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A B S T R A C T

Studies examining the paracrine effect of fibroblasts on the myogenesis of bovine muscle satellite cells (MuSCs) 
have confirmed their stimulating effect on proliferation and early differentiation. However, traditional two- 
dimensional (2D) cell culture models fail to accurately represent the complexity of in vivo muscle tissue. This 
study aims to investigate the paracrine effect of fibroblasts on myogenesis in a three-dimensional (3D) cell 
culture model. Cells were cultured in monoculture and co-culture with fibroblasts in a spinner flask using gelatin 
microcarriers, Cultishper, which maximizes the growth surface area for adherent cells. Then, muscle cells from 
the co-culture were sorted by the FACS method based on negative expression of CD90, a fibroblast-associated 
marker. The progress of myogenesis was assessed based on qPCR analysis for selected muscle markers and at 
the protein level for skeletal myosin. Fluorescent staining and luminescent metabolic assays were performed to 
control culture conditions. The obtained results revealed up-regulation of genes involved in cell activation and 
proliferation (PAX7, MYF5, and MYOD) and differentiation (MYOG, EGR1, and MYH). Metabolism analyses did 
not show changes between mono- and co-culture conditions. To summarize, fibroblasts through paracrine 
signaling promote early differentiation of MuSCs and potentially proliferation, which provides valuable insights 
for the advancement of cultured meat production.

1. Introduction

Cultured meat - a promising alternative to conventional meat hus
bandry - relies on the cultivation of cells with the potential for self- 
renewal and differentiation into muscle fibers. Cultured meat technol
ogy currently is primarily based on embryonic stem cells with the po
tential for myogenic differentiation, but it is also a known possibility to 
use postnatal muscle satellite cells (MuSCs) – precursors of myoblasts, 
which are located between the basement membrane of muscle fibers and 
the sarcolemma, remaining in a quiescent state under homeostatic 
conditions. Upon activation, such as in response to mechanical injury, 
MuSCs upregulate the expression of myogenic genes associated with 
self-renewal, proliferation, differentiation, and fusion of muscle fibers. 
As unipotent stem cells, MuSCs can differentiate into one specific cell 
type – myoblasts – making them a valuable research material in the 
context of cultured meat production (Nunes et al., 2025). Ensuring 
optimal culture conditions, including temperature, gas concentrations 

(O2, CO2), sufficient aeration, low shear stress mixing, osmolality, pH, 
and the appropriate composition of the growth medium, which properly 
stimulates muscle growth, is crucial for the successful formation of 
muscle tissue in vitro in complex systems such as bioreactors. Numerous 
bioactive compounds, including growth factors (e.g., IGF-1, TGFβ) and 
hormones such as testosterone, insulin, and dexamethasone, have been 
shown to enhance myogenesis; however, their application is associated 
with high costs (Ahmad et al., 2023). In addition, functional proteins 
such as VEGF, FGF, along with heme proteins like myoglobin (Mb), can 
also modulate myogenic processes (Syverud et al., 2016; Simsa et al., 
2019). One of the major directions in the development of cultured meat 
technology is the replacement of animal-derived components, the 
acquisition of which requires animal sacrifice – most notably serum, a 
source of growth factors and hormones. Several serum-free and 
animal-free media formulations have been developed, including bovine 
cell culture media originated by Mosa Meat (Hong et al., 2021). Instead 
of relying only on biological and chemical compounds such as growth 
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factors, hormones, or small molecules, a promising strategy would be 
exploiting the potential of cells forming the niche of muscle cells, such as 
fibroblasts, preadipocytes, and fibroadipogenic progenitors (FAPs). Fi
broblasts, connective tissue cells, play a crucial role in muscle fiber or
ganization by synthesizing extracellular matrix (ECM) components and 
secreting cytokines and growth factors in response to mechanical stimuli 
(Hicks et al., 2014; Thummarati and Kino-oka, 2020). The potential 
application of fibroblasts in cultured meat technology is significant – 
recent studies report the possibility of transdifferentiating fibroblasts 
into muscle-like cells, although current methods for obtaining cells 
capable of myogenic differentiation are still primarily based on genetic 
manipulation like lentiviral transduction (Jeong et al., 2022; Zhao et al., 
2025). The potential of fibroblasts can also be exploited indirectly, 
through their paracrine effects on muscle cells, further stimulating 
myogenic differentiation.

