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Abstract

Simultaneous muscle and adipose tissue formation is a key strategy for cultured meat production. While
myogenic differentiation occurs within days, adipogenic differentiation remains relatively slow and
inefficient, constraining co-differentiation. Here, we developed an albumin-based reduced-component
defined medium (AdB5), consisting of albumin, basic fibroblast growth factor, L-ascorbic acid, insulin,
and rosiglitazone, that supports rapid adipogenic differentiation of bovine adipose-derived stem cells
under serum-free conditions. AdBS induced lipid accumulation as early as day 2 with an approximately
65.1-fold increase in Oil Red O-positive area on day 10 compared with conventional serum-based
conditions. Transcriptomic analysis revealed early changes in adipogenesis-associated genes, including
CEBPB and CEBPD, with fatty acid metabolism enrichment and extracellular matrix remodeling on day 2.
AdB5 medium also supported adipogenic and myogenic differentiation in mixed bovine adipose- and
muscle-derived stem cell cultures and three-dimensional adipose-muscle construct formation under a
single differentiation condition.

INTRODUCTION

‘Cultured’ meat is emerging as a promising alternative for the production of edible animal tissues using
cell culture technologies '~3. Although skeletal muscle engineering has advanced substantially, adipose
tissue remains comparatively underexplored despite its critical role in meat flavor, texture, juiciness, and
overall sensory characteristics 472.

Cultured meat production requires coordinated muscle and adipose tissue formation °. However, while
myogenic differentiation occurs within a few days, adipogenic differentiation of bovine cells typically
requires more than 15-20 days, resulting in a temporal mismatch that limits co-differentiation.
Additionally, adipogenic differentiation remains relatively slow and often relies on complex induction
conditions, presenting a challenge for coordinated muscle-adipose tissue formation.

A serum-free and chemically defined culture system is important for the development of controlled and
reproducible cultured meat production. However, fetal bovine serum (FBS) use introduces high costs,
batch-to-batch variability, and ethical concerns '®'1. Adipogenic differentiation typically relies on
complex induction cocktails, including insulin (INS), dexamethasone (DEX), 3-isobutyl-1-methylxanthine
(IBMX), rosiglitazone (ROSI), and indomethacin (IND) #”1°, which increase formulation complexity and

may present challenges for food applications %13,

Serum-free or defined culture systems for muscle stem cells (MuSCs) enable controlled proliferation and
myogenic differentiation '#~1°. Particularly, albumin-based defined media supports bovine MuSC

(bMuSC) growth and myogenic differentiation, even in the absence of additional growth factors 2%, In

contrast, serum-free adipogenic differentiation systems remain limited, particularly in livestock-derived
cells, and defined conditions for efficient adipocyte formation are not well established 21723,

Page 3/25



Furthermore, the incomplete disclosure of medium composition in some prior studies limits
reproducibility and comparison across studies.

In this study, we developed an albumin-based reduced-component defined medium (AdB5) consisting of
albumin, basic fibroblast growth factor (bFGF), L-ascorbic acid, ROSI, and INS, which supports rapid
adipogenic differentiation of bovine adipose-derived stem cells (bADSCs) under serum-free conditions.
AdBS5 induced lipid accumulation on day 2, with an ORO-positive area up to 65.1-fold higher than that
under the FBS-based differentiation condition on day 10. Transcriptomic analysis showed early changes
in adipogenic-associated genes, including CEBPB and CEBPD, together with enrichment of pathways
related to fatty acid metabolism and extracellular matrix remodeling. AdB5 also supported adipogenic
and myogenic differentiation in mixed bADSC-bMuSC cultures and 3D adipose-muscle construct
formation.

MATERIALS AND METHODS
Animal experiments

This study followed the recommendations of the ARRIVE guidelines. All animal procedures were
approved by the Animal Ethics Committee of Jeonbuk National University (JBNU; NON2023-137-005),
Republic of Korea. All experiments were performed in accordance with the ethical guidelines and
regulations of Jeonbuk National University.

bADSC isolation and culture

Primary bADSCs were isolated from subcutaneous adipose tissue obtained from Korean native cattle
and transported to the laboratory on ice at 4 °C. Adipose tissues were rinsed with 75% ethanol, washed
with phosphate-buffered saline (PBS; 10010-072, Gibco) containing antibiotic—antimycotic solution (A/A,;
15240-112, Gibco), minced into small fragments, and enzymatically digested in a-MEM (12571-063,
Gibco) supplemented with collagenase type il (CLS-2, Worthington) at 37 °C for 2 h with intermittent
vortex mixing. The digestion was neutralized with a-MEM containing FBS (26140-079, Gibco), and
resulting cell suspension was sequentially filtered through 100 pm (93100, SPL) and 70 pm strainers
(93070, SPL). The cells were collected by centrifugation (440 xg, 5 min, 4 °C), treated with red blood cell
lysis buffer (R7757, Sigma-Aldrich), and resuspended in bADSC growth medium (bADSC-GM; Table S1).
The cells were seeded on culture dishes coated with 0.1% gelatin (G1319, Sigma-Aldrich) and
maintained at 37 °C in a humidified incubator with 5% CO,. Primocin (ant-pm-2, InvivoGen) was added
only during the initial 6 days. For long-term storage, the cells were cryopreserved in FBS containing 10%
dimethyl sulfoxide (D2650, Sigma-Aldrich) and stored in liquid nitrogen

