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Abstract

Cultured meat production remains constrained by the cost, variability, and animal origin of
serum supplements. This study evaluated phytoecdysteroid-containing Spinacia oleracea L.
extracts as partial replacements for fetal bovine serum (FBS) and horse serum (HS) in muscle
cell culture. Extracts were prepared from freeze-dried or fresh spinach using methanol or
ethanol and characterized for 20-hydroxyecdysone (20-HE), free amino acids, and fatty acids.
In C2C12 myoblasts, freeze-dried extracts containing 0.05 uM 20-HE supported proliferation
in medium containing 5% FBS at levels comparable to or greater than those obtained with 10%
FBS. In bovine myosatellite cells, freeze-dried methanol extract containing 0.5 uM 20-HE with
10% FBS produced proliferation comparable to the 20% FBS control. Selected spinach-derived
treatments also maintained myogenic differentiation under reduced-HS conditions. These
findings support an approximately 50% reduction in animal-derived serum under the best-
performing conditions tested, rather than complete replacement. Responses were
concentration-dependent and differed between C2C12 and bovine myosatellite cells, indicating

cell-model-specific requirements for serum reduction.

Keywords: Cultured meat; Fetal bovine serum; Horse serum; Phytoecdysteroids; Spinacia

oleracea L.



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

1. Introduction

Cultured meat is being developed as an alternative approach to conventional meat
production, with potential implications for resource use, animal welfare, and the organization
of future food production systems (/—3). Despite rapid technical progress, its feasibility at
production scale still depends on reliable expansion of muscle progenitor cells and efficient
differentiation under culture conditions that can be reproduced consistently. Culture-medium
composition is therefore a central process constraint rather than a secondary cell-culture
consideration.

Serum remains widely used in muscle-cell culture because it supplies proteins, growth
factors, hormones, lipids, micronutrients, and other components that support survival,
proliferation, and differentiation. Fetal bovine serum (FBS) is especially common during cell
expansion, while serum-containing formulations are also used during myogenic differentiation
(4, 5). In cultured-meat systems, however, FBS is an animal-derived and chemically undefined
input that can contribute substantially to process cost and variability. Commercial serum may
vary among products or batches and can introduce biological contaminants or other sources of
process variation (6-8).

These limitations have motivated serum-reduction and serum-replacement strategies.
Complete replacement remains difficult because FBS contains multiple classes of components
whose individual and interactive contributions are not fully resolved (4). A practical
intermediate strategy is therefore to identify materials that allow serum concentration to be
reduced while maintaining proliferation and subsequent differentiation.

Plant-derived compounds are among the candidate inputs for lower-serum media.
Phytoecdysteroids are plant-derived polyhydroxylated steroids with diverse reported biological
activities (9). Of particular relevance to skeletal muscle, 20-hydroxyecdysone (20-HE) has

been reported to induce a rapid intracellular Ca2+ response, Akt activation, and increased
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protein synthesis in C2C12 cells (70). These observations provide a mechanistic rationale for
examining phytoecdysteroid-containing materials in muscle-cell culture, although pathway
activation by a complex plant extract cannot be assumed from the activity of purified 20-HE
alone.

Spinach (Spinacia oleracea L.) was selected as the plant source because it contains
phytoecdysteroids, including 20-HE, and can be processed using conventional solvent
extraction. In addition to phytoecdysteroids, the resulting extracts contain amino acids, fatty
acids, and other co-extracted compounds that may influence cellular responses. For this reason,
the present work compared whole spinach-derived extracts with pure 20-HE and characterized
selected compositional features of the extracts rather than attributing all observed activity a
priori to a single molecule.

This study aimed to determine how spinach preparation and extraction solvent affect
20-HE recovery and to evaluate whether phytoecdysteroid-containing spinach extracts can
reduce FBS or HS requirements during C2C12 and bovine myosatellite cell proliferation and

differentiation.

2. Materials and methods
2.1 Extraction of phytoecdysteroid-containing serum substitute from spinach

To obtain the phytoecdysteroid-containing serum substitute, spinach cultivated in open
fields in Namhae-gun, Gyeongsangnam-do, was harvested, washed, and used for extraction.
Four different extraction methods were employed, utilizing either freeze-dried or fresh spinach
with methanol (99.5%; Samchun, Korea) or ethanol (95.0%; Samchun, Korea).

First, 500 g of freeze-dried or fresh spinach was pulverized into a fine powder. Fresh
spinach was frozen with liquid nitrogen before grinding. The powdered spinach was

subsequently immersed in methanol or ethanol at a 1:10 ratio (w/v) and extracted using an
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ultrasonic bath (DAI-HAN Scientific, Wonju, Korea) for 30 min at room temperature. This
extraction process, which included stirring at room temperature for 24 h, was repeated three
times. The collected extract (10 L) was concentrated under reduced pressure at 45°C using a
rotary evaporator (Eyela, Seongnam, Korea).