The use of two-dimensional cell cultures is associated with limited 
representativeness of in vitro conditions and simplified intercellular in
teractions compared to in vivo conditions. The monolayer formed by 
cultured cells does not reflect their natural growth and organization. An 
alternative is three-dimensional (3D) culture, which, depending on 
research requirements, offers significantly more opportunities to model 
the cellular environment. Mesenchymal stem cells (MSC) cultured as 
spheroids have been shown to exhibit distinct gene expression patterns 
associated with crucial cellular processes, as well as improved paracrine 
signaling (Jensen and Teng, 2020). The use of 3D cell cultures allows for 
more robust investigations of mechanisms such as cell viability, density, 
proliferation, differentiation, intercellular communication, and the 
expression of cell type-specific markers, both at the gene and protein 
levels (Antoni et al., 2015).

This study aims to assess the influence of fibroblast-derived para
crine signaling on the myogenesis of bovine MuSCs co-cultured with 
bovine fibroblasts on gelatin microcarriers, enabling the cultivation of 
attachment-dependent cells, in a spinner flask system in a 3D cell culture 
system. Based on previous results obtained using a 2D Transwell co- 
culture model, we hypothesized that fibroblasts may stimulate early 
myogenic differentiation by upregulating the expression of MuSCs' 
specific markers.

2. Materials and methods

2.1. Bovine fibroblasts and muscle satellite cell lines establishment

Fibroblasts were isolated postmortem from Bos taurus skin tissue (two 
individuals) using the explant culture method, as previously described 
(Zygmunt et al., 2025). The primary fibroblast line was purified by the 
MACS method for CD90 positive selection (Supplementary 1). Muscle 
satellite cells were obtained from the musculus longissimus dorsi (two 
individuals) using a previously described method (Zygmunt et al., 
2023). For enrichment of a homogeneous MuSCs population, 
fluorescence-activated cell sorting (FACS) was conducted. Cell suspen
sion was resuspended in a FACS buffer composed of Phosphate Buffer 
Saline (PBS, pH 7.4), 5% Fetal Bovine Serum (FBS), 0.5 μM Ethyl
enediaminetetraacetic acid (EDTA), and antibiotic Primocin (InViv
oGen, San Diego, CA, USA). Cells were incubated on ice for 45 min with 
primary antibody against CD31 (1 µg/mL, #MA3100, Thermo Fisher 
Scientific, Waltham, NY, USA) and CD45 (1 µg/mL, 
#80297–1-RR100UL, Thermo Fisher Scientific) to eliminate endothelial 
and hematopoietic cells, respectively. Following three PBS washes, cells 
were incubated with fluorophore-conjugated secondary antibodies - 
Alexa Fluor 488 (1:200, #A2441, Thermo Fisher) and Alexa Fluor 594 
(1:200, #A21201, Thermo Fisher) — for 20 min on ice. CD31/CD45 
negative cells were sorted by FACS using CytoFlex SRT (Beckman 
Coulter, Brea, CA, USA) and seeded in cell culture flasks pre-coated with 
1% gelatin in Low Glucose Dulbecco Modified Eagle’s Medium (DMEM) 
(Thermo Fisher Scientific) with the addition of 20% FBS (Thermo Fisher 
Scientific) and Primocin. A second FACS-based enrichment was 

performed to isolate myogenic progenitors. Cell suspensions were 
labelled against CD56 (1 µg/mL, #14255–1-AP, Thermo Fisher Scien
tific) and CD29 (1 µg/mL, cat. #14–0299–82, Thermo Fisher Scientific), 
followed by incubation with fluorophore-conjugated secondary anti
bodies. MuSCs were defined as a CD29/CD56 positive cell population 
(Supplementary 2) (Xu et al., 2015).