bMuSC isolation and culture
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bMuSCs were isolated and cultured using the same procedure as described for bADSCs, except for the
digestion medium composition. Briefly, bovine skeletal muscle tissues were minced and enzymatically
digested in DMEM/F12 (11320-082, Gibco) supplemented with 0.25% trypsin—EDTA (25200-072, Gibco),
collagenase type [f, and Dispase Il (4942078001, Roche) for 30 min at 37°C. The resulting cells were
seeded on 0.1% gelatin-coated culture dishes and maintained in bovine satellite cell growth medium
(bMuSC-GM).

bADSC culture and differentiation

Passage 4 bADSCs (1.2x10* cell/cm?) were seeded on 0.1% gelatin-coated culture dishes containing
bADSC-GM and incubated at 37 °C in a humidified atmosphere with 5% CO,. The culture medium was
replaced every 2 days. When the cells reached 85-95% confluence, the growth medium was replaced
with differentiation medium (3% FBS and AdB5). The differentiation medium was refreshed every 2 days
throughout the differentiation period.

Media optimization during adipogenic differentiation

Adipogenic differentiation cocktail composition
optimization

To optimize the adipogenic differentiation cocktail, the cells were incubated in a constant basal medium
supplemented with various combinations of adipogenic supplements. Each cocktail formulation was
applied for the indicated differentiation period, and adipogenic differentiation efficiency was assessed
using lipid accumulation assays and adipogenic marker gene expression. These results were used to
identify the optimal combination of supplements to promote robust adipogenic differentiation.

Component-dropout assay for medium optimization

To identify the reduced-component adipogenic differentiation cocktail, component-dropout experiments
were conducted. Individual supplements were reduced to 50% of their original concentrations or
completely omitted from the optimized differentiation medium while maintaining all other components.
Adipogenic differentiation was assessed by lipid staining and gene expression analysis, and the results
were used to refine the composition of the final reduced-component differentiation medium.

bADSC-bMuSC co-differentiation

bADSCs and bMuSCs at passage 4 were simultaneously seeded on 0.1% gelatin-coated culture dishes at
a constant total density of 1.2x10* cell/cm?, while varying the bADSC:bMuSC ratios (0:10, 1:9, 3:7, 5:5,
7:3,9:1, 10:0). During the proliferation phase, co-cultures were maintained in bADSC-GM at 37 °C in a
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humidified incubator with 5% CO,, and the medium was refreshed every 2 days. When the cultures
reached approximately 85-95% confluence, the growth medium was replaced with AdB5 differentiation
medium.

Immunofluorescent staining

Immunocytochemical analysis was performed to assess the phenotype of differentiated cells in each
medium. The cells were fixed with 4% paraformaldehyde (PC-2031-050-00; Biosesang) for 30 min at
room temperature (RT) and washed thrice with PBS. The fixed cells were permeabilized and blocked with
0.3% Triton X-100 and 3% bovine serum albumin (BSA; Bovostar, Bovogen) in PBS for 2 h at RT and
incubated overnight at 4 °C with a primary antibody against MyHC (MF20, 1:20; Developmental Studies
Hybridoma Bank). After washing thrice with PBS containing 0.3% Triton X-100, the cells were incubated
with an Alexa 568-conjugated anti-mouse secondary antibody (A11004, Invitrogen) for 2 h at RT. To
visualize the lipid droplets, the cells were subsequently stained with 10 uM BODIPY (D3922, Sigma-
Aldrich) for 10 min at RT. Nuclear counterstaining was performed with 4'-6-diamidino-2-phenylindole
(DAPI; 1 pg mL™") for 10 min, followed by three washes with PBS. Fluorescent images were acquired
using a Leica DMi8 microscope and confocal laser-scanning microscope (LSM 880 with Airyscan; Carl
Zeiss, Germany) installed at the Center for University-wide Research Facilities (CURF) at Jeonbuk
National University.

Fusion index analysis

Myogenic differentiation was quantitatively assessed by calculating the fusion index from the MyHC-
stained images. The fusion index was defined as the percentage of nuclei within MyHC-positive
multinucleated myotubes (containing = 2 nuclei) relative to the total number of nuclei. At least 10
random fields were analyzed for each condition, and the average fusion index was calculated for each
experimental group.

