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Abstract 10 
Gamma irradiation is extensively employed for sterilization purposes in both the medical and food sectors. 11 
Recently, its use in cultured meat technology has emerged as an area of interest. Despite this, the specific 12 
impacts of gamma radiation on muscle stem cells that are crucial for cultured meat biomanufacture have 13 
not been well delineated, especially in livestock like Hanwoo. This study investigated the dose-dependent 14 
influence of targeted gamma irradiation on the morphology, viability, and gene expression profile of 15 
Hanwoo muscle-derived satellite cells utilizing a clinically certified Gamma Knife platform. Satellite cells 16 
were isolated from Hanwoo skeletal muscle by fluorescence-activated cell sorting (FACS) and exposed to 17 
gamma irradiation at Con(0), 2, 10, and 20 Gy. Following irradiation, cells were maintained under 18 
conditions promoting proliferation or differentiation. We evaluated cellular viability, morphological 19 
characteristics, and transcriptional levels of myogenic (MYF5, MYOD1, MYOG, MYH2) and cell cycle 20 
regulatory (TP21, TP53) genes. Exposure to high-dose gamma radiation (10 and 20 Gy) markedly reduced 21 
satellite cell proliferation, viability, and substrate attachment, also resulting in increased cell size and 22 
elevated expression of senescence-related markers TP21 and TP53 (p < 0.05). A dose-dependent 23 
downregulation of myogenic gene expression was recorded, notably for MYF5, MYOD1, and MYOG. 24 
Importantly, low-dose irradiation (2 Gy) led to a transient elevation in MYH2 expression while preserving 25 
cell viability and structural integrity, indicating possible hormetic responses (p < 0.05). Overall, gamma 26 
irradiation affects Hanwoo satellite cells in a dose-dependent manner, with higher doses promoting cellular 27 
aging and loss of myogenic potential, while lower doses may stimulate defense or differentiation-associated 28 
mechanisms. These results highlight the critical need for careful dose optimization when utilizing 29 
irradiation in cultured meat processes. Additional research is needed to delineate non-lethal radiation limits 30 
and confirm observations in vivo. 31 
 32 
Keywords (3 to 6): Hanwoo satellite cells, Gamma radiation, Cell hypertrophy, Radiation dose-response 33 