2.2. Three- dimensional spinner flask culture system

The proliferation stage was performed in a growth medium 
composed of High Glucose DMEM supplemented with 20% FBS (Thermo 
Fisher Scientific), MEM Non-Essential Amino Acids (Thermo Fisher 
Scientific), 25 mM HEPES (Thermo Fisher Scientific) and Primocin. At 
the differentiation stage, cells were cultured in High Glucose DMEM, 
supplemented with 10% horse serum (Thermo Fisher Scientific), 25 mM 
HEPES and Primocin. Cultispher G microcarriers with standard porosity 
(#M9418, Sigma Aldrich) were prepared according to the manufac
turer's protocol. Briefly, for preparation, microcarriers were washed 
twice with PBS free of calcium (Ca2 +) and magnesium (Mg2+) ions, then 
sterilized by autoclaving (121℃, 20 min). After sterilization, micro
carriers were resuspended in growth medium (at a concentration of 
0.01 g/mL). MuSCs and fibroblasts (in a ratio of 2:1) were seeded 
separately onto prepared microcarriers at a density of 7200 cells/mL 
(8500 cells/cm2) in non-adherent 100 mm culture dishes (total number 
of cells in monoculture and co-culture was equal). Before seeding, cell 
viability was assessed using trypan blue dye and quantified using the 
Countess Automated Cell Counter 3 (Thermo Fisher Scientific). 
Following an 18-hour attachment period, cell-seeded microcarriers were 
transferred to 250 mL WHEATON (CELSTIR®) spinner flasks. Agitation 
was initially set at 30 RPM on the 1st day, increased to 50 RPM during 
the proliferation stage (4 days in the growth medium), and further 
increased to 70 RPM during the differentiation stage (3 days in the 
differentiation medium). Agitation speeds were previously optimized, 
considering factors such as: cell type, media composition and mechan
ical resistance of microcarriers. A fed-batch feeding strategy was used, 
ensuring a continuous supply of fresh nutrients and thus exponential cell 
growth - 50% of the medium was exchanged every day. All experiments 
were performed with three biological replicates (with two technical 
repetitions).

For visualization, cells were stained with CellTracker CMDFA (1:100, 
#C2925, Thermo Fisher Scientific). Then, cells were fixed in 4% PFA for 
20 min and stained with DAPI (1:1000, #10236276001, Sigma Aldrich) 
for 20 min at room temperature. Microscopic observations were con
ducted daily using a Zeiss AX100 imager D.2 microscope (Zeiss, Ger
many) and Zeiss Zen 2 Blue Edition Software.

To isolate muscle cells from the co-culture with fibroblasts, negative 
selection for CD90, a fibroblast-associated marker, was conducted using 
the FACS method. Cells cultured on microcarriers were incubated in a 
FACS buffer with a primary antibody against CD90 (1 µg/mL, 
#MA135307, Thermo Fisher Scientific), for 45 min on ice, followed by 
three washing steps. Then, cells were incubated with Alexa Fluor 594- 
conjugated secondary antibody for 20 min on ice. Then, CD90- 
negative muscle cells were sorted by the FACS method and selected 
for further analysis.

2.3. Quantitative analysis of metabolic activity of cells cultured in 
monoculture and co-culture

Culture media samples were collected at both proliferation and dif
ferentiation stages from monoculture and co-culture conditions, and 
subsequently centrifuged at 1000x g to remove cells and cellular debris. 
Dedicated bioluminescent assays (Promega) were used to assess the 
metabolism of four key metabolites. Glucose metabolism was measured 
using the Glucose-Glo™ Assay, lactic acid using the Lactate-Glo™ Assay, 
and glutamine/glutamate using the Glutamine/Glutamate-Glo™ Assay. 
All analyses were performed according to the manufacturer's protocols. 
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Luminescent signals were detected and quantified using the BioTek 
Cytation 1 Cell Imaging Multimode Reader (Agilent Technologies).

2.4. RNA isolation and gene expression analysis

Cells were resuspended in lysis buffer, and RNA was isolated by 
PureLink RNA Mini Kit (Thermo Fisher Scientific) and PureLink™ 
DNase Set (Thermo Fisher Scientific). Quantitative and qualitative as
sessments of the isolated RNA were carried out using a DeNovix DS-1 
Spectrophotometer (DeNovix Inc.), and the integrity of the isolated 
RNA was checked electrophoretically on a 1.5% agarose gel. 250 ng 
samples were reverse transcribed to cDNA using the High-Capacity RNA 
to cDNA Kit (Thermo Fisher Scientific). Relative expression levels were 
determined by qPCR using RT HS-PCR MIX SYBR (A&A Biotechnology). 
The endogenous controls were ACTB and YWHAZ genes. (Table 1).

