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Abstract  8 

To improve culture efficiency of Hanwoo myosatellite cells, these cells were cultured at different temperatures. 9 

Hanwoo myosatellite cells were compared with C2C12 cells to observe proliferation and differentiation at culture 10 

temperatures of 37℃ and 39℃ and determine the possibility of using them as cultured meat. Immunofluorescence 11 

staining using Pax7 and Hoechst, both cells cultured at 37℃ proliferated better than cultured at 39℃ (p < 0.05). 12 

When differentiated cells were stained with myosin and Hoechst, there was no significant difference in myotube 13 

thickness and Fusion index (p > 0.05). In Western blotting analysis, Hanwoo myosatellite cells were no significant 14 

difference in the expression of myosin between cells differentiated at the two temperatures (p > 0.05). C2C12 15 

cells were no significant difference in the expression of myosin between cells differentiated at the two 16 

temperatures (p > 0.05). In RT-qPCR analysis, Hanwoo myosatellite cells cultured at 39℃ had significantly (p < 17 

0.05) higher expression levels of MyHC, MYF6, and MB than those cultured at 37℃. C2C12 cells cultured at 18 

39℃ showed significantly (p < 0.05) higher expression levels of MYOG and MB than those cultured at 37℃. To 19 

increase culture efficiency of Hanwoo myosatellite cells, proliferating at 37℃ and differentiating at 39℃ are 20 

appropriate. Since results of temperature differences of Hanwoo myosatellite cells were similar to those of C2C12 21 

cells, they could be used as a reference for producing cultured meat using Hanwoo satellite cells. 22 

 23 

Keywords:  24 

Hanwoo myosatellite cell, C2C12 myoblast cell, Culture temperature, Proliferation, Differentiation 25 
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Introduction 28 

Prenatal and postnatal skeletal muscle growths in animals are due to embryonic myoblasts and satellite cells, 29 

respectively. In particular, myosatellite cells found between the sarcolemma and the basal lamina participate in 30 

muscle development, recovery, and regeneration [1]. Although they are normally in a resting state, they can be 31 

activated by external stimuli such as muscle damage and exercise. Activated satellite cells can repeatedly increase 32 

myoblasts through proliferation according to demands of skeletal muscle. Through differentiation, myoblasts can 33 

attach to each other to form myotubes and myofibroblasts. By fusion to the skeletal muscle, myoblasts can 34 

regenerate and grow [2, 3]. These myosatellite cells play an important role in muscle regeneration after injury. 35 

Among various cell types for cultured meat production, myosatellite cells have been shown to be the most 36 

effective and promising [1]. Among stem cells, except for satellite cells, there are embryonic stem cells, induced 37 

pluripotent stem cells, and adipose-derived adult stem cells. Although these cells have sufficient differentiation 38 

capacity [4], whether they can successfully form muscle tissues has not been reported yet.   39 

In 2013, a company made the first cultured beef hamburger. Since then, dozens of companies have entered the 40 

cultured meat field, developing a variety of products including chicken, beef, pork, and seafood [5]. In addition, 41 

cell-based cultured meat development is being actively carried out in several countries such as the United States, 42 

Israel, the Netherlands, Canada, Japan, Singapore, Spain, China, the United Kingdom, and Turkey [6]. A large 43 

amount of muscle fibers for cultured meat can be obtained with only a very small number of cells [7]. Although 44 

various cells can be used for the production of cultured meat, C2C12 myoblast is popularly used for cell culture 45 

experiments including cultured meat because it rapidly proliferates and differentiates with the advantage of being 46 

well cultured in a relatively poor environment [8]. Various cattle breeds are being researched for cultured meat 47 

production. Various studies such as gene expression, effects of vitamins, and hypoxia of Hanwoo myosatellite 48 

cells have been reported [9]. However, there are very few research on cultured meat production using Hanwoo 49 

myosatellite cells. Hanwoo is an indigenous Taurine cattle in Korea. It is characterized by marbling, soft texture, 50 

juiciness, and unique flavor [10]. Domestic consumption of Hanwoo per capita in 2021 was 4.4 kg, an increase of 51 

4.8% compared to 2020 when it was 4.2 kg, showing a continuous increase in Hanwoo consumption [11]. As 52 

such, we judge that it would be good to use Hanwoo, which accounts for a large portion of domestic beef 53 

consumption, as a key raw material for cultured meat research, like other breeds of cattle abroad where research 54 

is actively underway for cultured meat production. 55 

Cultured meat shows a lot of potential as a solution to various problems, including environmental pollution, 56 
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methane emission, land and water shortage, and the welfare of livestock caused by consumption of meat food [12]. 57 