34 ACCEPTED



4 
 

Introduction 35 

Ionizing radiation (IR) denotes electromagnetic waves or particle beams possessing enough energy to ionize 36 
atoms or molecules, which results in various physicochemical and biological changes. IR is recognized for 37 
causing significant biological harm, including DNA double-strand breaks, chromosomal aberrations, 38 
apoptosis, necrosis, and cellular senescence [1]. Historically, IR has been widely applied in oncology to 39 
specifically target rapidly proliferating tumor cells, where exposure to high-dose irradiation induces cell 40 
cycle arrest and leads to irreversible cellular demise [2]. However, in cultured meat production systems, it 41 
is essential to implement irradiation protocols that minimize potential damage to host cells while 42 
maintaining process efficiency and cellular functionality. Cultured meat comprises cell-based products 43 
generated through the in vitro expansion and differentiation of animal stem cells. Skeletal muscle satellite 44 
cells represent the primary stem cell type utilized for cultured meat development. These cells are located 45 
between the basal lamina and sarcolemma of muscle fibers and typically exist in a quiescent state. Upon 46 
activation by injury or stress signals, they proliferate and differentiate to facilitate muscle repair and 47 
regeneration [3].  Irradiation at doses lower than those typically used in oncology may not only serve as an 48 
effective approach to secure microbial safety in the culture medium but also provide an opportunity to 49 
explore potential hormesis-like responses in muscle-derived cells [4]. Expanding on this concept, 50 
understanding the effects of radiation on muscle-derived cells under scalable production conditions could 51 
offer valuable insights for large-scale cultured meat manufacturing. Such understanding would allow for 52 
the development of irradiation-based strategies to mitigate contamination risks in culture media or 53 
biomaterials. To meet this objective, a stereotactic radiosurgery (SRS) system capable of precise gamma 54 
radiation delivery at the submillimeter scale was employed. This technology, originally designed for 55 
treatments such as brain tumor therapy, provides high targeting fidelity and reproducibility, rendering it 56 
advantageous for in vitro irradiation of delicate cell types. The incorporation of cone-beam computed 57 
tomography (CBCT) into the system enables accurate localization and targeting of the irradiation zone. In 58 
the food industry, gamma radiation sourced from cobalt-60 is widely utilized as a non-thermal sterilization 59 
method [5]. Cultured meat offers several advantages, including improved food safety, enhanced 60 
environmental sustainability, and better animal welfare. Despite its promise, achieving large-scale 61 
production remains challenging, especially with respect to ensuring microbiological safety while 62 
maintaining the cellular viability and regenerative functions. Low-dose electron beam irradiation has been 63 
shown to sterilize fetal bovine serum (FBS), and the efficacy of gamma irradiation for sterilizing various 64 
biomaterials has also been confirmed [6, 7]. In C2C12 myoblasts, exposure to 10–20 Gy has been reported 65 
to induce apoptosis and delay myotube formation, whereas doses below 6 Gy substantially reduced these 66 
effects [8]. Therefore, SRS-based gamma irradiation may, at low doses, induce mild hormesis-like effects 67 
in muscle-derived stem cells, thereby promoting cellular adaptation and preserving functionality during the 68 
cultured meat production process [8]. The majority of prior investigations assessing radiation impacts on 69 
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muscle have utilized whole-body gamma or X-ray exposure models in rodents, such as mice and rats [9], 70 
or have concentrated on human-sourced satellite cells [10]. Although a number of investigations have 71 
examined muscle regeneration and satellite cell responses to radiation in livestock species, such as pigs and 72 
cattle, relevant studies are few. Moreover, spatially targeted irradiation of muscle-derived stem cells 73 
originating from livestock has not been extensively investigated. Elucidating the responses of Hanwoo 74 
muscle stem cells to radiation-induced stress is crucial for both the advancement of veterinary and livestock 75 
biotechnology and the development of safe, high-quality cultured meat from valuable breeds. 76 
In this study, we implemented a standardized in vitro gamma irradiation protocol to evaluate the impact of 77 
high-dose radiation on the morphology, viability, and gene expression of Hanwoo satellite cells. We 78 
assessed cell size and viability, and measured the expression of critical genes associated with muscle 79 
differentiation and cell cycle regulation using quantitative real-time PCR. The molecular analyses provided 80 
the ability to identify early cellular responses that could not be detected through morphological analysis 81 
alone. By combining morphological assessments with gene expression data, this study advances knowledge 82 
regarding gamma radiation effects on the functional characteristics of bovine satellite cells and offers 83 
implications for optimizing quality control in cultured meat production. 84 
 85 