2.5. Protein analysis

Cell lysates were prepared using RIPA Lysis and Extraction Buffer 
and Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). Protein 
concentrations were determined by the BCA method using Micro BCA™ 
Protein Assay (Thermo Fisher Scientific). Plates were coated with a 
protein solution at a concentration of 0.1 µg/mL in 100 µl of 1 mM 
carbonate buffer and incubated at 4◦C for 16 h. The plate was then 
washed 4x with Wash Solution (0.02% Triton X-100 in PBS) and incu
bated in a blocking buffer (1% BSA) for 1 h. Then it was incubated with 
the primary antibody –myosin (cat. number #PA1–28038, Thermo 
Fisher Scientific) for 1 h, at a concentration of 1:1000 in 0.1% BSA 
buffer in PBS, the plate was washed 4x with washing buffer and incu
bated with the secondary antibody (Donkey anti-Rabbit IgG (H+L) 
Secondary Antibody, HRP, Thermo Fisher Scientific) at a concentration 
of 1:4000 in 0.1% BSA buffer). Washed 4x and incubated with HRP 
substrate (Sigma) until complete color change, then the reaction was 
stopped with 1 N HCl (1:1 ratio). Signal detection was performed using 
absorbance at 410 nm using an Eppendorf Platereader AF 2200 
(Eppendorf).

2.6. Statistical analyses

Statistical analyses were performed using Statistica software (Stat
soft, v.13) and GraphPad program (Prism, v. 10.2.3). Normality of data 
distribution was evaluated by the Shapiro-Wilk test, and analyses were 
performed using Student's t-test for gene expression analysis and two- 
way ANOVA for metabolic analysis.

3. Results

3.1. Fluorescence visualization of cells cultured on gelatin microcarriers

Muscle cells and fibroblasts cultured on microcarriers (Fig. 1 A) were 
stained with CellTracker CMDFA (green fluorescence) and DAPI (blue 
fluorescence) to visualize the cytoplasm and nuclei, respectively. 
Microscopic observations revealed the typical morphology of adherent 
cells with oval-shaped nuclei and confirmed the effective attachment of 
cells to microcarriers (Figs. 1B, 1E, Supplementary 3). Notably, in the co- 
culture group following horse serum treatment during differentiation, 
no microcarriers aggregation or clustering was observed, in contrast to 
the monoculture condition, where mild microcarrier aggregation was 
detected (Fig. 1 C). Moreover, the ability of muscle cells to form ag
gregates was observed in both study groups, which may provide valu
able insights for future 3D cell culture models (Fig. 1D).

3.2. Separation of muscle cells from fibroblasts in the co-culture group

For further analyses, muscle cells cultured in co-culture with fibro
blasts were sorted by negative selection for CD90, a surface marker 
associated with fibroblasts. The representative histogram of co-culture 
(Fig. 2B) confirms the presence of two distinct populations of cells - 
CD90-negative (expected muscle cells) and CD90-positive (fibroblasts) 
compared to monoculture (Fig. 2A). To confirm the correctness of FACS 
analysis the expression of PDGFRα, a fibroblast marker, was quantified 
by qPCR analysis (Supplementary 4).

3.3. Quantitative analysis of metabolic activity of cells cultured in co- 
culture and in monoculture

Glucose consumption decreased in both monoculture and co-culture 
conditions following differentiation induction (Fig. 3A). Moreover, 
lactate secretion decreased during differentiation, indicating potential 
downregulation of the glycolytic pathway (Fig. 3B). Specifically, in co- 
culture conditions, a significantly lower lactate secretion was observed 
during differentiation compared to proliferation conditions 
(p = 0.0113). Similarly, glutamate secretion decreased during differ
entiation in both cell culture conditions. In contrast, glutamine con
sumption increased following induction of differentiation (Fig. 3C and 
D). In co-culture and monoculture conditions, significantly lower 
glutamate secretion was observed during differentiation compared with 
proliferation (p = 0.0175 and p = 0.0421, respectively). Importantly, 
no significant differences were observed between monoculture and co- 
culture in the levels of consumed or secreted metabolites at a partic
ular stage.