ORO staining

Liquid accumulation was assessed by ORO staining. The cells were then gently rinsed twice with PBS
and fixed in 4% paraformaldehyde for 10 min at RT. After fixation, the cells were washed twice with
distilled water (DW) and preincubated with 60% (v/v) 2-propanol for 5 min at RT to reduce background
lipid staining. Following removal of 2-propanol, the samples were air-dried completely and incubated
with 60% ORO working solution (300 pL per well) (01391, Sigma-Aldrich) for 30 min at RT. Excess stain
was removed by repeated washing with DW until the background was clear. The cells were then covered
with PBS (300 pL per well) and imaged under a light microscope.

For the quantitative analysis of lipid accumulation, ORO-stained images were captured using a bright-
field microscope under identical imaging settings. Lipid accumulation was quantified using the ImageJ
software (National Institutes of Health, USA). Briefly, the images were converted to 8-bit grayscale and a
consistent threshold was applied across all samples to identify the ORO-positive areas, which were

measured and normalized to the total image area for comparative analysis.
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GelMA cryogel preparation and cell differentiation

GelMA was synthesized according to previously reported methods 242°, with minor modifications. Briefly,
10% (w/w) gelatin powder was dissolved in DPBS in a water bath at 50 °C. Methacrylic anhydride (8%
v/v) was gradually added to the gelatin solution with continuous stirring and allowed to react for 3 h. The
reaction was terminated by adding 5x DPBS. The resulting solution was transferred into dialysis bags
and dialyzed against deionized water for 10 days; the water was changed daily. After dialysis, the
solution was freeze-dried to obtain GelMA for long-term storage.

For the GelMA-based cryogels, 20 mg mL™ ' GelMA was fully dissolved in DW. TEMED (7% w/v) was
added, and the mixture was incubated at - 4 °C for 20 min. Subsequently, APS (14% w/v) was added at a
TEMED-to-APS ratio of 1:6. After thorough mixing, the solution was poured into molds (48-well plate) and
frozen at - 80 °C overnight, followed by freeze-drying to obtain cryogel scaffolds.

For cell differentiation, bADSC and bMuSCs were cultured on the GelMA scaffolds. Cells were seeded at
a density of 1x108 per scaffold and maintained in bADSC-GM for 4 days, followed by incubation in AdB5
differentiation medium for 10 days. The medium was changed every two days with gentle handling to
avoid structural damage.

Scanning electron microscopy

The samples were fixed in a solution containing 2% formaldehyde, 2.5% glutaraldehyde (G5882, Sigma-
Aldrich), and 0.1 M cacodylate buffer (C0250, Sigma-Aldrich) for 24 h, rinsed with 0.1 M cacodylate
buffer, dehydrated through a graded ethanol series, and dried using hexamethyldisilazane (440191,
Sigma-Aldrich). The samples were then sputter-coated with a thin layer of gold using a sputter coater
(SC7620 Mini Sputter Coater, Quorum Technologies) before imaging using a scanning electron
microscope (JSM-IT200, JEOL).

RT-qPCR

Cell lysates were collected after removing the culture medium and washing with PBS. The cells were
detached using 0.25% trypsin—EDTA and pelleted by centrifugation (440 xg, 5 min, 4 °C). Total RNA was
isolated using the AccuPrep® Universal RNA Extraction Kit (K-3141, Bioneer) according to the
manufacturer’s instructions. For cDNA synthesis, 1 ug total RNA was reverse-transcribed using the
Accupower® CycleScript RT Premix (K-2047-B, Bioneer) following the manufacturer’s instructions.
Quantitative real-time PCR (RT-qPCR) was performed using PowerupTM SYBR Green Master Mix

(A25918, Applied Biosystems) with the primer pairs listed in Table S2. The cycle threshold (CT) values
were obtained from three replicates. Relative gene expression levels were calculated using the 27 2ACT
method with GAPDH as the internal control. Statistical significance between groups was evaluated using

the Student’s t-test relative to the respective controls.

RNA sequencing
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Library preparation and sequencing

Total RNA was extracted from harvested samples using AccuPrep® Universal RNA Extraction Kit
according to the manufacturer’s instructions. Sequencing libraries were prepared from the total RNA
samples using an Illumina strand-specific library preparation kit and sequenced on an Illlumina platform
to generate paired-end reads. RNA sequencing and primary data processing were performed by a
commercial service provider (LAS Co., Ltd., South Korea).

Read alignment and quantification

Raw sequencing reads were assessed for quality using FastQC (v0.11.5). Adapter sequences and low-
quality bases were trimmed using Skewer (v0.2.2). Cleaned reads were aligned to the Bos Taurus
reference genome ARS-UCD1.2 (UCSC) using the STAR aligner (v2.6) with default parameters and the
option outFilterintronMotifs RemoveNoncanonicalUnannotated. As the libraries were prepared strand-
specifically, strand information was preserved using the library-type fr-first strand option. Gene
expression levels were quantified using Cuffquant from the CuffLinks package (v2.2.1), with the masking
of ribosomal and transfer RNA genes (rRNA.tRNA.gtf), fragment bias correction (frag-bias-correct
genome.fa), and multi-read correction (multi-read-correct). Expression values were calculated as
fragments per kilobase of transcript per million mapped reads (FPKM) based on gene models obtained
from the UCSC genome browser.