Materials and Methods 86 

Hanwoo muscle-derived cell isolation and fluorescence-activated cell sorting (FACS) 87 
Top round muscle tissues were obtained from a 25-month-old female Hanwoo at Donga Food Co., Ltd. The 88 
samples were transported to the laboratory in an icebox. In Korea, there is currently no commercial source 89 
or tissue bank for bovine primary cells. Because research access to commercial slaughterhouses is limited, 90 
it was not possible to collect samples from multiple donor animals at the same time. Therefore, all 91 
experiments were performed using cells from one Hanwoo donor, with at least three technical replicates 92 
for each treatment to ensure experimental consistency [11]. After delivery, tissues were enzymatically 93 
dissociated with collagenase type Ⅱ solution (Worthington, Cat #LS004176). Connective tissue and muscle 94 
satellite cells were then separated by centrifugation at 800 × g for 5 min after digestion. Before FACS, cells 95 
were cultured in flasks coated with 6 mg/mL bovine collagen type Ⅰ (Sigma-Aldrich, Cat #C2124) until 96 
they reached confluency. The cells were harvested and suspended in FACS buffer (PBS with 1% bovine 97 
serum albumin) for antibody labeling. The antibodies used included APC anti-human CD29 (1:10, 98 
BioLegend, Cat #303008), PE-Cy7 anti-human CD56 (1:10, BD Biosciences, Cat #335826), FITC anti-99 
sheep CD31 (1:10, Bio-Rad, Cat #MCA1097F), and FITC anti-sheep CD45 (1:10,s Bio-Rad, Cat 100 
#MCA2220F). Labeling was done at 4℃ for 30 min in the dark. Following labeling, cells were rinsed twice 101 
with cold PBS and resuspended in growth medium (GM) consisting of Ham’s F-10 nutrient mix (Gibco, 102 
Cat #11550043) with 20% FBS (BS, Gibco, Cat #16000044) and 1% PSA (penicillin, streptomycin, 103 
amphotericin B; Lonza, Cat #17745E). Fluorescence-activated cell sorting was carried out using a 104 
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FACSAriaTM Ⅱ Cell Sorter (BD Biosciences) to collect the CD31-/CD45-/CD29+/CD56+ satellite cell 105 
fraction [12]. 106 
 107 
Co-60 Gamma Irradiation Using the Gamma Knife System   108 
To achieve precise and reproducible in vitro irradiation, the Leksell GammaPlanTM treatment planning 109 
software (version 11.3.2, Elekta AB, Stockholm, Sweden) was employed. Suspension-cultured satellite 110 
cells were enclosed in a 1.5 mL microtube (MCT-150-C, Axygen, Union City, CA, USA) sealed with 111 
Parafilm, and positioned within a tissue-equivalent phantom constructed from polymethyl methacrylate 112 
(PMMA), which was designed to replicate cranial geometry and facilitate uniform dose distribution. The 113 
location of each tube was verified and aligned through the integrated CBCT system of the Gamma Knife 114 
IconTM, enabling accurate co-registration of acquired CBCT images with the planning software. Using 115 
these CBCT images, the coordinates for each tube were established, and the irradiation field was defined 116 
with a 4 mm collimator based on the 50% isodose line for dose planning. Single-fraction target doses of 2, 117 
10, and 20 Gy were applied to the geometric center of each tube. The 2, 10, and 20 Gy doses were delivered 118 
for 3.37, 17.01, and 33.81 minutes, respectively. Control group tubes (0 Gy) were positioned similarly 119 
within the Gamma Knife system but were not exposed to Co-60 radiation. Although focused irradiation is 120 
characteristic of the Gamma Knife, minimal scatter to adjacent regions may still occur. It should be noted 121 
that γ-irradiation in this study was applied exclusively to muscle-derived satellite cells to investigate 122 
radiation-induced cellular responses, not for sterilization purposes. 123 
 124 
Post-irradiation culture 125 
After fluorescence-activated cell sorting (FACS), Hanwoo satellite cells were subjected to γ-irradiation and 126 
subsequently maintained under either proliferation or differentiation protocols. For proliferation assays, 127 
cells were seeded at a density of 1,800 viable cells/cm2 onto flasks coated with 0.05% bovine collagen type 128 
Ⅰ (Sigma-Aldrich, Cat #C2124) and cultured in growth medium (GM). Cultures were maintained for six 129 
days under standard incubation taking place at 37 ℃ in a humidified atmosphere with 5% CO2). For 130 
differentiation experiments, to minimize potential differences in confluency among treatment groups 131 
caused by radiation-induced variation in proliferation rates, a higher seeding density (5,000 viable cells/cm2) 132 
was used. Cells were plated on Matrigel-coated flasks (Corning) and maintained in differentiation medium 133 
formulated as Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Cat #11995065) supplemented with 134 
2% FBS and 1% PSA [11]. This approach ensured that all groups reached comparable confluency levels at 135 
the initiation of differentiation, thereby reducing confounding effects associated with unequal growth rates 136 
after irradiation. Figure 1 provides a schematic overview of the experimental workflow, illustrating the core 137 
design and methodological steps. 138 
 139 
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Total cell, live cell, and viability measurement 140 
After irradiation, analyses were conducted at three time points: immediately following irradiation (0 day), 141 
after 1 day in culture, and after 6 days in culture. Cells were harvested using 0.05% trypsin-EDTA (Gibco). 142 
The numbers of total and live cells, along with viability (%), were determined by an automated cell counter 143 
(Countess™, Invitrogen) using trypan blue staining. 144 
 145 
Measurement of cell length, width, and histogram analysis of cell area 146 
Cell morphology was assessed at 2, 4, and 6 days post-irradiation. Adherent cells were visualized using a 147 
phase-contrast microscope (EVOS™ M5000, Thermo Fisher Scientific). Representative images were 148 
collected at each time interval. Cell length and width were quantified using ImageJ software (NIH, USA). 149 
In total, measurements were performed on 270 cells across all experimental groups. Cell area was 150 
determined by multiplying length and width. The criterion for cell enlargement was established as the mean 151 
control group area plus two standard deviations (mean + 2SD). Distributions of cell area were visualized as 152 
histograms generated with matplotlib (Python) [13-15]. 153 
 154 
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 155 
Gene expression analysis was performed by harvesting cultured cells, followed by total RNA extraction 156 
using a Total RNA Extraction Kit (iNtRON Biotechnology, Seongnam-si, Republic of Korea, Cat # 17221), 157 
according to the manufacturer’s instructions. The synthesis of complementary DNA (cDNA) was conducted 158 
with the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Cat # 4368814). RT-qPCR was 159 
carried out using Fast qPCR 2 × SYBR Green Master Mix (Cat # EBT-1821). Amplification conditions 160 
consisted of an initial step at 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 161 
s and annealing at 56 °C for 1 min. The analysis included the genes MYF5, MYOD1, TP21, TP53, MYOG, 162 
MYH2 and GAPDH. Primer sequences are provided in Table 1. Relative gene expression was determined 163 
by the 2−ΔΔCT method [16]. 164 
 165 
Statistical analysis 166 
All experimental data were obtained from a minimum of three independent experiments and are expressed 167 
as mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism version 10 168 
(GraphPad Software, San Diego, CA, USA). Comparisons among groups were performed using one-way 169 
analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. A p-value < 0.05 was 170 
considered statistically significant. 171 
 172 

