ for 5 days. (c) Immunofluorescence 
staining was performed for Hanwoo myosatellite cells cultured for 3 days using Pax7 antibody and Hoechst. The blue color indicates nuclei, and the green color 
indicates Pax7 (100× magnification). (d) Nuclei numbers of C2C12 cells cultured 37℃ and 39℃ were counted using ImageJ. *p < 0.05. NS, not significant.
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Differentiation capacity of Hanwoo myosatellite cells incubated 37℃ and 39℃
Immunofluorescence staining was performed using myosin antibodies and Hoechst to indirectly 
compare differentiation power of Hanwoo myosatellite cells differentiated at 37℃ and 39℃ for 
3 days (Fig. 4A). When dyed area was observed under a microscope, the blue color indicated the 
nuclei and the green color indicated myosin. When immunofluorescence staining was performed 
to myotube width, number of nuclei, and fusion index (Fig. 4B), it was found that Hanwoo 
myosatellite cells differentiated at 39℃ and 37℃ showed no significant difference in myotube 
thickness and fusion index of cells (p > 0.05). However, cells differentiated at 37℃ had significantly 
higher number of nuclei (p < 0.05).

Western blot was performed to determine myosin levels in Hanwoo myosatellite cells 
differentiated at 37℃ and 39℃ for 3 days (Fig. 4C). When western blot results of Hanwoo 
myosatellite cells differentiated at 37℃ and 39℃ were compared, level of myosin protein in 
Hanwoo myosatellite cells differentiated at 39℃ was measured to be relatively higher than those 
at 37℃, although such differences were not statistically significant (p > 0.05). A similar pattern was 

Fig. 4. Experimental results (immunofluorescence staining, western blotting, RT-qPCR) for measuring differentiation capacity of Hanwoo 
myosatellite cells cultured 37℃ and 39℃. (a) Immunofluorescence staining was performed to nuclei number, myotube width, and fusion index of Hanwoo 
myosatellite cells differentiated for 3 days using myosin antibodies and Hoechst. The blue color indicates nuclei, and the green color innucdicates myosin 
(100× magnification). (b) Nuclei number, myotube width, and fusion index of Hanwoo myosatellite cells differentiated at 37℃ and 39℃ were measured using 
ImageJ. (c) Western blot results of Hanwoo myosatellite differentiated at 37℃ and 39℃ for 3 days were confirmed through band intensity. Intensities of myosin 
band in Hanwoo myosatellite cells differentiated at 37℃ and 39℃ in western blotting were measured. (d) Expression levels of MYOG, MyHC, MYF6 and MB in 
Hanwoo myosatellite cells differentiated at 37℃ and 39℃ for 3 days were measured using RT-qPCR. *p < 0.05, **p < 0.01. RT-qPCR, reverse transcription and 
quantitative polymerase chain reaction. NS, not significant.
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found for myotubes based on immunofluorescence staining.
RT-qPCR was performed to confirm quantitative gene amounts of MYOG, MyHC, MYF6, 

and MB in Hanwoo myosatellite cells differentiated at 37℃ and 39℃ for 3 days (Fig. 4D). 
When expression levels of the above gene were measured to determine the degree of formation 
of differentiated myotubes, gene levels of MYOG in cells differentiated at 39℃ were higher than 
those in cells differentiated at 37℃, although these differences were not statistically significant (p > 
0.05). Gene levels of MyHC (p < 0.05), MYF6, and MB (p < 0.01) were significantly higher in cells 
cultured at 39℃ than in cells cultured at 37℃. 