Quality control and normalization

Normalized expression matrices were generated using Cuffnorm from the CuffLinks package. Genes
with low read coverage were excluded from the downstream analyses. Normalized FPKM values were
used for subsequent statistical analyses and visualization.

Dimensionality reduction and differential expression
analysis

Differential expression analysis between the experimental conditions was performed using Cuffdiff from
the CuffLinks package with default parameters and the strand-specific option library-type fr-firststrand.
Genes with a fold change = 2 and a false discovery rate (FDR, g-value) < 0.05 were considered
significantly differentially expressed. Hierarchical clustering and principal component-based
visualization were performed using normalized FPKM values, and the results were visualized as heat
maps using R software (v4.5.2).

Gene ontology analysis

Overrepresented functional categories were identified using the g:Profiler2 R package (v0.2.0) based on
Gene Ontology (GO) terms and KEGG pathways. Functional enrichment analyses were performed
separately for upregulated and downregulated gene sets. Adjusted p-values were calculated using the
g:SCS multiple testing correction method, and terms with adjusted p-value < 0.05 were considered
statistically significant.

Page 8/25



Statistical analysis

Sample replicates consisted of cells derived from the same donor animal and cultured in separate
vessels. Data from independent experiments were pooled and expressed as mean + standard error of the
mean (SEM). Statistical analyses were performed using the R software. Comparisons between two
groups were conducted using Student’s t-test, whereas multiple-group comparisons were analyzed using
one-way analysis of variance (ANOVA), followed by Dunnett's multiple-comparison test against the
respective controls. A p-value < 0.05 was considered statistically significant.

RESULTS

Albumin supports rapid adipogenic differentiation in
bovine adipose-derived stem cells

Albumin supplementation supports the proliferation and myogenic differentiation of bMuSCs in defined
B8 media '?°. However, its role in the adipogenic differentiation of bADSCs has not been examined.
Based on these observations, we hypothesized that albumin supports adipogenic differentiation under
serum-free conditions. To test this hypothesis, bADSCs isolated from adipose tissue (Fig. 1A) were
cultured in B8 medium supplemented with 10 mg mL™" albumin, the most effective concentration for
bMuSC culture 2°. A 3% FBS-based adipogenic differentiation medium was used as a serum-containing
comparator, as previously described for bovine adipogenesis 2°. Strikingly, lipid droplet formation was
observed on day 2, markedly earlier than under conventional FBS-based conditions. Albumin
supplementation resulted in up to a 31.5-fold increase in ORO-positive area compared with FBS-based
conditions. Reducing albumin concentration proportionally decreased lipid accumulation, indicating a
dose-dependent effect (Fig. 1B-D).

Consistent with these findings, the expression of adipogenic markers (FABP4, LPL, ADIPOQ, and PPARG)
was upregulated with increasing albumin concentrations, whereas that of anti-adipogenic markers
(DLK1, KLF2, and WNT10B) was downregulated (Fig. 1E). Based on these results, 10 mg mL™" albumin
was used in subsequent experiments.

Time-course gene expression analysis further showed sequential changes in adipogenic marker
expression following albumin supplementation. Early, intermediate, and late adipogenic markers were
upregulated on days 2—-4, around day 6, and after day 8, respectively (Fig. 1F). This temporal expression
pattern is consistent with the early onset of lipid accumulation observed on day 2. In contrast, these
temporal expression patterns were markedly attenuated in the absence of albumin.

Collectively, these results show that albumin supplementation supports early lipid accumulation and
adipogenic marker expression under serum-free conditions.

Adipogenic differentiation condition optimization
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We evaluated the effects of conventional adipogenic inducers on adipogenic differentiation under
albumin-based conditions. Supplementation with ROSI, with or without IND, resulted in up to a 3.9-fold
increase in ORO-positive area compared to B8 + albumin conditions (Fig. 2A, B). In contrast, the
commonly used inducers IBMX and DEX reduced lipid accumulation. Consistently, the expression of
adipogenic markers (FABP4 and PPARG) was significantly upregulated under the ROSI and ROSI + IND
conditions (Fig. 2C). Although both conditions increased lipid accumulation and adipogenic marker
expression, ROSI alone was selected for subsequent formulation optimization.