Despite many advantages of cultured meat, the high production cost compared to meat produced by a general 58 

method is the reason for the lack of its popular consumption [13]. To lower the production cost of cultured meat, 59 

culture efficiency should be good above all else. Thus, it is necessary to study a method to increase the culture 60 

efficiency by shortening the time for proliferation and differentiation of cells to prepare cultured meat. Cell culture 61 

may vary depending on various external conditions such as cell type, compositions of culture medium, pH of 62 

culture, time of culture, air conditioning, growth factors, mechanical, electronic, gravitational, and so on [14, 15]. 63 

Among which various external conditions, satellite cells are very sensitive to temperature changes, which can 64 

greatly affect their proliferation and differentiation [16]. For example, in the case of primary human skeletal 65 

muscle cultured cells, human skeletal muscle myoblasts, and C2C12 mouse myoblasts, diameters of myotubes 66 

cultured at 39℃ are larger than those cultured at 37℃ [17]. In addition, cells cultured at 43 ℃ could not proliferate 67 

well due to heat shock [18]. When cells are exposed to a high temperature above a certain level, various cellular 68 

dysfunctions such as inhibition of protein synthesis, defects in protein structure and function, and changes in 69 

morphology due to cytoskeletal rearrangement can occur [19]. 70 

To provide data for using Hanwoo myosatellite cells as cultured meat, the proliferation and differentiation 71 

efficiency of Hanwoo myosatellite cells in comparison with C2C12 cells according to culture temperature of 37℃ 72 

and 39℃. 73 

 74 

 75 

Materials and Methods 76 

Cells 77 

Before using Hanwoo myosatellite cells, preliminary experiments were performed using C2C12 cells. C2C12 78 

cells (ATCC®  CRL-1772TM) are commonly used in cultured meat experiments. Hanwoo myosatellite cells used 79 

in the experiment were collected from the round top muscle of one 34-month-old Hanwoo at Farmstory Hannaeng 80 

located in Eumseong-gun, Chungcheongbuk-do, Korea. These collected muscles were moved to the laboratory 81 

using an ice box. Hanwoo myosatellite cells were collected with an isolation technique in the laboratory. 82 

Cell Proliferation and Differentiation 83 

A flask coated with collagen for proliferation and a flask coated with Matrigel for differentiation were prepared. The collagen 84 

coating solution was prepared by diluting a collagen solution of 5 mg/mL with distilled water to a concentration of 0.5%. 1M 85 
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acetic acid was added to the collagen coating solution to have a final concentration of 2% for collagen solubilization. After 86 

dispensing the prepared collagen solution into a flask, it was left in an incubator at 37℃ for at least 16 hours. After removing 87 

the coating solution by suction before using in the experiment, the flask was washed twice using 1X phosphate 88 

buffered saline (PBS; Cytiva HyCloneTM, Logan, Utah). It was then dried for use in the experiment. For Matrigel 89 

coating, a solution of Matrigel was prepared by diluting it with cold 1X PBS at a ratio of 1:200. After Matrigel 90 

coating, the flask was then left in an incubator at 37℃ for at least 4 hours. After removing the coating solution 91 

using suction, the flask was washed once with 1X PBS. It was then dried before it was used in the experiment. 92 

For cell proliferation, Ham's F-10 (11550-043, Gibco, USA) medium supplemented with 20% fetal bovine serum 93 

(FBS; 16000-044, Gibco, USA) and 1% penicillin-streptomycin-amphotericin B (PSA; 17-745E, Lonza, USA) 94 

was used. For effective cell proliferation and growth, basic fibroblast growth factor (bFGF; Gibco, USA) at a final 95 

concentration of 0.05% was added to the flask. Medium used for differentiation was DMEM (11995-065, Gibco, 96 

USA) supplemented with 2% FBS and 1% PSA. For cell proliferation during experiments, Hanwoo cells and 97 

C2C12 cells were seeded at a density of 1,800 cells/cm2 and cultured in an incubator at 37℃ with 5% CO2 nor 98 

39℃ with 5% CO2 for 5 days and 4 days, respectively. In the case of differentiation, cells were cultured in growth 99 

medium (GM) until confluent in a 96-well plate or a T25 flask and then differentiated into muscle myotubes in 100 

differentiation medium (DM).  101 

Cell counting 102 

Cells were detached with trypsin. The number of cells was counted using a cell counter (Countess®  cell FL 103 

automated cell counter, Invitrogen, USA) after staining with trypan blue solution (T8154, Sigma, UK). A trypsin 104 

neutralization solution (2% FBS in PBS) was used to neutralize trypsin. 105 

Immunofluorescence staining 106 

To measure proliferation capacity using an antibody, Hanwoo cells and C2C12 cells were seeded at a density of 107 