Table 1 
Primer sequence of the studied genes.

Gene Forward Tm (℃) Reverse Tm (℃)

EGR1 5’AGCAACAGCAACAGCAGC ’3 50.3 5’GGGGTAACTCGTCTCCACTAG ’3 56.3
IL6 5’TGAAAGCAGCAAGGAGACAC ’3 51.8 5’ACTCCAGAAGACCAGCAGTG ’3 53.8
TCAP 5’CTGGGCTGAGTGGAAGGATC ’3 55.9 5’CTGCCGGTGATAGGTCTCAT ’3 53.8
SOCS31 5’GGCCACTCTCCAACATCTCTGT ’3 56.7 5’TCCAGGAACTCCCGAATGG ’3 53.2
ITGA7B 5’TCAATCTGGACGTGATGGGC ’3 53.8 5’AGAGACCTCCAGTGCGATTT ’3 51.8
TGFB1 5’ CCAGAGGCGGACTACTACG ‘3 55.4 5’ GCTCGGACGTGTTGAAGAAC ‘3 53.8
ACTB 5’AAGATCTGGCACCACACCTT’3 51.8 5’CTGGGTCATCTTCTCACGGT ’3 53.8
YWHAZ 5’TCATACAAAGACAGCACGCT ’3 49.7 5’TTTTCCCCTCCTTCTCCTGC ’3 53.8
PAX7 5’AAGCGGACAAGAAGGAGGAG ’3 53.8 5’CGGGTTCTGACTCCACATCT ’3 53.8
MYF5 5’ TGCTTAGGGAACAGGTGGAA ’3 51.8 5’AACTGCTGCTCTTTCTGGAC ’3 51.8
MYOD1 5’ AACACTACAGCGGCGACT ’3 50.3 5’GTAGTAAGTGCGGTCGTAGC ’3 53.8
MYFF6 5’CCCTTCAGCTACAGACCCAA ‘3 53.8 5’CCTTGGCAGTTATCACGAGC ’3 53.8
MYOG 5’TCCAGTACATAGAGCGCCTG ‘3 53.8 5’CTATGGGAGCTGCATTCACTG ’3 54.4

1 (Wall et al., 2005)
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Fig. 1. (A) Cultispher G microcarriers after preparation according to the manufacturer’s protocol, before seeding cells. Scale bar represents 100 µm (B) Muscle cells 
cultured on Cultishper G microcarriers after an 18-hour attachment period, nucleus stained with DAPI. Scale bar represents 100 µm (C) Microcarriers aggregation in 
the monoculture group at the 3rd day of differentiation, stained with Cell Tracker CMDFA and DAPI. Microscopic observations were conducted by BioTek Cytation 1 
Cell Imaging Multimode Reader (Agilent Technologies). Scale bar represents 200 µm (D) Representative image of muscle cells, which formed aggregates on the 3rd 
day of differentiation. Scale bars represent 20 µm. (E). Cells cultured on Cultishper G microcarriers stained with Cell Tracker CMDFA and DAPI on the 3rd day of 
differentiation. Microscopic observations were conducted using a Zeiss AX100 imager D.2 microscope (Zeiss, Germany) and Zeiss Zen 2 Blue Edition Software. Scale 
bars represent 100 µm.
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3.4. Changes in the gene expression of muscle satellite cells markers