Results and discussion 173 

Dose-dependent effect of radiation on the proliferative capacity of muscle-derived cells 174 
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Muscle-derived cells isolated from Hanwoo cattle were suspended in microtubes and subjected to γ-175 
radiation at doses of 0, 2, 10, and 20 Gy. Following irradiation, the control group (0 Gy) exhibited the 176 
lowest total and live cell counts (p < 0.05). Nevertheless, cell viability, defined as the percentage of live 177 
cells among total cells, did not significantly differ between treatment groups (Figure 2A). This observation 178 
likely reflects variability introduced during the cell transfer procedure, rather than being a consequence of 179 
direct cytotoxicity from irradiation. Trypan blue exclusion analysis demonstrated that γ-irradiation did not 180 
affect membrane integrity, indicating that acute γ-radiation exposure does not lead to immediate disruption 181 
of the plasma membrane in bovine muscle-derived cells. Following irradiation, the cell suspensions were 182 
reseeded at a density of 1,800 cells/cm² and cultured for 24 hours. After this incubation period, both total 183 
and live cell numbers were markedly higher in the control group than in the irradiated groups (p < 0.05, 184 
Figure 2B). This difference likely resulted from reduced cell adhesion efficiency rather than altered 185 
proliferation rates. The lower cell counts in the irradiated groups probably result from reduced initial 186 
attachment, causing increased cell detachment during early culture. Moreover, in the 10 and 20 Gy groups, 187 
cell viability decreased in a dose-dependent manner, suggesting that higher doses of γ-radiation negatively 188 
impacted both the ability of cells to attach and survive. By the sixth day of culture, the inhibitory impact of 189 
γ-radiation on cell proliferation became more pronounced. Both total and live cell counts remained highest 190 
in the control group and were significantly lower in the 10 and 20 Gy groups (p < 0.05, Figure 2C). There 191 
was also a parallel dose-dependent reduction in cell viability, providing further evidence of the detrimental 192 
effects of γ-radiation on the proliferative capacity of bovine muscle-derived cells (p < 0.05). Gene 193 
expression analysis indicated that MYF5 mRNA abundance peaked in the control group but was 194 
significantly lower in all irradiated groups (p < 0.05, Figure 2D). Similarly, MYOD1 mRNA, a principal 195 
marker for myogenic differentiation, showed a marked dose-dependent decline in the 2 Gy, 10 Gy, and 20 196 
Gy groups (p < 0.05, Figure 2D). Conversely, transcript levels of TP21 (CDKN1A) and TP53 mRNA, both 197 
integral to the DNA damage response and regulation of cell cycle arrest, were significantly upregulated in 198 
the 20 Gy group (p < 0.05, Figure 2D). These data indicate that high-dose γ-irradiation causes DNA double-199 
strand breaks and activates G1/S checkpoint signaling, resulting in cell cycle arrest. 200 
γ-irradiation in suspension did not seem to directly compromise cell membrane integrity, as indicated by 201 
the preservation of cell viability immediately after irradiation (Figure 2A). In this investigation, we selected 202 
irradiation doses of 2 Gy, 10 Gy, and 20 Gy to represent low, intermediate, and high levels of radiation-203 
induced stress, respectively. These dose selections were based on established biological thresholds 204 
frequently referenced in radiobiological and oncological literature. The 2 Gy dose, often considered sub-205 
lethal, serves as a standard fraction in clinical radiotherapy protocols. The 10 Gy dose causes notable but 206 
not fatal DNA damage and is commonly utilized in the management of benign tumors. The 20 Gy dose 207 
approximates the lower threshold for inducing severe DNA double-strand breaks and irreversible cell cycle 208 
arrest, particularly observed in malignant tumor models. Despite the maintained viability, a decline in cell 209 
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adhesion after irradiation suggests possible disruptions in the composition or functionality of membrane 210 
proteins associated with adhesion. The oxidative stress and genotoxic effects elicited by γ-irradiation may 211 
inhibit the ITGB1-FAK signaling axis, and this could decrease adhesion strength and promote cell 212 
detachment. Additionally, radiation-mediated suppression or breakdown of cadherins may destabilize 213 
adherens junctions, consequently weakening both cell-cell and cell-substrate attachments. Furthermore, 214 
cytoskeletal reorganization following irradiation might further undermine the adhesive and migratory 215 
properties of cells [17]. Collectively, these molecular and structural disruptions may persist throughout 216 
prolonged culture, ultimately limiting the sustained growth and propagation of bovine muscle-derived cells 217 
(Figure 2C). The observed upregulation of TP21 and TP53 provides strong evidence for the activation of 218 
cell cycle arrest in response to DNA damage. As a source of high-energy photons, γ-irradiation has been 219 
widely recognized to generate direct DNA double-strand breaks and initiate the production of reactive 220 
oxygen species, leading to a combined effect on membrane protein stability and adhesion signaling [10, 221 
18]. Notably, in contrast to γ-rays, X-rays have been reported to transiently promote adhesion in cancer 222 
cells through activation of FAK and integrin signaling mechanisms [19]. Multiple reports indicate that X-223 
ray exposure can enhance the expression of adhesion-associated proteins and induce cytoskeletal changes 224 
[20, 21]. Consequently, it would be valuable to explore whether low-dose γ-irradiation (<2 Gy) could 225 
provoke similar pro-adhesive responses in bovine muscle cells analogous to those seen with X-rays. 226 
The Hanwoo population is managed under nationally coordinated breeding and genetic evaluation programs 227 
involving performance/progeny testing and routine nationwide dissemination of proven-bull (KPN) semen 228 
via artificial insemination, overseen by governmental research and improvement agencies [22]. These long-229 
standing programs have standardized selection pressure at the national scale and shaped breed genetics over 230 
the past four decades, which provides contextual support for reproducibility of cellular phenotypes within 231 
this breed framework, even when a single donor is used in a proof-of-concept setting [23].  232 
 233 
Dose-dependent effect of radiation on cell size 234 