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 3 108 

days and 4 days, respectively. After removing the culture medium, cells were washed with 1X PBS and treated 109 

with 2% paraformaldehyde (GeneAll, Seoul, Korea) at 37° C for 45 minutes. After washing twice with 1X PBS, 110 

cells were treated with 0.1% Triton X (Sigma-Aldrich, St. Louis, USA) at room temperature for 20 minutes. 111 

Thereafter, cells were incubated with 2% bovine serum albumin (BSA; Roche ,Indianapolis, USA) at room 112 

temperature for 30 minutes, washed twice with 1X PBS, and incubated with Pax7 (Paired box 7) antibody at 4 ℃ 113 

overnight. After washing twice with 1X PBS, cells were incubated with secondary antibody (Goat anti-Rabbit 114 
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IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488) at room temperature for 2 hours. Finally 115 

Hoechst reagent was added. Immunofluorescence-stained Hanwoo myosatellite cells and C2C12 cells were 116 

observed with an EVOS-5000 optical microscope. Images were obtained after dividing each well into five zones. 117 

Each treatment was repeated in five wells. The number of muscle cell nuclei number, myotube width, fusion index 118 

were counted by an experienced expert on imaging data using ImageJ program. 119 

To measure the differentiation, Hanwoo myosatellite cells and C2C12 cells were seeded into 96-well plates coated 120 

with Matrigel at 1,800/cm2 each well and then cultured at 37°C or 39°C. After proliferation for 3 days and 4 days, 121 

respectively, DM was used to replace growth medium. Differentiation was performed for 4 days and 5 days, 122 

respectively. Differentiation ability was measured monoclonal anti-myosin antibody, was used as the antibody, 123 

and goat anti-mouse IgG1 cross-adsorbed secondary antibody, Alexa Fluor 488 was used as the secondary 124 

antibody. 125 

Western Blotting  126 

Hanwoo myosatellite cells and C2C12 cells were dispensed into Matrigel pre-coated T25 flasks and cultured at 127 

37℃ and 39℃ as described above. When these T25 flasks were more than 80% confluent, GM was replaced by 128 

DM. Differentiated Hanwoo muscle cells and C2C12 cells in T25 flasks were sampled for western blotting. These 129 

T25 flasks were kept cold and washed with cold 1X tris-buffered saline (TBS; Bio-Rad, USA). Then 1X radio-130 

immunoprecipitation assay (RIPA) lysis buffer (Rockland, Gilbertsville, PA) was dispensed and cells were 131 

separated from the flask using a cell scraper. Protein concentrations in samples were measured by Bradford assay. 132 

These quantitatively measured protein samples were separated by TGX Precast Gel (Bio-Rad, USA) and 133 

transferred to an Immun-Blot PVDF membrane (Bio-Rad, USA). The membrane was blocked with EveryBlot 134 

Blocking Buffer (Bio-Rad, Japan) at room temperature for 1 hour. Proteins of Hanwoo myosatellite cells were 135 

incubated with primary antibodies against β-actin, myosin levels for one day at 4℃. Proteins of C2C12 cells were 136 

incubated with primary antibodies against β-actin and myosin at 4 ℃ for one day. Membranes were washed twice 137 

in TBS with 0.1% tween® 20 (Bio-Rad, USA) at room temperature for 10 minutes and then incubated with Affinity 138 

Purified Goat Anti-Mouse IgG (H+L) HRP-conjugated antibody at room temperature for 1 hour. After washing 4 139 

times with TBST again (10 minute each wash), Clarity western ECL substrate (Bio-Rad, US) was used to detect 140 

proteins.  141 

Reverse transcription and quantitative PCR (RT-qPCR)  142 

Hanwoo myosatellite cells and C2C12 cells were dispensed into Matrigel pre-coated T25 flasks and cultured at 143 
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37℃ and 39℃ in the same manner as described above. When the T25 flask was more than 80% confluent, GM 144 

was replaced by DM. Muscle stem cell samples were collected by scraping differentiated Hanwoo muscle cells 145 

into a T25 flask with a cell scraper. TRIzol reagent (Ambion, Carlsbad, CA) was used for RNA extraction. In the 146 

case of Hanwoo myosatellite cells, expression levels of MYOG (myogenin), MyHC (myosin heavy chain), MYF6 147 

(myogenic factor 6), and MB (myoglobin) were determined. cDNA was prepared using a Reverse Transcription 148 

Master Premix (ELPIS-BIOTECH, Korea). For RT-qPCR of Hanwoo myosatellite cells, a template RNA Primer 149 