Significantly higher expression of PAX7 was observed in the co- 
culture group (p = 0.0160), which is involved in maintaining the 
quiescent state and proliferation of muscle cells. Significantly higher 
expression of Myf5, MyoD and MyoG was observed in the co-culture 
group (p = 0.0310, p = 0.0045, p = 0.0036, respectively), genes 
involved in proliferation and myogenic differentiation. No statistical 
differences were observed in Myf6 expression between the tested groups. 
Significantly higher expression of EGR1 was observed in the co-culture 
group (p = 0.0009), which is involved in the differentiation of muscle 
satellite cells. No statistical differences were observed in SOCS3 (pro
moting MuSCs differentiation), IL6 (inducing myogenic differentiation 
by JAK2-STAT3 signalling) and TCAP (sarcomere protein), but the 
tendency to higher expression were observed in the co-culture group. No 
statistical differences were observed in ITGA7 (determining the polarity 
of MuSCs) and TGFB1 (involved in TGFβ1 signaling pathway) expression 
between the tested groups (Fig. 4 A, 4B). Statistically higher expression 
of skeletal myosin (p = 0.0019) was observed in the co-culture group, 
determined by ELISA (Fig. 4 C). To confirm that the observed effects are 
derived from fibroblast paracrine signaling, we perform two types of 
validation. Firstly, MuSCs were cultured in fibroblast-derived condi
tioned medium, which partly recapitulated the myogenic responses 
observed in the co-culture group. Secondly, analysis of the expression of 
crucial growth factors (FN1, TGFβ1, IGF1, PDGFα, and FGF6) from fi
broblasts was conducted by qPCR (Supplementary 5).

4. Discussion

Multiple studies, including two-dimensional (2D) cell culture 
models, have confirmed the stimulating paracrine effect of fibroblasts on 
myogenesis, revealing their ability to modulate myogenic 

differentiation. For instance, using the transwell system, a reduction in 
myoblast apoptosis during differentiation was demonstrated (Zhang 
et al., 2010). Conditioned medium derived from fibroblast culture 
significantly enhanced C2C12 myotube formation, confirming the sup
portive role of fibroblasts' paracrine signals in myogenesis (Hinds et al., 
2013). In contrast, the co-culture of C2C12 myoblasts with 3T3 fibro
blasts using a microfabricated, reconfigurable device revealed the 
inhibitory effect of paracrine fibroblast signals on myogenic differenti
ation, attributed to the FGF-2 signaling pathway (Rao et al., 2013). 
Co-culture of Jeju Black Pig muscle cells and fibroblasts for 24 and 48 h 
resulted in changes in the expression of key genes from the PAX and MRF 
families. Specifically, MYF5 expression was upregulated, while PAX3, 
PAX7, MYOD, and MYOG (after 24 h) were downregulated (Siddiqui 
et al., 2022). In our recent studies, RNA-Seq analysis of bovine MuSCs 
co-cultured with fibroblasts using a transwell system revealed that fi
broblasts promote early myogenic differentiation (through 
up-regulation genes like EGR1, IL6, SOCS3). Moreover, paracrine 
signaling of fibroblasts could modulate the extent of myogenesis, but a 
higher ratio of paracrine signals to muscle cells could have a suppressive 
effect on terminal differentiation (e.g. via TGFβ signaling). At the dif
ferentiation stage (24 h and 72 h after initiation of differentiation), 
downregulation of late myogenesis genes like TCAP or MYOM were 
observed (Zygmunt et al., 2025).

However, all the above-mentioned studies were conducted under 2D 
culture conditions, which are fundamentally limited in their ability to 
replicate the complex microenvironment conditions of in vivo muscle 
tissue. In contrast, three-dimensional (3D) cell culture systems more 
accurately mimic in vivo tissue architecture, cell morphology, and 
function, particularly in the context of cultured meat production tech
nology. In the present study, gelatin-based microcarriers (Cultishper G) 
were used to maximize the available surface area of cell attachment. 
Microcarriers increase cell yield and ensure efficient gas and nutrient 

Fig. 2. Enrichment of bovine muscle cells through negative selection for CD90, a fibroblast-associated marker, using the FACS technique. (A) muscle cells mono
culture (B) muscle cells and fibroblasts co-culture. Firstly, cells were gated to exclude debris and doublet cells. Subsequently, CD90 negative muscle cells were gated 
for sorting for further analysis in the co-culture group. The representative histogram shows fluorescence intensity in channel Y610, on a logarithmic scale. Data were 
acquired using the CytoFlex SRT sorter and analyzed with CytExpert Software (Beckman).
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exchange. In consequence to the highly porous structure of micro
carriers, cells settle within the pores and subsequently proliferate, 
effectively mimicking in vivo conditions and ensuring the maintenance 
of intercellular interactions (Yiik Swan et al., 2024). Spinner flask pro
vides a homogenous suspension culture environment through controlled 
agitation, promoting equable microcarriers distribution and nutrient 
mass transfer (Yang et al., 2022).