To assess the impact of γ-irradiation on cell morphology, bovine muscle-derived cells were cultured 235 
after exposure and phase-contrast images were captured at specific time points (Figure 3A). Cells in all 236 
irradiated groups adhered to the culture plates, and the number of attached cells increased as the culture 237 
period progressed. On day 6, distinctly abnormal cell morphologies, such as notably enlarged and flattened 238 
cells, were mainly observed in the 20 Gy group. Quantitative analysis of morphological alterations was 239 
performed by measuring cell length and width across all groups and time points (Figure 3B). Both length 240 
and width increased in correlation with higher radiation doses. Importantly, as the culture duration increased, 241 
the disparity in cell sizes between groups became increasingly evident. To further examine the occurrence 242 
of unusually enlarged cells, a threshold for enlargement was established using the product of length and 243 
width in the control group at each time point. Specifically, this threshold was defined as the mean plus two 244 
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standard deviations (mean + 2SD) of the area (length × width) in the control group on days 2, 4, and 6. This 245 
approach statistically represents roughly the upper 2.5% of a normal distribution, effectively identifying 246 
morphological outliers. The calculated thresholds were 9,447.4, 9,689.1, and 12,898.8 µm² for days 2, 4, 247 
and 6, respectively, highlighting a gradual increase in cell size within the control group over time. The 248 
percentage of cells surpassing these thresholds was determined. On day 2, the frequencies of enlarged cells 249 
were 5.19% (Con), 6.30% (2 Gy), 30.74% (10 Gy), and 22.22% (20 Gy). By day 4, the proportions rose to 250 
2.96% (Con), 16.67% (2 Gy), 51.11% (10 Gy), and 65.19% (20 Gy). On day 6, these incidences were 3.33%, 251 
4.07%, 32.59%, and 82.22%, respectively (Figure 3C). The 20 Gy group on day 6 exhibited the most 252 
substantial increase in cell enlargement. 253 