Mixture was prepared using 1.0 μg of mRNA as a template according to the manufacturer's manual, followed by 150 

incubation at 60℃ for 60 minutes and 94℃ for 5 minutes. Expression levels of MYOG, MyHC, MYF6, and MB 151 

were analyzed by quantitative real-time polymerase chain reaction (qRT-PCR). GAPDH (glyceraldehyde-3-pho152 

sphate dehydrogenase) gene was used as an internal control for expression level analysis. The qRT-PCR reaction 153 

had a volume of 20 μl consisting of 1 μl of cDNA as a template, 10 μl EzAmp™ FAST qPCR 2X Master Mix 154 

(ELPIS - BIOTECH, Korea), and 1 μl of each primer. Amplification was conducted at 95 ℃ for 10 minutes 155 

followed by 40 cycles of 95 ℃ for 10 seconds and 60 ℃ for 20 seconds. Gene-specific primers were: MYOG, 156 

Forward – AGA AGG TGA ATG AAG CCT TCG A and Reverse – GCA GGC GCT CTA TGT ACT GGA T; 157 

MyHC, Forward - AGG AAG AGT TCC AGA AAA CC and Reverse - TGG AGC TGT AGG TCA TTT TT; 158 

MYF6, Forward - GGT GGA CCC CTT CAG CTA CAG and Reverse - TGC TTG TCC CTC CTT CCT TGG; 159 

MB, Forward - AAG AGG TGG ATG GGT TAG GG and Reverse - GGC ATT GAG GTG AAA GGA AA; and 160 

GAPDH, Forward - CAC CCT CAA GAT TGT CAG C and Reverse - TAA GTC CCT CCA CGA TGC. 161 

In RT-qPCR of C2C12, MYOG, MyHC, and MB expression levels were measured. Amplification was conducted 162 

at 95 ℃ for 10 minutes followed by 40 cycles of 95 ℃ for 10 seconds and 53 ℃ for 20 seconds. Gene-specific 163 

primers were: MYOG, Forward – GCC CAG TGA ATG CAA CTC CCA CA and Reverse – CAG CCG CGA 164 

GCA AAT GAT CTC CT; MyHC, Forward - AGC AGC GAC ACT GAA ATG GA and Reverse - GTT GTC 165 

GTT CCT CAC GGT CT; MB, Forward - GGA AGT CCT CAT CGG TCT GT and Reverse - GCC CTT CAT 166 

ATC TTC CTC TGA; and GAPDH, Forward - GTG GCA AAG TGG AGA TTG TTG CC and Reverse - GAT 167 

GAT GAC CCG TTT GGC TCC. 168 

Statistical Analysis 169 

All measurements were repeated at least three times. A statistical processing program SAS (9.4 for Windows, 170 

USA) was used to test the significance of results. To compare significant differences between measured values, 171 

Duncan multiple range test was performed at a significance level of p < 0.05. 172 



ACCEPTED

9 

 

 173 

 174 

Results 175 

1. Proliferation capacity of C2C12 cells incubated 37℃ and 39℃ 176 

C2C12 cells in flasks were cultured at 37℃ and 39℃ for 4 days (Fig. 1a). Live cell counting and viability of 177 

C2C12 cells cultured at 37℃ and 39℃ for 4 days were measured (Fig. 1b). Doubling time was calculated to 178 

compare differences by culture temperature (Fig. 1b). For C2C12 cells, more live cells were obtained at 37℃ than 179 

at 39℃ based on live cell count (p < 0.05). Cell viability was also found to be higher at 37℃ than at 39℃ but 180 

showed no significant difference (p > 0.05). C2C12 cells confluent in flask were differentiated with differentiation 181 

medium. C2C12 cells cultured at 37℃ showed differentiated after culturing for 3 days. The myotube was highly 182 

differentiated after culturing for 5 days (Fig. 1a). It tore off after culturing for 7 days. C2C12 cells cultured at 39℃ 183 

showed differentiation after culturing for 2 days. The myotube was highly differentiated after culturing for 4 days 184 

(Fig. 1a). It tore off after culturing for 7 days. 185 

 Immunofluorescence staining was performed for C2C12 cells cultured for 4 days using Pax7 antibodies and 186 

Hoechst (Fig. 1c). When dyed area was observed under a microscope, blue color indicated nuclei and the green 187 

color indicated Pax7. When the number of nuclei was calculated based on stained cells and nuclei (Fig. 1d), the 188 

distribution of C2C12 cultured at 37℃ appeared to be significantly higher (p < 0.05) that that cultured at 39℃.  189 