Component-dropout analysis identifies key factors for
adipogenesis

To identify the components required to support adipogenic differentiation, we performed component-
dropout analysis under albumin-based serum-free conditions. The partial or complete removal of
individual components revealed that most factors had a limited impact. However, ROSI, INS, or L-
ascorbic acid removal markedly reduced lipid accumulation. In addition, even 50% bFGF reduction
significantly reduced lipid accumulation, indicating a dose-dependent response to bFGF (Fig. 3A). Gene
expression analysis supported these findings, as ROSI, INS, or bFGF removal significantly downregulated
adipogenic marker expression (Fig. 3B). In contrast, transforming growth factor beta 3 (TGFB3) removal
increased adipogenic marker expression, indicating that TGFB3 was not required under these conditions.

Based on these results, a reduced-component adipogenic differentiation medium consisting of albumin,
ROSI, INS, bFGF, and L-ascorbic acid was defined and designated as ‘AdB5." AdB5 supported adipogenic
differentiation comparable to the B8 + albumin + ROSI conditions, with similar lipid accumulation

(Fig. 3C, D). FABP4 expression was higher in the AdB5 condition, whereas PPARG expression was higher
in the B8 + albumin + ROSI condition (Fig. 3E).

To further optimize basal conditions, we compared multiple media formulations. DMEM/F12 and DMEM
showed similar lipid accumulation, whereas aMEM and Advanced MEM showed lower lipid
accumulation (fig. STA). Based on these results, the DMEM/F12-based AdB5 medium was selected for
subsequent experiments. Increasing the albumin concentration above 10 mg mL™ " did not further
increase lipid accumulation (fig. S1B). Extending differentiation to 20 days further increased lipid
accumulation, with greater lipid accumulation than that observed on day 10 (fig. S1C). Notably, AdB5
showed up to a 65.1-fold higher ORO-positive area than the FBS-based condition (fig. S1D).

AdB5 was further evaluated in bADSCs derived from an independent donor (fig. S2A). BODIPY and ORO
staining showed increased lipid accumulation under AdB5 conditions compared with FBS-based
conditions (fig. S2B-E). Adipogenic markers were also upregulated, and anti-adipogenic markers were
downregulated (fig. S2F). Together, these results show that AdB5 also supports adipogenic
differentiation in bADSCs from an independent donor.
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Fig. S2. Validation of AdBS5 differentiation medium in an additional cell line. (A) Mean gene expression
changes in bovine adipose-derived stem cells measured by RT-qPCR were compared with those in bovine
muscle stem cells. Error bars indicate standard error of the mean (SEM), n = 3. (***p <0.001). (B)
Representative bright-field images showing the morphological differences between the 3% FBS and
AdB5 conditions. Scale bar, 200 um. (C) Representative fluorescence images of ADSCs cultured in 3%
FBS and AdB5. Green, BODIPY; blue, DAPI. Scale bar, 200 pm. (D) Representative QOil Red O-stained
images of ADSCs in 3% FBS and AdB5 conditions. Scale bar, 200 pm. (E) Quantification of Qil Red O-
positive area corresponding to (D); error bars indicate SEM, n = 6. (***p < 0.001). (F) Mean adipogenic
marker gene expression changes in the 3% FBS and AdB5 conditions, as determined by RT-qPCR; error
bars indicate SEM, n = 3.

Adipogenic—myogenic co-differentiation under AdB5
conditions

Coordinated adipocyte and myocyte differentiation is required to reproduce the structural and sensory
properties of conventional meat 3°. Therefore, we first assessed whether AdB5 supports myogenic
differentiation. bMuSCs were differentiated in AdB5 or and FBS-based muscle differentiation medium
containing 2% FBS for 3 days 2/:?8. Immunostaining for the myosin heavy chain (MyHC) showed
extensive myotube formation under AdB5 conditions (Fig. 4A). The fusion index reached 47.2% in AdB5
cells (Fig. 4B).

Next, we evaluated adipogenic—myogenic co-differentiation. bADSCs and bMuSCs were co-cultured at
defined ratios (10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10) and differentiated in the AdB5 medium. Lipid
accumulation (BODIPY) was minimal when the bADSC ratio was < 30%, whereas MyHC expression was
significantly reduced when the bMuSC ratio was < 10% (Fig. 4C). Both adipogenic and myogenic
phenotypes were observed at intermediate ratios (5:5 and 7:3). Gene expression analysis supported
these phenotypes. Myogenic markers increased in cultures containing = 70% bMuSCs, whereas
adipogenic markers were the highest in cultures containing = 90% bADSCs (Fig. 4D). Together, these
results show that intermediate bADSC-bMuSC ratios support both adipogenic and myogenic
differentiation under a single AdBS5 condition.