Cell enlargement is frequently linked with cellular senescence during prolonged culture [13]. Our results 254 
align with previous literature demonstrating that radiation induces senescence in bovine muscle-derived 255 
cells [11]. The observed enlargement is most likely attributable to DNA damage caused by radiation, which 256 
is corroborated by the upregulation of TP21 and TP53 mRNA (Figure 2C). Additionally, radiation has been 257 
shown to disrupt the organization of cytoskeletal elements. Several studies report that X-irradiation leads 258 
to greater cell spreading, induces cytoskeletal remodeling, and results in increased nuclear size [24]. Early 259 
apoptotic processes are closely associated with changes in cytoskeletal proteins, particularly those involving 260 
actin filaments and microtubules. Ionizing radiation has been shown to disturb actin filament assembly, 261 
cause DNA double-strand breaks, and heighten the production of reactive oxygen species (ROS) [10]. 262 
These molecular changes correspond to the morphological features illustrated in Figure 3A and might 263 
contribute to the observed reduction in proliferative ability in Figure 2. However, the reversibility of certain 264 
morphological changes depends on the radiation dose received. Some investigations have found that cells 265 
exposed to sublethal irradiation can regain their typical morphology, suggesting that morphological 266 
adaptations to radiation stress may, under specific conditions, be reversible [25]. 267 
 268 
Differential dose effects of irradiation on myogenic differentiation 269 
 To determine the impact of γ-irradiation on muscle cell differentiation, bovine muscle-derived cells were 270 
irradiated and subsequently cultured in differentiation medium, with phase-contrast microscopy used for 271 
assessment at set intervals (Figure 4A). Myotube structures were identified in every experimental group, 272 
regardless of irradiation status. For quantitative analysis of myogenic differentiation, relative mRNA 273 
expression of key myogenic markers was measured (Figure 4B). The control group displayed the highest 274 
MYOG mRNA expression, which was significantly decreased in both the 10 and 20 Gy irradiation groups, 275 
signifying a dose-dependent inhibition of late-stage myogenic differentiation (p < 0.05). Notably, MYH2 276 
mRNA expression peaked following 2 Gy exposure, but was markedly suppressed in the 20 Gy group (p < 277 
0.05). 278 
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This study demonstrates that gamma irradiation influences bovine muscle-derived satellite cells in a dose-279 
dependent manner. Exposure to high doses, such as 10 Gy or 20 Gy, led to marked alterations in cell 280 
morphology and a significant reduction in the expression of key myogenic genes, including MYF5, MYOD1, 281 
MYOG, and MYH2 mRNA. These results indicate that intense radiation disrupts the normal process of 282 
muscle differentiation and induces cell cycle arrest resembling premature senescence. In contrast, low-dose 283 
irradiation at 2 Gy elicited a distinct response. In this group, MYH2 mRNA expression was transiently 284 
upregulated, with no significant change detected in cell size or viability. This suggests that low levels of 285 
radiation may initiate protective or differentiation-associated pathways without inducing persistent cellular 286 
damage. Although the present findings reflect transcriptional and morphological alterations rather than 287 
permanent genomic changes, the concurrent upregulation of TP21 and TP53 observed in irradiated groups 288 
supports the activation of a transient DNA damage response (DDR) and cell cycle checkpoint control. These 289 
mechanisms are typically reversible and serve to preserve genomic stability under stress conditions. The 290 
mild upregulation of MYH2 at 2 Gy may therefore represent an adaptive, hormetic-like response, in which 291 
low-dose irradiation triggers protective signaling and compensatory repair activity rather than mutagenic 292 
effects. Potential mechanisms may involve mild mitochondrial activation, attenuation of oxidative stress, 293 
or transient enhancement of cellular repair pathways. Further investigation is warranted to elucidate the 294 
specific molecular mechanisms involved [17]. Satellite cells play a pivotal role in muscle regeneration and 295 
must maintain a balance between proliferation and differentiation in response to physiological cues. The 296 
present findings suggest that satellite cells possess the ability to sense the magnitude of radiation exposure 297 
and adjust their responses accordingly. High radiation doses seem to suppress their normal functionality, 298 
whereas low doses may transiently facilitate differentiation processes [26]. The irradiation protocol 299 
employed in this study warrants consideration. While the Gamma Knife system offers precise targeting 300 
capabilities, it generates a steep dose gradient from the center to the periphery, potentially resulting in 301 
heterogeneous radiation exposure among cells within the same treatment cohort. Given the radiosensitivity 302 
of satellite cells, even subtle dose variations could contribute to differing cellular outcomes. Upcoming 303 
experiments should incorporate detailed dose mapping approaches, such as Monte Carlo simulations or 304 
single-cell level analysis, to better elucidate cellular responses to minute fluctuations in radiation. If these 305 
observations are mirrored in vivo, satellite cells compromised by radiation could lose their regenerative 306 
capacity and possibly secrete detrimental factors affecting adjacent cells, thereby exacerbating muscle 307 
injury post-radiotherapy. Thus, defining the threshold dose that differentiates reversible from irreversible 308 
cellular effects is critical. Future research should prioritize investigations into the cellular consequences of 309 
low-dose gamma irradiation. Investigating these lower doses could facilitate the identification of 310 
advantageous cellular responses that support muscle regeneration while minimizing the risk of long-term 311 
adverse effects. 312 
 313 
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Limitations 314 
This study has several limitations that should be considered. First, we did not evaluate additional senescence 315 
markers beyond TP21 and TP53, such as β-galactosidase activity or indicators of cytoskeletal remodeling, 316 
which could more comprehensively confirm a senescence-associated hypertrophic phenotype. Second, the 317 
Gamma Knife system produces a high-dose hotspot at the central target, while peripheral regions receive 318 
only about 50% of the prescribed isodose. This intrinsic spatial dose variation leads to dose heterogeneity 319 
within the irradiated cultures and may have influenced the observed variability in cellular responses. Future 320 
work utilizing irradiation methods that allow for more homogeneous dose distributions or applying precise 321 
dose mapping will be valuable for verification and refinement of these results. Third, our results are derived 322 
exclusively from in vitro studies using Hanwoo muscle-derived satellite cells. Verification in vivo is 323 
necessary to determine if analogous morphological and molecular responses are observed in the complex 324 
muscle tissue environment under physiological conditions. Fourth, this study used cells from a single 325 
Hanwoo donor because of the limited availability of primary muscle tissue samples from commercial 326 
abattoirs in Korea. Although this constraint reduces biological generalizability, the Hanwoo breed is 327 
maintained under a nationally coordinated genetic improvement program that ensures relatively uniform 328 
genetic backgrounds across individuals. Future studies will include multiple donors to confirm the 329 
reproducibility of these findings. 330 
 331 