2. Differentiation capacity of C2C12 cells incubated 37℃ and 39℃ 190 

Immunofluorescence staining was performed using myosin antibodies and Hoechst to indirectly compare 191 

differentiation power of C2C12 cells differentiated at 37℃ and 39℃ for 4 days (Fig. 2a). When dyed area was 192 

observed under a microscope, the blue color indicated the nuclei and the green color indicated myosin. When 193 

immunofluorescence staining was performed to myotube width, number of nuclei, and fusion index (Fig. 2b), it 194 

was found that C2C12 cells differentiated at 39℃ and 37℃ showed no significant difference in myotube thickness 195 

and fusion index of cells (p > 0.05). However, cells differentiated at 37℃ had significantly higher number of 196 

nuclei (p < 0.05). 197 

 Western blot was performed to determine myosin levels in C2C12 differentiated for 3 days at 37℃ or 39℃ (Fig. 198 

2c). When western blot results of C2C12 cells differentiated at 37℃ and 39℃ were compared, level of myosin 199 

protein in C2C12 differentiated at 39℃ was measured to be relatively higher than those at 37℃, although such 200 

differences were not statistically significant (p > 0.05). A similar pattern was found for myotubes based on 201 
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immunofluorescence staining. 202 

RT-qPCR was performed to confirm quantitative gene amounts of Myog, Myhc, and Mb in C2C12cells 203 

differentiated at 37℃ and 39℃ for 3 days (Fig. 2d). When expression levels of the above gene were measured to 204 

determine the degree of formation of differentiated myotubes, gene levels of Myhc in cells differentiated at 39℃ 205 

were higher than those in cells differentiated at 37℃, although these differences were not statistically significant 206 

(p > 0.05). Gene levels of Myog and Mb were significantly higher in cells cultured at 39℃ than in cells cultured 207 

at 37℃ (p < 0.05). 208 

3. Proliferation capacity of Hanwoo myosatellite cells incubated 37℃ and 39℃ 209 

After completing the preliminary experiment using C2C12 cells, the same experiment was performed on Hanwoo 210 

myosatellite cells. Hanwoo satellite cells in flasks were cultured at 37℃ and 39℃ for 5 days (Fig. 3a). Live cell 211 

counting and viability of Hanwoo myosatellite cells cultured at 37℃ and 39℃ for 5 days were measured (Fig. 212 

3b). Doubling time was calculated to compare differences by culture temperature (Fig. 3b). For Hanwoo 213 

myosatellite cells, more live cells were obtained at 37℃ than at 39℃ based on live cell count (p < 0.05). Cell 214 

viability was also found to be higher at 37℃ than at 39℃ but showed no significant difference (p > 0.05). Hanwoo 215 

myosatellite cells confluent in flask were differentiated with differentiation medium. It was confirmed that 216 

Hanwoo myosatellite cells differentiated at 37℃ had myotube formation after culturing for 2 days. They were 217 

highly differentiated after culturing for 4 days (Fig. 3a). The myotube tore off after culturing for 6 days. On the 218 

other hand, Hanwoo myosatellite cells cultured at 39℃ were differentiated after 1 day of culture. They were 219 

highly differentiated after culturing for 3 days (Fig. 3a). The myotube quickly tore off after culturing for 4 days. 220 

 Immunofluorescence staining was performed for Hanwoo myosatellite cells cultured for 3 days using Pax7 221 

antibodies and Hoechst (Fig. 3c). When dyed area was observed under a microscope, blue color indicated nuclei 222 

and the green color indicated Pax7. When the number of nuclei was calculated based on stained cells and nuclei 223 

(Fig. 3d), the distribution of Hanwoo myosatellite cells cultured at 37℃ appeared to be significantly higher (p < 224 

0.05) that that cultured at 39℃.  225 

4. Differentiation capacity of Hanwoo myosatellite cells incubated 37℃ and 39℃ 226 

Immunofluorescence staining was performed using myosin antibodies and Hoechst to indirectly compare 227 

differentiation power of Hanwoo myosatellite cells differentiated at 37℃ and 39℃ for 3 days (Fig. 4a). When 228 

dyed area was observed under a microscope, the blue color indicated the nuclei and the green color indicated 229 

myosin. When immunofluorescence staining was performed to myotube width, number of nuclei, and fusion index 230 
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(Fig. 4b), it was found that Hanwoo myosatellite cells differentiated at 39℃ and 37℃ showed no significant 231 

difference in myotube thickness and fusion index of cells (p > 0.05). However, cells differentiated at 37℃ had 232 

significantly higher number of nuclei (p < 0.05). 233 

 Western blot was performed to determine myosin levels in Hanwoo myosatellite cells differentiated at 37℃ and 234 