Our studies on the impact of paracrine signalling from fibroblasts on 
myogenesis indicate significantly higher expression of myogenic genes, 
including those from the PAX family (PAX7), the MRF family (Myf5, 
MyoD, and MyoG), as well as EGR1, in muscle cells co-cultured with 
fibroblasts. Pax7, a paired-box transcription factor, is expressed in 
quiescent satellite cells and, in co-expression with Pax3, plays a critical 
role in promoting myoblast proliferation (Collins et al., 2009). In the G0 
phase, approximately 90% of the cells are myogenic precursor cells 
(Pax7+/Myf5+) and undergo symmetric division, leading to myogenic 
differentiation. In contrast, the remaining 10% represent myogenic stem 
cells (Pax7+/Myf5-), which undergo asymmetric division to self-renewal 
stem cell population (Shirakawa et al., 2022). Recent studies (Olguin 
and Olwin, 2004) suggest that increased Pax7 expression suppresses 
MyoD expression, thereby inhibiting myogenic differentiation. In 
contrast, Zammit et al (Zammit et al., 2006). revealed that Pax7 and 
MyoD are co-expressed in proliferating MuSCs, which is consistent with 
our results. Members of the MRF family, specifically Myf5 and MyoD, 
are crucially involved in the early stages of MuSCs myogenesis 
(Gayraud-Morel et al., 2007). Approximately 30% of MyoD binding sites 
in myoblasts overlap with Myf5 binding sites, but with different 

functions – Myf5 remodulates chromatin structure, whereas MyoD 
maintains the muscle phenotypes by initiating transcription of genes 
crucial for myogenic differentiation (Hernández-Hernández et al., 
2017). In our studies, significantly higher expression of Myf5 and MyoD 
was observed, suggesting cooperation between the proliferation and 
activation of transcription factors crucial for myogenic differentiation in 
muscle cells co-cultured with fibroblasts. Moreover, activation of ter
minal differentiation relies on another MRF family member, such as 
Myf6 and MyoG (Hernández-Hernández et al., 2017). Importantly, 
MyoG plays a key role in regulating cell cycle exit. EGR1 promotes 
myogenic differentiation by positively regulating MyoG expression, 
likely through a direct interaction with one predicted binding site in the 
MyoG promoter region. Overexpression of EGR1 has been shown to 
enhance myotube formation, fusion, and elongation. Moreover, during 
the differentiation process, EGR1 translocates to the nucleus, depending 
on serine phosphorylation at position 533 in the C-terminal region 
(Zhang et al., 2018). Our results show significantly increased EGR1 
expression in co-cultures (with simultaneous higher MyoG expression), 
which contributes to the enhanced myogenic differentiation.

However, in the 3D cell culture, no significant differences in the 
expression of IL6, SOCS3, and TCAP were observed, although a tendency 
toward higher expression in co-culture was observed. Interleukin-6 (IL- 
6), a myokine secreted by skeletal muscle during physical activity, has 
been indicated as a critical regulator of myogenic differentiation and 
myotube formation. In vitro studies using C2C12 myoblasts have 
demonstrated that IL-6 expression increases during differentiation, and 
genetic ablation resulted in abnormal expression of myogenic markers 