Conclusions 332 

Our study demonstrates that gamma irradiation has a dose-dependent impact on Hanwoo muscle satellite 333 
cells. Exposure to high doses of 10 Gy and 20 Gy resulted in decreased cell viability, reduced adhesion, 334 
and lower proliferation rates. These higher doses also induced abnormal cell enlargement and elevated the 335 
expression levels of TP21 and TP53, which are indicative of cellular senescence. The mRNA expression of 336 
myogenic markers, including MYF5, MYOD1, and MYOG, was significantly downregulated at these high 337 
doses. Cells exposed to 2 Gy irradiation showed a slight reduction in proliferation compared to the control 338 
group, although the decrease was substantially less pronounced than that observed at 10 Gy and 20 Gy. Cell 339 
size remained comparable to that of the control group following 2 Gy irradiation. Interestingly, MYH2 340 
mRNA expression was modestly elevated relative to control, suggesting a possible activation of protective 341 
or differentiation-related pathways under low-dose irradiation conditions. Collectively, these results 342 
indicate that low-dose gamma irradiation could be non-detrimental or potentially advantageous under 343 
specific conditions. Accurate dose regulation is vital for the successful application of irradiation in cultured 344 
meat production, balancing microbial safety with the preservation of satellite cell function. Future research 345 
should investigate the effects of lower dosages and confirm the findings in relevant animal models. 346 
Additionally, a detailed assessment of radiation distribution will be important to enhance the reliability of 347 
cellular response measurements 348 
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Table 429 