39℃ for 3 days (Fig. 4c). When western blot results of Hanwoo myosatellite cells differentiated at 37℃ and 39℃ 235 

were compared, level of myosin protein in Hanwoo myosatellite cells differentiated at 39℃ was measured to be 236 

relatively higher than those at 37℃, although such differences were not statistically significant (p > 0.05). A 237 

similar pattern was found for myotubes based on immunofluorescence staining. 238 

 RT-qPCR was performed to confirm quantitative gene amounts of MYOG, MyHC, MYF6, and MB in Hanwoo 239 

myosatellite cells differentiated at 37℃ and 39℃ for 3 days (Fig. 4d). When expression levels of the above gene 240 

were measured to determine the degree of formation of differentiated myotubes, gene levels of MYOG in cells 241 

differentiated at 39℃ were higher than those in cells differentiated at 37℃, although these differences were not 242 

statistically significant (p > 0.05). Gene levels of MyHC (p < 0.05), MYF6, and MB (p < 0.01) were significantly 243 

higher in cells cultured at 39℃ than in cells cultured at 37℃.  244 

 245 

Discussion  246 

Hanwoo myosatellite cells and C2C12 cells were cultured in an incubator at 37℃ and 39℃ to observe 247 

proliferation through cell counting and immunofluorescence staining. Pax7, a transcription factor that controls the 248 

proliferation and differentiation of satellite cells during muscle formation, is an essential factor for muscle 249 

formation and differentiation of satellite cells into myoblasts [20]. Hoechst dye is the most popular dye that can 250 

distinguish cell nuclei due to their high affinity and specificity for DNA. According to Park et al. [21], mild heat 251 

stress and severe heat stress have different standards for each cells. Mild stress and severe heat stress were 252 

classified according to denaturation of pre-existing proteins, heat shock protein (HSP) synthesis, cell proliferation, 253 

differentiation, and signaling pathways. Briefly, it was defined that mild heat stress occurs at a temperature 254 

adapted to growth conditions, and severe heat stress appears at a temperature at which cell death occurs. The 255 

culturing time is as important as the culturing temperature. If the incubation temperature is increased by 1℃, the 256 

time required for the same extent of heat shock response is reduced twofold [22, 23]. The effects of heat stress on 257 

the cell cycle also depend on the strength and the duration of applied heat stress [24-26]. Park et al. [21] has shown 258 

that mild heat stress plays a beneficial role in organisms through facilitating growth factor-mediated cell survival 259 
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and proliferation. Mild heat stress may act as one physicochemical signal to regulate activities of membrane 260 

proteins by affecting membrane fluidity. Heat stress is presumed to positively regulate cell proliferation and 261 

differentiation, through various signal pathways such as multiple Ras signal pathways involving the Raf-262 

extracellular-regulated kinase 1/2 (ERK1/2) pathway, phosphatidylinositol-3 kinase (PI3K)-Akt/PKB-glycogen 263 

synthase kinase (GSK)-3b pathway, and Rho-Rac1-nicotinamide adenine dinucleotide phosphate (NADPH) 264 

oxidase pathway [21, 27-30]. 265 

But heat stress is known to negatively affect skeletal muscle growth by converting energy and nutrients to body 266 

temperature maintenance. Acute heat stress has been found to affect cell function by increasing proteolysis and 267 

reducing protein synthesis [31]. Basavaraj et al. [32] have shown that when C2C12 cells are cultured at 37℃ or 268 

39℃, total protein content of C2C12 cells cultured at 39℃ is lower than that of cells cultured at 37℃. 269 

Mitochondria generate most of the energy required for cell function through oxidative phosphorylation (OXPHOS) 270 

[32]. Heat stress on cells can cause mitochondrial dysfunction and reduce respiratory capacity. In addition, HSP, 271 

like HSP70, induced by heat stress was found to inhibit OXPHOS and at the same time enhance glycolysis to 272 

compensate for ATP imbalance [33]. HSP, a defense mechanism to protect itself from external stress [34], is an 273 

important cellular temperature resistance protein to prevent denaturation of polypeptides under heat stress. When 274 

cells face stress, intracellular material transport and protein misfolding will occur. HSP can prevent these 275 

phenomena, increasing cell viability and helping cells overcome heat stress [35]. HSP72 is known to play an 276 

important role in maintaining protein homeostasis among HSPs produced when cells are cultured at 39 °C, and 277 