Fig. 3. Quantitative analysis of metabolic activity: (A) Residual glucose amount in medium (mM), (B) Lactate secretion (mM), (C) Residual glutamine amount in 
medium (mM), (D) Glutamate secretion (mM) in the co-culture of MuSCs with fibroblasts and monoculture of MuSCs (n = 3), measurement by luminescence-based 
assays (Promega) and analyzed by two-way ANOVA (Statistica software).
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Fig. 4. (A) Relative gene expression of myogenic markers – detected by qPCR (n = 6). (B) Heat map of correlation of relative gene expression in monoculture and co- 
culture groups detected by qPCR. Vector scaling was applied to rows. Rows were clustered using correlation distance and complete linkage. Columns are clustered 
using maximum distance and average linkage (11 rows, 12 columns). The heat map was generated using the ClustVis program (Metsalu et al., 2015) (C) Skeletal 
myosin protein level in muscle satellite cells cultured in mono- and co-culture with fibroblasts determined by ELISA (n = 6).
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(Hoene et al., 2013). SOCS3 (suppressor of cytokine signaling 3) is the 
most important regulator of the JAK1/STAT3 signaling pathway, 
essential for myogenic differentiation and inflammatory response. Its 
expression is noted in mature muscle fibers, as well as in muscle stem 
cells (Swiderski et al., 2016). Notably, overexpression of SOCS3 induced 
significantly higher expression of alpha-actin, myogenin, and MHC, 
which are essential for muscle cell differentiation (Caldow et al., 2011). 
TCAP (telethonin) is a Z-disc-associated protein integral to the structure 
of mature sarcomeres. It is expressed during myogenic differentiation, 
and its activation is dependent on MyoD and MyoG (Zhang et al., 2011).

Comparing the 2D and 3D culture results, a key conclusion is that 
fibroblasts, through paracrine signaling, promote the early differentia
tion of MuSCs. This is evidenced by the upregulation of key myogenic 
markers, such as MYOG and EGR1, observed across both culture sys
tems, as well as IL6 and SOCS3 in 2D cell culture conditions, accom
panied by the concomitant downregulation of terminal differentiation 
genes. Notably, in 2D cultures, mainly changes in marker expression 
were observed in proliferative conditions. Following the shift to differ
entiation medium, this support effect was reduced, with the simulta
neous upregulation of the TGF-ß1 signaling pathway (Zygmunt et al., 
2025).

Myosin is a contractile protein specific to skeletal muscle in adults, 
and four isoforms of myosin heavy chain (MyHC) are classified: Myh1, 
Myh2, and Myh4 expressed in fast-twitch muscle fibers – type II (IIX, IIA, 
and IIB, respectively) and Myh7 expressed in slow-twitch muscle fibers 
(type I) (Ojima et al., 2022). Analysis of skeletal muscle expression at the 
protein level in our study showed a significantly increased expression of 
myosin in the co-culture group (p = 0.0019), indicating enhanced 
myogenic differentiation of muscle cells co-cultured with fibroblasts.

Moreover, as the 3D spinner flask system and gelatin microcarriers 
significantly maximize the available surface area for high-density cell 
growth, it was essential to monitor cellular metabolism through the 
analysis of four key metabolites: glucose, lactate, glutamine, and 
glutamate. Reduced glucose consumption during the differentiation 
stage was observed in both study groups, along with a concomitant 
reduction in lactate secretion. It was proven that proliferating MuSCs 
increase glycolysis but differentiating MuSCs increase glucose utiliza
tion for mitochondrial respiration (oxidative metabolism) (Yucel et al., 
2019). Furthermore, a decrease in extracellular glutamate levels was 
observed, alongside a concomitant increase in glutamine consumption 
during differentiation. This metabolic profile is likely associated with 
reduced glutamine anaplerosis in the TCA cycle and decreased activity 
of mitochondrial GLUD1 during differentiation (Soro-Arnáiz et al., 
2024). Moreover, glutamine supports the progression of myogenesis by 
promoting myotube formation and upregulating the expression of MyoG 
and MYH1 – the crucial markers of myogenic differentiation (Takatoya 
et al., 2025).

5. Conclusion

In summary, the co-culture of muscle satellite cells (MuSCs) with 
fibroblasts under three-dimensional culture conditions confirmed our 
previous observations from the 2D system that fibroblasts stimulate 
myogenesis, which was observed by up-regulation of genes involved in 
proliferation (PAX7, MYF5, MYOD) and early differentiation (MYOG, 
EGR1). Nevertheless, markers of mature skeletal muscle like TCAP, 
SOCS3, or IL6 did not reveal significant changes in expression. These 
results indicate that paracrine signals from fibroblasts can support 
myogenesis, providing valuable insights for optimizing the microenvi
ronmental conditions for efficient in vitro muscle formation, towards 
cultured meat production.
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