DISCUSSION 
Hanwoo myosatellite cells and C2C12 cells were cultured in an incubator at 37℃ and 39℃ to 
observe proliferation through cell counting and immunofluorescence staining. Pax7, a transcription 
factor that controls the proliferation and differentiation of satellite cells during muscle formation, 
is an essential factor for muscle formation and differentiation of satellite cells into myoblasts [20]. 
Hoechst dye is the most popular dye that can distinguish cell nuclei due to their high affinity 
and specificity for DNA. According to Park et al. [21], mild heat stress and severe heat stress 
have different standards for each cells. Mild stress and severe heat stress were classified according 
to denaturation of pre-existing proteins, heat shock protein (HSP) synthesis, cell proliferation, 
differentiation, and signaling pathways. Briefly, it was defined that mild heat stress occurs at a 
temperature adapted to growth conditions, and severe heat stress appears at a temperature at 
which cell death occurs. The culturing time is as important as the culturing temperature. If the 
incubation temperature is increased by 1℃, the time required for the same extent of heat shock 
response is reduced twofold [22,23]. The effects of heat stress on the cell cycle also depend on the 
strength and the duration of applied heat stress [24–26]. Park et al. [21] has shown that mild heat 
stress plays a beneficial role in organisms through facilitating growth factor-mediated cell survival 
and proliferation. Mild heat stress may act as one physicochemical signal to regulate activities 
of membrane proteins by affecting membrane fluidity. Heat stress is presumed to positively 
regulate cell proliferation and differentiation, through various signal pathways such as multiple 
Ras signal pathways involving the Raf-extracellular-regulated kinase 1/2 (ERK1/2) pathway, 
phosphatidylinositol-3 kinase (PI3K)-Akt/PKB-glycogen synthase kinase (GSK)-3b pathway, and 
Rho-Rac1-nicotinamide adenine dinucleotide phosphate (NADPH) oxidase pathway [21,27–30].

But heat stress is known to negatively affect skeletal muscle growth by converting energy and 
nutrients to body temperature maintenance. Acute heat stress has been found to affect cell function 
by increasing proteolysis and reducing protein synthesis [31]. Sajjanar et al. [32] have shown that 
when C2C12 cells are cultured at 37℃ or 39℃, total protein content of C2C12 cells cultured 
at 39℃ is lower than that of cells cultured at 37℃. Mitochondria generate most of the energy 
required for cell function through oxidative phosphorylation (OXPHOS) [32]. Heat stress on cells 
can cause mitochondrial dysfunction and reduce respiratory capacity. In addition, HSP, like HSP70, 
induced by heat stress was found to inhibit OXPHOS and at the same time enhance glycolysis 
to compensate for adenosine triphosphate (ATP) imbalance [33]. HSP, a defense mechanism to 
protect itself from external stress [34], is an important cellular temperature resistance protein to 
prevent denaturation of polypeptides under heat stress. When cells face stress, intracellular material 
transport and protein misfolding will occur. HSP can prevent these phenomena, increasing cell 
viability and helping cells overcome heat stress [35]. HSP72 is known to play an important role 
in maintaining protein homeostasis among HSPs produced when cells are cultured at 39℃, and 
HSP72 expression in muscle has been reported to play a role in preserving muscle function [36]. 
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Heat stress is known to negatively affect skeletal muscle growth by converting energy and nutrients 
to body temperature maintenance. Acute heat stress has been found to affect cell function by 
increasing proteolysis and reducing protein synthesis [31]. Kamanga-Sollo et al. [37] have shown 
that pig myosatellite cells with increased amounts of various HSPs due to heat stress showed 
proliferation rates were 35% less than other pig myosatellite cells not subjected to heat stress. 
Consequently, HSP-inducing culture at 39℃ inhibited the proliferation of Hanwoo myosatellite 
cells and lowered their efficiency. Therefore, the effect of heat stress on cell cycle progression or 
proliferation is highly ambiguous and the cellular response to mild heat stress depends on the type 
of cell line analyzed [21].