HSP72 expression in muscle has been reported to play a role in preserving muscle function [36]. Heat stress is 278 

known to negatively affect skeletal muscle growth by converting energy and nutrients to body temperature 279 

maintenance. Acute heat stress has been found to affect cell function by increasing proteolysis and reducing 280 

protein synthesis [31]. Kamanga-Sollo et al. [37] have shown that pig myosatellite cells with increased amounts 281 

of various HSPs due to heat stress showed proliferation rates were 35% less than other pig myosatellite cells not 282 

subjected to heat stress. Consequently, HSP-inducing culture at 39℃ inhibited the proliferation of Hanwoo 283 

myosatellite cells and lowered their efficiency. Therefore, the effect of heat stress on cell cycle progression or 284 

proliferation is highly ambiguous and the cellular response to mild heat stress depends on the type of cell line 285 

analyzed [21]. 286 

Hanwoo myosatellite cells and C2C12 cells were cultured in an incubator at 37℃ and 39℃ to observe 287 

differentiation through immunofluorescence staining, western blot, and RT-qPCR. Myosin is a representative 288 
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structural protein of muscle cells and functional protein that enables muscle contraction and relaxation as the main 289 

component of the myosin filament of myotube. It is judged as an appropriate marker for the degree of cell 290 

differentiation. MYOG, one of myogenic regulatory factors, regulates proliferation and differentiation of satellite 291 

cells, precursor cells of myofibers [38]. That is, it is expressed in the nuclei of activated satellite cells for the 292 

regeneration of myofibers. It affects the process of myofiber growth by regulating the formation of myoblasts and 293 

myotubes. MYF6 is a transcription factor that regulates myogenic and amnion cells involved in skeletal muscle 294 

formation. [36]. It is known to be abundant in adult muscle cells. MyHC is a late-stage marker of muscle cell 295 

differentiation. Its expression level increases as muscle cell differentiation proceeds. Its expression level increases 296 

as muscle cell differentiation proceeds. MB, as an oxygen storage protein in muscle, serves to buffer the 297 

concentration of intracellular oxygen and promote intracellular oxygen diffusion when muscle activity increases 298 

[36]. As an oxygen storage protein in muscle, it serves to buffer the concentration of intracellular oxygen and 299 

promote intracellular oxygen diffusion when muscle activity increases [36]. Looking at the flow of differentiation, 300 

when Pax7 and Pax3 are expressed in satellite cells, they express Myf5 and MyoD and differentiate into dividing 301 

myoblasts. These myoblasts are differentiated into myocytes while expressing MYOG and MYF6. Then myocytes 302 

stop dividing and form multinucleated myotubes [39]. There are many ways to promote cell differentiation. 303 

According to Kanatous & Mammen [40], high levels of actin and myosin are induced by electrical stimulation of 304 

C2C12 cells during differentiation. Controlling incubation temperature can also be one way to control 305 

differentiation. Previous experimental results have shown that differentiation of C2C12 cells cultured at a high 306 

temperature for a long time into myotubes can be inhibited by heat shock [18]. In C2C12 cells, heat stress promotes 307 

myofibrogenesis during myogenesis, but excessive heat stress can affect muscle size as it activates the muscle 308 

atrophy signaling pathway [41]. According to study of Ikeda [42], HSP-expressing C2C12 cells by heat stress did 309 

not improve myotube width and differentiation rate during differentiation culture. However, it is also known that 310 

continuous heat stress increases intracellular calcium [43], and it is reported that intracellular calcium induces 311 

hypertrophy of muscled myotubes and changes the myofiber phenotype [44]. In the case of a mild heat stress at a 312 

low temperature, cell proliferation, differentiation, and immunity can respond positively [21]. Heat stress can 313 

regulate cell survival by triggering signals including Ras, Rac1, mitogen-activated protein kinase (MAPK), and 314 

other pro-survival molecules that are independent of HSF1-HSP induction [27, 28]. In the case of myocytes of 315 

quail, differentiation at 39℃ for a long period of time can increase the length and diameter of myotubes than 316 

incubation at 37℃ [45]. Protein contents of slow myosin heavy chain isoform and cytochrome C oxidase subunit 317 

IV are higher than others [45]. In addition, there are experimental results showing that the amount of PGC-1α 318 
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protein varies according to the duration of heat stress and the temperature [17]. A febrile rise in core body 319 

temperature positively regulates cell growth and differentiation, enhancing innate and adaptive immunity [46-48]. 320 