AdBS5 supports adipogenic-myogenic co-differentiation in
3D scaffold systems

We evaluated the performance of AdB5 in 3D cultures using gelatin methacrylate (GelMA) cryogels
scaffold (Fig. 5A, B). GelMA supported uniform and robust lipid accumulation throughout the scaffold
(Fig. 5C-E). Next, we assessed myogenic differentiation within GeIMA. The bMuSCs cultured in AdB5
formed well-organized MyHC-positive myotubes throughout the scaffold, confirming that GelMA
supported efficient myogenic differentiation in the 3D environment (Fig. 5F). Subsequently, co-
differentiation was evaluated using GelMA. Adipocytes and myotubes were simultaneously observed
within a single scaffold under AdB5 conditions, demonstrating coordinated adipogenic—myogenic
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differentiation in 3D culture (Fig. 5G). Taken together, these results demonstrate that the combination of
AdBS5 and GelMA supports the formation of composite muscle—adipose structures relevant to structured
meat production.

AdBS5 induces distinct early adipogenic transcriptional responses

To characterize the early adipogenic response under AdB5, we performed RNA sequencing on days 2
and 4 under GM-, AdB5-, and FBS-based differentiation conditions. Correlation analysis and hierarchical
clustering separated samples by condition, with AdB5-treated samples forming a distinct cluster,
whereas FBS-treated samples remained closer to the GM-treated samples, showing greater
transcriptional similarity between the FBS and GM conditions (Fig. 6A, B, S3A). Principal component
analysis (PCA) further showed separation among the conditions (PC1:65.9%, PC2:20.1%) (Fig. 6C).

Differential expression analysis (DEG) revealed greater transcriptional changes with AdB5 than with FBS.
Compared to GM, AdB5 upregulated 1,324 genes and downregulated 989 genes on day 2, and
upregulated 1,580 and downregulated 927 genes on day 4 (Jlog2 FC| > 1, FDR < 0.05). In contrast, FBS
induced fewer changes (day 2:673 upregulated, 898 downregulated; day 4:706 upregulated, 902
downregulated; Fig. 6D). Temporal analysis further showed greater transcriptional dynamics under AdBS5,
with 952 genes changing between days 2 and 4, compared to 238 genes under FBS conditions (Fig. 6E,
F). Direct comparison between media showed further differences, with 1,283 and 1,627 upregulated
genes in AdB5 on days 2 and 4, respectively (Fig. 6G).

Functional enrichment analysis showed that genes upregulated under AdB5 were strongly associated
with fatty acid metabolism, beta-oxidation, extracellular matrix organization, the tricarboxylic acid (TCA)
cycle, and the PPAR signaling pathway, together with innate immunity and inflammation (Fig. 6H, S3B,
S3C). In contrast, FBS conditions were enriched for general cellular processes, including proliferation,
apoptosis, angiogenesis, and signaling pathways such as PI3K-Akt and AMPK. These results show
distinct transcriptional responses under AdB5 and FBS-based differentiation conditions.

Analysis of transcription factors on day 2 revealed upregulation of early adipogenic regulators, including
CEBPB and CEBPD 2° (Fig. 61). The expression of additional adipogenesis-associated genes (EPAST 3¢,
VDR 3", XBP1 32, KLF11 33, MBD4 34, and NFIB 3°) also increased. Several transcription factors not
previously linked to adipogenesis, including CDIP1, ETV6, HIF1A, PKNOX2, RELB, SIX5, and STAT1, were
upregulated, although their roles in adipogenic differentiation remain to be determined. The expression
of AHR, a reported adipogenesis inhibitor 28, also increased, suggesting that both adipogenesis-
associated and inhibitory responses occurred under AdB5 conditions. Consistent with these findings,
both early and late adipogenic markers were upregulated at earlier time points under AdB5 conditions
compared with FBS (Fig. 6J). Together, these results show early changes in adipogenesis-associated
transcriptional programs under AdB5 conditions.
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DISCUSSION

Efficient adipose tissue generation remains a major challenge in cultured meat production because
adipogenic differentiation is relatively slow and often relies on serum-containing media. Furthermore, the
use of FBS introduces undefined composition, batch-to-batch variability, and regulatory concerns '7:26:37,
Recent serum-free cultured meat studies have primarily focused on MuSC expansion and ADSC
differentiation. Although substantial progress has been made in maintaining and expanding MuSCs
under defined conditions, adipogenic differentiation remains largely dependent on serum-containing

media. In addition, most adipogenesis studies have used human or rodent cells, whereas studies using
livestock-derived cells remain limited 383°.

Here, we developed AdBS as a reduced-component, defined, serum-free system that supports rapid
adipogenic differentiation of bovine ADSCs. AdB5 induced detectable lipid accumulation within 2 days,
and the ORO-positive area was up to 65.1-fold higher than that observed under the FBS-based condition.
AdB5 also eliminated several commonly used adipogenic inducers, including IBMX, IND, and DEX 104041,
These findings show that AdBS supports rapid lipid accumulation and adipogenic differentiation using a
reduced set of components. AdB5 also supported adipogenic differentiation in bADSCs from an
independent donor, although the response varied between cell lines. Further validation across additional
donors will be required to assess donor-dependent variability and generalizability.