Hanwoo myosatellite cells and C2C12 cells were cultured in an incubator at 37℃ and 39℃ to 
observe differentiation through immunofluorescence staining, western blot, and RT-qPCR. Myosin 
is a representative structural protein of muscle cells and functional protein that enables muscle 
contraction and relaxation as the main component of the myosin filament of myotube. It is judged 
as an appropriate marker for the degree of cell differentiation. MYOG, one of myogenic regulatory 
factors, regulates proliferation and differentiation of satellite cells, precursor cells of myofibers [38]. 
That is, it is expressed in the nuclei of activated satellite cells for the regeneration of myofibers. It 
affects the process of myofiber growth by regulating the formation of myoblasts and myotubes. 
MYF6 is a transcription factor that regulates myogenic and amnion cells involved in skeletal 
muscle formation [36]. It is known to be abundant in adult muscle cells. MyHC is a late-stage 
marker of muscle cell differentiation. Its expression level increases as muscle cell differentiation 
proceeds. Its expression level increases as muscle cell differentiation proceeds. MB, as an oxygen 
storage protein in muscle, serves to buffer the concentration of intracellular oxygen and promote 
intracellular oxygen diffusion when muscle activity increases [36]. As an oxygen storage protein 
in muscle, it serves to buffer the concentration of intracellular oxygen and promote intracellular 
oxygen diffusion when muscle activity increases [36]. Looking at the flow of differentiation, when 
Pax7 and Pax3 are expressed in satellite cells, they express Myf5 and MyoD and differentiate into 
dividing myoblasts. These myoblasts are differentiated into myocytes while expressing MYOG and 
MYF6. Then myocytes stop dividing and form multinucleated myotubes [39]. There are many ways 
to promote cell differentiation. According to Kanatous and Mammen [40], high levels of actin and 
myosin are induced by electrical stimulation of C2C12 cells during differentiation. Controlling 
incubation temperature can also be one way to control differentiation. Previous experimental 
results have shown that differentiation of C2C12 cells cultured at a high temperature for a long 
time into myotubes can be inhibited by heat shock [18]. In C2C12 cells, heat stress promotes 
myofibrogenesis during myogenesis, but excessive heat stress can affect muscle size as it activates 
the muscle atrophy signaling pathway [41]. According to study of Ikeda et al. [42], HSP-expressing 
C2C12 cells by heat stress did not improve myotube width and differentiation rate during 
differentiation culture. However, it is also known that continuous heat stress increases intracellular 
calcium [43], and it is reported that intracellular calcium induces hypertrophy of muscled myotubes 
and changes the myofiber phenotype [44]. In the case of a mild heat stress at a low temperature, cell 
proliferation, differentiation, and immunity can respond positively [21]. Heat stress can regulate cell 
survival by triggering signals including Ras, Rac1, mitogen-activated protein kinase (MAPK), and 
other pro-survival molecules that are independent of HSF1-HSP induction [27,28]. In the case 
of myocytes of quail, differentiation at 39℃ for a long period of time can increase the length and 
diameter of myotubes than incubation at 37℃ [45]. Protein contents of slow MyHC isoform and 
cytochrome C oxidase subunit IV are higher than others [45]. In addition, there are experimental 
results showing that the amount of peroxisome proliferator-activated receptor gamma coactivator 
(PGC)-1α protein varies according to the duration of heat stress and the temperature [17]. A 
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febrile rise in core body temperature positively regulates cell growth and differentiation, enhancing 
innate and adaptive immunity [46–48]. It means that the effects of heat stress on cellular functions 
are pleiotropic, and that HSP alone is not sufficient to induce muscle hypertrophy. Therefore, 
applying heat stress by raising the culture temperature may not be sufficient for cell growth and 
differentiation, but it can facilitate growth factor-mediated cell proliferation and differentiation 
[21].

As a result of the experiment, it was confirmed that the genes involved in muscle differentiation 
were significantly increased in cells cultured at 39℃, but it is difficult to say that they have a direct 
effect on differentiation, such as the differentiation rate or the width of myotube. In conclusion, the 
proliferation of Hanwoo myosatellite cells and C2C12 myoblasts at 37℃ could be more efficient 
than incubation at 39℃. Differentiation at 39℃ may be more efficient than differentiation at 
37℃, but there was no significant effect. For efficient differentiation, it is considered that additional 
treatment as well as heat stimulation is required alone. These results can serve as basic data for 
cultured meat using Hanwoo myosatellite cells.

REFERENCES 
1. Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche. Physiol Rev. 