It means that the effects of heat stress on cellular functions are pleiotropic, and that HSP alone is not sufficient to 321 

induce muscle hypertrophy. Therefore, applying heat stress by raising the culture temperature may not be 322 

sufficient for cell growth and differentiation, but it can facilitate growth factor-mediated cell proliferation and 323 

differentiation [21]. 324 

 325 

As a result of the experiment, it was confirmed that the genes involved in muscle differentiation were 326 

significantly increased in cells cultured at 39 °C, but it is difficult to say that they have a direct effect on 327 

differentiation, such as the differentiation rate or the width of myotube. In conclusion, the proliferation of Hanwoo 328 

myosatellite cells and C2C12 myoblasts at 37°C could be more efficient than incubation at 39°C. Differentiation 329 

at 39°C may be more efficient than differentiation at 37°C, but there was no significant effect. For efficient 330 

differentiation, it is considered that additional treatment as well as heat stimulation is required alone. These results 331 

can serve as basic data for cultured meat using Hanwoo myosatellite cells. 332 

 333 
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Tables and Figures 461 

 462 

 463 

Fig. 1. Experimental results (cell counting, immunofluorescence staining) for measuring 464 

proliferation capacity of C2C12 cells cultured 37℃ and 39℃ (a) Images of C2C12 cells 465 

proliferated at 37℃ and 39℃ for 4 days, differentiated at 37℃ for 5 days and 39℃ for 4 days 466 

(40x magnification). (b) Live cell count, viability, and doubling time of C2C12 cells cultured 467 

37℃ and 39℃ for 4 days (*: p < 0.05). (c) Immunofluorescence staining was performed for 468 

C2C12 cells cultured for 4 days using Pax7 antibody and Hoechst. The blue color indicates 469 

nuclei, and the green color indicates Pax7 (100x magnification). (d) Nuclei numbers of C2C12 470 

cells cultured 37℃ and 39℃ were counted using ImageJ (*: p < 0.05). 471 

 472 
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 473 

Fig. 2. Experimental results (immunofluorescence staining, western blotting, RT-qPCR) for 474 

measuring differentiation capacity of C2C12 cells cultured 37℃ and 39℃ (a) 475 

Immunofluorescence staining was performed to nuclei number, myotube width, and fusion 476 

index of C2C12 cells differentiated for 4 days using myosin antibodies and Hoechst. The blue 477 

color indicates nuclei, and the green color indicates myosin (100x magnification). (b) Nuclei 478 

number, myotube width, and fusion index of C2C12 cells differentiated at 37℃ and 39℃ were 479 

measured using ImageJ (*: p < 0.05). (c) Western blot results of C2C12 differentiated at 37℃ 480 

and 39℃ for 3 days were confirmed through band intensity. Intensities of myosin band in 481 

C2C12 cells differentiated at 37℃ and 39℃ in western blotting were measured (*: p < 0.05). 482 

(d) Expression levels of Myog, Myhc, and Mb in C2C12 cells differentiated at 37℃ and 39℃ 483 

for 3 days were measured using RT-qPCR (*: p < 0.05) 484 

 485 



ACCEPTED

21 

 

 486 

Fig 3. Experimental results (cell counting, immunofluorescence staining) for measuring 487 

proliferation capacity of Hanwoo myosatellite cells cultured 37℃ and 39℃ (*: p < 0.05, NS: 488 

not significant). (a) Images of Hanwoo myosatellite cells proliferated at 37℃ and 39℃ for 5 489 

days, differentiated at 37℃ for 4 days and 39℃ for 3 days (40x magnification). (b) Live cell 490 

count, viability, and doubling time of Hanwoo myosatellite cells cultured 37℃ and 39℃ for 5 491 

days. (c) Immunofluorescence staining was performed for Hanwoo myosatellite cells cultured 492 

for 3 days using Pax7 antibody and Hoechst. The blue color indicates nuclei, and the green 493 

color indicates Pax7 (100x magnification). (d) Nuclei numbers of C2C12 cells cultured 37℃ 494 

and 39℃ were counted using ImageJ. 495 

 496 
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 497 

Fig. 4. Experimental results (immunofluorescence staining, western blotting, RT-qPCR) for 498 

measuring differentiation capacity of Hanwoo myosatellite cells cultured 37℃ and 39℃ (*: p 499 

< 0.05, **: p < 0.01, NS: not significant) (a) Immunofluorescence staining was performed to 500 

nuclei number, myotube width, and fusion index of Hanwoo myosatellite cells differentiated 501 

for 3 days using myosin antibodies and Hoechst. The blue color indicates nuclei, and the green 502 

color innucdicates myosin (100x magnification). (b) Nuclei number, myotube width, and 503 

fusion index of Hanwoo myosatellite cells differentiated at 37℃ and 39℃ were measured 504 

using ImageJ. (c) Western blot results of Hanwoo myosatellite differentiated at 37℃ and 39℃ 505 

for 3 days were confirmed through band intensity. Intensities of myosin band in Hanwoo 506 

myosatellite cells differentiated at 37℃ and 39℃ in western blotting were measured. (d) 507 

Expression levels of MYOG, MyHC, MYF6 and MB in Hanwoo myosatellite cells 508 

differentiated at 37℃ and 39℃ for 3 days were measured using RT-qPCR. 509 