Albumin is the most abundant transport protein in serum, facilitates fatty acid transport, and stabilizes
hydrophobic molecules #2. In the AdB5 system, increasing albumin concentrations were associated with
increased lipid accumulation and adipogenic marker expression. These findings suggest that albumin
supports adipogenic differentiation under these conditions. Previous studies have also reported changes
in albumin expression during adipocyte differentiation and its association with key adipogenic
transcription factors, including PPARy and C/EBPa 3.

Component-removal analysis showed differential responses to the removal of individual components
from the AdB5 formulation. Although L-ascorbic acid removal had a limited effect on adipogenic marker
expression, it reduced lipid accumulation, consistent with previous reports of its role in adipogenesis
under serum-free conditions 44. Similarly, bFGF removal reduced lipid accumulation, consistent with
previous studies linking FGF/ERK signaling to adipocyte differentiation #°. In contrast, TGFB3 removal
increased adipogenic marker expression, consistent with previous reports that TGF33 promotes bADSC
proliferation and suppresses adipogenic differentiation through Smad3 and p38 signaling pathways “°.
Together, these results describe the responses to individual component removal within the AdB5
formulation.

Transcriptome analysis revealed early changes in adipogenesis-associated transcriptional programs
following AdB5 treatment. Compared with the FBS-based condition, AdB5 induced broader
transcriptional changes, including early upregulation of adipogenic regulators (PPARG, CEBP family,
FABP4, ADIPOQ, and LPL), and enrichment of metabolic pathways associated with fatty acid
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metabolism, beta-oxidation, the TCA cycle, and PPAR signaling #’. In contrast, the FBS-based condition
showed enrichment of signaling pathways including PI3K-Akt and AMPK. AdB5 was also associated
with enrichment of innate immune and inflammatory pathways, although the functional significance of
these responses remains unclear. These findings indicate distinct early transcriptional responses under
AdB5 and FBS-based differentiation conditions.

Adipogenic and myogenic differentiation commonly require different culture conditions. In this study,
AdB5 supported both adipogenic and myogenic differentiation under a single defined condition. Mixed
bADSC-bMuSC cultures at intermediate ratios (5:5-7:3) exhibited both adipogenic and myogenic
phenotypes without media switching or compartmentalization 64850

AdBS5 also supported adipogenic and myogenic differentiation in 3D GelMA culture. bADSCs exhibited
lipid accumulation within GelMA, while bMuSCs formed MyHC-positive myotubes. In mixed cultures,
lipid-containing cells and MyHC-positive myotubes were observed within the same scaffold, showing the
feasibility of adipose-muscle co-culture under AdB5 conditions in a 3D scaffold.

Despite these findings, several limitations should be considered for the translation of AdB5 to cultivated
meat production. Further validation across additional donors will be required to assess generalizability.
Metabolomics and lipidomic analyses may help clarify the metabolic changes associated with albumin-
supported adipogenic differentiation. AdBS5 should be considered an experimental defined differentiation
medium rather than a production-ready food-grade medium. Rosiglitazone would require replacement
with a food-compatible alternative, and bFGF may present cost and regulatory limitations. In addition,
although GelMA supported 3D adipose-muscle construct formation, its direct use as an edible scaffold
is limited. Future studies should therefore focus on food-compatible and cost-effective alternatives.

In summary, AdB5 is a reduced-component, serum-free, albumin-based medium that supports rapid
adipogenic differentiation of bovine ADSCs. An adipogenic response was also observed in cells from an
independent donor, and AdBS5 supported adipogenic and myogenic differentiation in mixed bADSC-
bMuSC cultures and 3D constructs. These findings provide a basis for further development of defined
differentiation conditions for bovine adipose-muscle tissue engineering and cultivated meat
applications.
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Figure 1

Albumin promotes the adipogenesis of bovine adipose-derived stem cells. (A) Mean gene expression
changes in bovine ADSCs measured by RT-qPCR were compared with those in bovine muscle stem cells.
Error bars indicate standard error of the mean (SEM), n=3. (B) Representative bright-field images
showing morphological changes during adipogenic differentiation on days 2 and 10. Scale bar, 200 mm.
(C) Representative Oil Red O-stained images of ADSCs differentiated under 3% fetal bovine serum (FBS)
and B8 + varying concentrations of albumin supplementation. Scale bar, 200 mm. (D) Oil Red O-positive
area quantification corresponding to c; error bars indicate SEM, n=6. (***p<0.001). (E) Mean adipogenic
marker gene expression changes according to albumin concentration, determined by RT-qPCR; error bars
indicate SEM, n=3. (F)Mean adipogenic marker gene expression changes over time, determined by RT-
gPCR; error bars indicate SEM, n=3.
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Figure 2