2013;93:23-67. https://doi.org/10.1152/physrev.00043.2011
2. Post MJ. Cultured meat from stem cells: challenges and prospects. Meat Sci. 2012;92:297-301. 

https://doi.org/10.1016/j.meatsci.2012.04.008
3. Lim CH, Son HJ. Treadmill exercise increases muscle satellite cell activation independent 

of oxygen concentration in rat. Exerc Sci. 2019;28:22-30. https://doi.org/10.15857/
ksep.2019.28.1.22

4. Kadim IT, Mahgoub O, Baqir S, Faye B, Purchas R. Cultured meat from muscle stem cells: a 
review of challenges and prospects. J Integr Agric. 2015;14:222-33. https://doi.org/10.1016/
S2095-3119(14)60881-9

5. Choudhury D, Tseng TW, Swartz E. The business of cultured meat. Trends Biotechnol. 
2020;38:573-7. https://doi.org/10.1016/j.tibtech.2020.02.012

6. Faustman C, Hamernik D, Looper M, Zinn SA. Cell-based meat: the need to assess 
holistically. J Anim Sci. 2020;98:skaa177. https://doi.org/10.1093/jas/skaa177

7. Mizuno Y, Chang H, Umeda K, Niwa A, Iwasa T, Awaya T, et al. Generation of skeletal muscle 
stem/progenitor cells from murine induced pluripotent stem cells. FASEB J. 2010;24:2245-53. 
https://doi.org/10.1096/fj.09-137174

8. Langelaan MLP, Boonen KJM, Rosaria-Chak KY, van der Schaft DWJ, Post MJ, Baaijens 
FPT. Advanced maturation by electrical stimulation: differences in response between C2C12 
and primary muscle progenitor cells. J Tissue Eng Regen Med. 2011;5:529-39. https://doi.
org/10.1002/term.345

9. Sun SS, Myung KH. Cloning and culture of muscle satellite cells from Hanwoo and Holstein 
cattle. Korean J Anim Sci. 2000;42:787-94. 

10. Lee SH, Park BH, Sharma A, Dang CG, Lee SS, Choi TJ, et al. Hanwoo cattle: origin, 
domestication, breeding strategies and genomic selection. J Anim Sci Technol. 2014;56:2. 
https://doi.org/10.1186/2055-0391-56-2

11. Ministry of Food and Drug Safety. Imported livestock product inspection results (mid 
December 2021) [Internet]. 2021 [cited 2022 Sep 9]. https://mfds.go.kr/brd/m_567/view.
do?seq=33358&srchFr=&srchTo=&srchWord=&srchTp=&itm_seq_1=0&itm_seq_2=0& 
multi_itm_seq=0&company_cd=&company_nm=&page=1



Culturing characteristics of Hanwoo myosatellite cells incubated different temperature

676  |  https://www.ejast.org https://doi.org/10.5187/jast.2023.e10

12. Bhat ZF, Fayaz H. Prospectus of cultured meat—advancing meat alternatives. J Food Sci 
Technol. 2011;48:125-40. https://doi.org/10.1007/s13197-010-0198-7

13. Choi JS. Research trends in alternative protein and cultured meat materials. Food Ind Nutr. 
2019;24:15-20.

14. Edelman PD, McFarland DC, Mironov VA, Matheny JG. Commentary: in vitro-cultured 
meat production. Tissue Eng. 2005;11:659-62. https://doi.org/10.1089/ten.2005.11.659

15. Simsa R, Yuen J, Stout A, Rubio N, Fogelstrand P, Kaplan DL. Extracellular heme proteins 
influence bovine myosatellite cell proliferation and the color of cell-based meat. Foods. 
2019;8:521. https://doi.org/10.3390/foods8100521

16. Halevy O, Geyra A, Barak M, Uni Z, Sklan D. Early posthatch starvation decreases satellite 
cell proliferation and skeletal muscle growth in chicks. J Nutr. 2000;130:858-64. https://doi.
org/10.1093/jn/130.4.858

17. Yamaguchi T, Suzuki T, Arai H, Tanabe S, Atomi Y. Continuous mild heat stress induces 
differentiation of mammalian myoblasts, shifting fiber type from fast to slow. Am J Physiol 
Cell Physiol. 2010;298:C140-8. https://doi.org/10.1152/ajpcell.00050.2009

18. Bolus DJ, Shanmugam G, Narasimhan M, Rajasekaran NS. Recurrent heat shock impairs the 
proliferation and differentiation of C2C12 myoblasts. Cell Stress Chaperones. 2018;23:399-
410. https://doi.org/10.1007/s12192-017-0851-4