Table 1. Sequences of primers used in the RT-qPCR 430 

Primer Description Accession Sequence (5’→3’) Product size (bp) 

MYF5 Myogenic factor 5 NM_174116 
F: ATTACCAGAGACACCGACCA 

184 
R: CAGGAGCCGTCGTAGAAGTA 

MYOD1 Myogenic differentiation 1 NM_001040478 
F: AACAGCGGACGACTTCTATG 

211 
R: GTTAGTCGTCTTGCGTTTGC 

TP21 Cyclin-dependent kinase 
inhibitor 1A (p21) NM_001098958 

F: TGCCCTTTCCCCTTAGTATC 
241 

R: CTGGAAAAATCTGCTCCTCA 

TP53 Tumor protein p53 NM_174201 
F: ATGAGATGTTCCGAGAGCTG 

155 
R: TCCCTCTCTCTTGAGCATTG 

MYOG Myogenin NM_001111325  
F: ACAAACCATGCACATCTCCT 

215 
R: AGCACAGAGACCTTGGTCAG 

MYH2 Myosin heavy chain 2 NM_001166227  
F: CCAGTGGAGGACCAAGTATG 

237 
R: TTCCTTTGCTTTTTGTCCAG 

GAPDH Glyceraldehyde-3-
phosphate dehydrogenase NM_001034034 

F: ACTCCCAACGTGTCTGTTGT 
185 

R: CCAGCATCGAAGGTAGAAGA 
 431 
  432 
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Figures 433 

 434 
Figure 1. (A) Schematic illustration of Cobalt-60 gamma irradiation applied to primary muscle 435 
cells isolated from Hanwoo muscle tissue. (B) Representative axial, coronal, and sagittal plane 436 
images showing the targeted irradiation field using the Gamma Knife system. 437 
  438 
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 439 
Figure 2. (A) Total cell number, live cell number, and viability of Hanwoo muscle-derived cells 440 
irradiated with different doses (Con, 2, 10, and 20 Gy) under suspension conditions. (B) Total 441 
cell number, live cell number, and viability of irradiated Hanwoo muscle-derived cells after 1 442 
day of culture. (C) Total cell number, live cell number, viability of irradiated Hanwoo muscle-443 
derived cells after 6 day of culture. (D) Relative mRNA expression levels of MYF5, MYOD1, 444 
TP21, and TP53 in Hanwoo muscle-derived cells after 6 days of culture under each irradiation 445 
dose (Con, 2, 10, and 20 Gy). All mRNA expression levels were normalized to the housekeeping 446 
gene GAPDH. Different letters indicate statistically significant differences (p < 0.05, one-way 447 
ANOVA followed by Tukey’s post hoc test). 448 
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 449 
Figure 3. (A) Representative phase-contrast images of Hanwoo muscle-derived cells at 2, 4, and 450 
6 days of culture following gamma irradiation at different doses (Con, 2, 10, and 20 Gy). 451 
Magnification: 40×, Scale bars = 100 μm. (B) Quantitative analysis of cell morphology showing 452 
cell length (μm) and width (μm) at 2, 4, and 6 days post-irradiation in each treatment group. (C) 453 
Distribution histograms of calculated cell area (length × width) at 2, 4, and 6 days of culture 454 
under each irradiation condition. Threshold values were defined as the mean + 2 standard 455 
deviations (2SD) of the control (Con) group at each time point. Different letters indicate 456 
statistically significant differences (p < 0.05, one-way ANOVA followed by Tukey’s post hoc 457 
test). 458 
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  459 
Figure 4. (A) Representative phase-contrast images of Hanwoo muscle-derived cells cultured 460 
under differentiation conditions for 1 and 2 days following gamma irradiation at different doses 461 
(Con, 2, 10, and 20 Gy). Magnification: 40×, Scale bars = 100 μm. (B) Relative mRNA 462 
expression levels of MYOG and MYH2 in irradiated Hanwoo muscle-derived cells after 2 days of 463 
differentiation culture. All mRNA expression levels were normalized to the housekeeping gene 464 
GAPDH. Different letters indicate statistically significant differences (p < 0.05, one-way 465 
ANOVA followed by Tukey’s post hoc test). 466 
 467 
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