Identification of the optimal adipogenic inducer cocktails. (A) Representative Oil Red O-stained images
of adipose-derived stem cells (ADSCs) differentiated under various adipogenic supplements. B8 + 10 mg
mL™" albumin is control condition. Supplements are abbreviated as ‘ROSI’ (rosiglitazone), INDO’
(indomethacin), ‘DEX’ (dexamethasone), and ‘IBMX’ (3-isobutyl-1-methylxanthine). Scale bar, 200 mm.
(B) Oil Red O-positive area quantification corresponding to a. Supplements are abbreviated as ‘R’
(rosiglitazone), ‘I' (indomethacin), ‘D’ (dexamethasone), and ‘X’ (3-isobutyl-1-methylxanthine); error bars
indicate standard error of the mean (SEM), n=6. (***p<0.001). (B) Mean adipogenic marker gene
expression changes according to adipogenic inducer combination, determined by RT-qPCR; error bars
indicate SEM, n=3.
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Figure 3

Component-dropout analysis to identify key adipogenic factors. (A) Representative Oil Red O-stained
images (Scale bar, 200 mm) and quantification of Oil Red O-positive area in adipose-derived stem cells
(ADSCs) differentiated under component-dropout conditions. B8 + 10 mg mL™" albumin + Rosiglitazone
is control condition; error bars indicate standard error of the mean (SEM), n=6. (***p<0.001). (B) Mean
adipogenic marker gene expression changes following component removal, determined by RT-qPCR;
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error bars indicate SEM, n=3. (C) Representative Oil Red O-stained images of ADSCs differentiated under
B8 + 10 mg mL™" albumin + Rosiglitazone and AdB5 condition. Supplements are abbreviated as ‘ROSI’
(rosiglitazone). Scale bar, 200 mm. (D) Oil Red O-positive area quantification corresponding to c; error
bars indicate SEM, n=6. (E) Mean gene expression changes of adipogenic markers in B8 + albumin +
rosiglitazone and AdB5 condition, determined by RT-qPCR; error bars indicate SEM, n=3.
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Adipogenic—-myogenic co-differentiation under AdB5 conditions. (A) Representative fluorescence
images of MuSCs under GM, 2% fetal bovine serum (FBS), and AdB5 conditions. Red, MyHC; blue, DAPI.
Scale bar, 200 mm. (B) Fusion index corresponding to a; error bars indicate standard error of the mean
(SEM), n=10. (***p<0.001). (C) Representative fluorescence images of ADSCs and MuSCs co-
differentiated at various cell ratios. Red, MyHC; green, BODIPY; blue, DAPI. Scale bar, 200 mm. (D) Mean
gene expression changes of adipogenic markers and myogenic markers according to cell ratio,
determined by RT-qPCR; error bars indicate SEM, n=3.

A

Figure 5

Evaluation of adipogenic differentiation efficiency of AdB5 under 3D scaffold culture conditions. (A)
Macroscopic morphology of GelMA cryogels (left: 3.5 cm; right: 96-well), with a ruler for scale. (B)
Representative scanning electron microscopy images of GelMA scaffolds without cells at 100%, 500x,
and 1kx magnification. (C) Representative scanning electron microscopy images of GelMA scaffolds
with adipose-derived stem cells at Tkx magnification. (D)Representative Oil Red O-stained images of
ADSCs cultured in GelMA scaffolds under AdB5 condition. Scale bar, 200 mm. (E) Representative
fluorescence and bright-field images of ADSCs cultured in GelMA scaffolds under AdB5 condition. Green,
BODIPY; blue, DAPI. Scale bar, 200 mm. (F) Representative fluorescence and bright-field images of
MuSCs cultured in GelMA scaffolds under AdBS condition. Red, MyHC; blue, DAPI. Scale bar, 200 mm.
(G)Representative fluorescence and bright-field images of MuSCs cultured in GelMA scaffolds under
AdBS5 condition. Red, MyHC; blue, DAPI. Scale bar, 200 mm.
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Figure 6

Transcriptomic analysis reveals accelerated early adipogenic differentiation under AdB5 condition.
(A)Sample-to-sample correlation analysis of RNA-seq data across the GM, AdB5_D2, AdB5_D4,
FBS_DM_D2, and FBS_DM_D4 conditions. (B) Hierarchical clustering of global gene expression profiles
showing sample segregation by differentiation conditions and time points. (C) Principal component
analysis of transcriptomic profiles showing distinct clustering of AdB5-treated samples from FBS_DM
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and GM groups. (D) Number of differentially expressed genes (DEGs) in each condition compared to GM.
(E) Number of DEGs between days 2 and day 4 within AdB5. (F) Number of DEGs between days 2 and
day 4 within FBS_DM. (G) Number of DEGs between AdB5 and FBS_DM at days 2 and 4. (H) Gene
ontology enrichment analysis of DEGs in each condition compared to GM. (I)Heatmap of differentially
expressed transcription factors at AdB5 day 2. (J) Heatmap of DEGs associated with adipogenic
regulation.
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