19. Sonna LA, Fujita J, Gaffin SL, Lilly CM. Invited review: effects of heat and cold stress on 
mammalian gene expression. J Appl Physiol. 2002;92:1725-42. https://doi.org/10.1152/
japplphysiol.01143.2001

20. von Maltzahn J, Jones AE, Parks RJ, Rudnicki MA. Pax7 is critical for the normal function of 
satellite cells in adult skeletal muscle. Proc Natl Acad Sci USA. 2013;110:16474-9. https://doi.
org/10.1073/pnas.1307680110

21. Park HG, Han SI, Oh SY, Kang HS. Cellular responses to mild heat stress. Cell Mol Life Sci. 
2005;62:10-23. https://doi.org/10.1007/s00018-004-4208-7

22. Dewey WC. Failla memorial lecture. The search for critical cellular targets damaged by heat. 
Radiat Res. 1989;120:191-204. https://doi.org/10.2307/3577707

23. Dewey WC. Arrhenius relationships from the molecule and cell to the clinic. Int J 
Hyperthermia. 1994;10:457-83. https://doi.org/10.3109/02656739409009351

24. van Wijk R, Otto AM, Jimenez de Asua L. Increase of epidermal growth factor-stimulated 
cell-cycle progression and induction of thermotolerance by heat shock: temperature and time 
relationship. Int J Hyperthermia. 1985;1:147-56. https://doi.org/10.3109/02656738509029281

25. Higashikubo R, White RA, Roti JL. Flow cytometric BrdUrd-pulse-chase study of heat-
induced cell-cycle progression delays. Cell Prolif. 1993;26:337-48. https://doi.org/10.1111/
j.1365-2184.1993.tb00329.x

26. Rowley A, Johnston GC, Butler B, Werner-Washburne M, Singer RA. Heat shock-mediated 
cell cycle blockage and G1 cyclin expression in the yeast Saccharomyces cerevisiae. Mol Cell 
Biol. 1993;13:1034-41. https://doi.org/10.1128/mcb.13.2.1034-1041.1993

27. Han SI, Oh SY, Jeon WJ, Kim JM, Lee JH, Chung HY, et al. Mild heat shock induces cyclin 
D1 synthesis through multiple Ras signal pathways. FEBS Lett. 2002;515:141-5. https://doi.
org/10.1016/S0014-5793(02)02459-6

28. Han SI, Oh SY, Woo SH, Kim KH, Kim JH, Kim HD, et al. Implication of a small GTPase 
Rac1 in the activation of c-Jun N-terminal kinase and heat shock factor in response to heat 
shock. J Biol Chem. 2001;276:1889-95. https://doi.org/10.1074/jbc.M006042200

29. Denhardt DT. Signal-transducing protein phosphorylation cascades mediated by Ras/
Rho proteins in the mammalian cell: the potential for multiplex signalling. Biochem J. 



https://doi.org/10.5187/jast.2023.e10 https://www.ejast.org  |  677

Oh et al.

1996;318:729-47. https://doi.org/10.1042/bj3180729
30. Kennedy SG, Wagner AJ, Conzen SD, Jordán J, Bellacosa A, Tsichlis PN, et al. The PI 

3-kinase/Akt signaling pathway delivers an anti-apoptotic signal. Genes Dev. 1997;11:701-13. 
https://doi.org/10.1101/gad.11.6.701

31. Febbraio MA. Alterations in energy metabolism during exercise and heat stress. Sports Med. 
2001;31:47-59. https://doi.org/10.2165/00007256-200131010-00004

32. Sajjanar B, Siengdee P, Trakooljul N, Liu X, Kalbe C, Wimmers K, et al. Cross-talk between 
energy metabolism and epigenetics during temperature stress response in C2C12 myoblasts. 
Int J Hyperthermia. 2019;36:775-83. https://doi.org/10.1080/02656736.2019.1639834

33. Wang L, Schumann U, Liu Y, Prokopchuk O, Steinacker JM. Heat shock protein 70 (Hsp70) 
inhibits oxidative phosphorylation and compensates ATP balance through enhanced glycolytic 
activity. J Appl Physiol. 2012;113:1669-76. https://doi.org/10.1152/japplphysiol.00658.2012

34. Ellis J. Proteins as molecular chaperones. Nature. 1987;328:378-9. https://doi.org/10.1038/ 
328378a0

35. Mishra SR, Palai TK. Importance of heat shock protein 70 in livestock - at cellular level. J Mol 
Pathophysiol. 2014;3:30-2. https://doi.org/10.5455/jmp.20141028023220

36. Ordway GA, Garry DJ. Myoglobin: an essential hemoprotein in striated muscle. J Exp Biol. 
2004;207:3441-6. https://doi.org/10.1242/jeb.01172

37. Kamanga-Sollo E, Pampusch MS, White ME, Hathaway MR, Dayton WR. Effects of heat 
stress on proliferation, protein turnover, and abundance of heat shock protein messenger 
ribonucleic acid in cultured porcine muscle satellite cells. J Anim Sci. 2011;89:3473-80. https://
doi.org/10.2527/jas.2011-4123

38. Kim JC. The effects of endurance training combined with anti-diabetic dug on the expression 
of MyoD, myogenin, mTOR, and p-FOXO3 in the skeletal muscle of diabetic induced-rats. 
Korean J Phys Educ. 2009;48:507-16.

39. Kim BS. Enhanced myogenic differentiation of umbilical cord blood stemcells by electric, 
mechanical, and biochemical multi-signals and development of therapy for muscular diseases 
Sejong: Ministry of Health and Welfare; 2017. Report No.: TRKO201800036973.

40. Kanatous SB, Mammen PPA. Regulation of myoglobin expression. J Exp Biol. 2010;213:2741-
7. https://doi.org/10.1242/jeb.041442

41. Guo Q, Miller D, An H, Wang H, Lopez J, Lough D, et al. Controlled heat stress promotes 
myofibrillogenesis during myogenesis. PLOS ONE. 2016;11:e0166294. https://doi.
org/10.1371/journal.pone.0166294

42. Ikeda K, Ito A, Sato M, Kanno S, Kawabe Y, Kamihira M. Effects of heat stimulation and 
L-ascorbic acid 2-phosphate supplementation on myogenic differentiation of artificial skeletal 
muscle tissue constructs. J Tissue Eng Regen Med. 2017;11:1322-31. https://doi.org/10.1002/
term.2030

43. Mikkelsen RB, Reinlib L, Donowitz M, Zahniser D. Hyperthermia effects on cytosolic [Ca2+]: 
analysis at the single cell level by digitized imaging microscopy and cell survival. Cancer Res. 
1991;51:359-64.

44. Someren JS, Faber LE, Klein JD, Tumlin JA. Heat shock proteins 70 and 90 increase 
calcineurin activity in vitro through calmodulin-dependent and independent mechanisms. 
Biochem Biophys Res Commun. 1999;260:619-25. https://doi.org/10.1006/bbrc.1999.0800

45. Choi YM, Chen PR, Shin S, Zhang J, Hwang S, Lee K. Mild heat stress enhances 
differentiation and proliferation of Japanese quail myoblasts and enhances slow muscle fiber 
characteristics. Poult Sci. 2016;95:1912-7. https://doi.org/10.3382/ps/pew116

46. Jampel HD, Duff GW, Gershon RK, Atkins E, Durum SK. Fever and immunoregulation. 



Culturing characteristics of Hanwoo myosatellite cells incubated different temperature

678  |  https://www.ejast.org https://doi.org/10.5187/jast.2023.e10

III. Hyperthermia augments the primary in vitro humoral immune response. J Exp Med. 
1983;157:1229-38. https://doi.org/10.1084/jem.157.4.1229

47. Hanson DF. Fever and the immune response. The effects of physiological temperatures on 
primary murine splenic T-cell responses in vitro. J Immunol. 1993;151:436-48. https://doi.
org/10.4049/jimmunol.151.1.436

48. Hanson DF. Fever, temperature, and the immune response. Ann N Y Acad Sci. 1997;813:453-
64. https://doi.org/10.1111/j.1749-6632.1997.tb51733.x