The concentrated extract was mixed with 20 mL of deionized water and subsequently
partitioned twice using 100 mL of n-hexane (95.0%; Samchun, Korea). The separated aqueous
and organic phases were collected and further concentrated under reduced pressure at 45°C to
remove the organic solvents. Afterward, 100 mL of deionized water was added to recover the
final extract. The obtained extract was freeze-dried to determine yield and subsequently

sterilized using a 0.1-pm filter (Merck Millipore, MA, USA) before being used in experiments.

2.2 Analysis of spinach-derived serum substitute
2.2.1 Measurement of phytoecdysteroid content

To determine the phytoecdysteroid content of the spinach-derived serum substitute,
high-performance liquid chromatography (HPLC) was performed using a modified EcdyBase
method (/7). The HPLC system was an Agilent 1100 series equipped with a Zorbax Eclipse
XDB-C8 column (4.6 x 150 mm, 5 pm). Calibration curves were constructed using 20-
hydroxyecdysone (20-HE; H5142, Sigma) and ponasterone A (PonA; P3490, Sigma) standards

prepared at 20, 50, 100, and 200 ppm.

2.2.2 Analysis of free amino acids

The free amino acid composition of the spinach-derived serum substitutes and
commercial sera was analyzed after protein precipitation and lipid removal. A 1-g sample was
mixed with an equal amount of 5% trichloroacetic acid at a 1:1 ratio. The mixture was vortexed

for 2 min in two successive cycles (4 min total) and centrifuged at 13,572 % g and 20°C for 20
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min. The supernatant was collected, n-hexane was added at twice the original sample volume,
and the mixture was shaken vigorously for 15 min. After centrifugation at 1,977 x g and 20°C
for 20 min, the lower aqueous phase was collected and subjected to two additional
centrifugation steps at 13,572 x g and 20°C for 20 min to remove residual n-hexane. The final
extract was left in a fume hood for 20 min to permit volatile solvent evaporation. Free amino
acids were analyzed using a HITACHI L-8900 Amino Acid Analyzer (Hitachi High
Technologies Corp., Tokyo, Japan) equipped with a HITACHI HPLC Packed Column #2622PF

(4.6 x 60 mm, ion-exchange column).

2.2.3 Analysis of fatty acids

For fatty acid analysis, 1 g of sample was combined with 1 g of Folch solution
(chloroform:methanol, 2:1, v/v), vortexed for 2 min, and centrifuged at 2,400 x g and 20°C for
5 min. The lower phase was collected, dried, and dissolved in 1 mL n-hexane. For fatty acid
methyl ester preparation, 2 mL boron trifluoride-methanol solution was added and the mixture
was heated at 80°C for 5 min, then cooled to room temperature. Triple-distilled water (1 mL)
was added and the phases were allowed to separate. The upper n-hexane layer was collected
and dehydrated using anhydrous sodium sulfate. A 1.5-mL aliquot was transferred to a glass
vial and analyzed using an Agilent 7890B gas chromatograph (Agilent Technologies, Santa
Clara, CA, USA) equipped with a DB-WAX column (30 m % 0.25 mm x 0.25 pm film

thickness).

2.3 Cell line and spinach-derived medium preparation
The effects of the spinach extracts on proliferation and differentiation were evaluated in
C2C12 myoblasts and bovine myosatellite cells. The bovine myosatellite-cell culture procedure

followed a previously published approach (72). For C2C12 proliferation, DMEM containing
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10% FBS served as the control (CTL) and 5% FBS as the reduced-serum negative control
(NCTL). For bovine myosatellite-cell proliferation, 20% FBS served as the control, while 5%
FBS (NCTL1) and 10% FBS (NCTL2) were used as reduced-serum controls.

For C2C12 proliferation, spinach extracts or pure 20-HE were added to medium
containing 5% FBS at final 20-HE-equivalent concentrations of 0.05, 0.1, 0.5, and 1 uM; Fig.
1 presents the 0.05 and 0.5 uM comparisons. For bovine myosatellite-cell proliferation, the
same treatment range was evaluated under 5% or 10% FBS and compared with the 20% FBS
control; Fig. 2 presents the principal 0.05 and 0.5 uM proliferation comparisons.

For differentiation, 2% HS served as the control (CTL). In the C2C12 experiment, 1%
HS served as the reduced-serum negative control (NCTL), and spinach-derived extracts or pure
20-HE were evaluated at 0.05, 0.1, 0.5, and 1 uM as shown in Fig. 3. In the bovine myosatellite-
cell experiment, 0% HS (NCTLI1) and 1% HS (NCTL2) represented the reduced-serum

conditions, with 0.05, 0.5, and 1 uM treatments shown in Fig. 4.

2.4 Cell proliferation analysis

Cell proliferation was assessed wusing DMEM supplemented with 1%
penicillin/streptomycin (P/S) and FBS (10% for C2C12 myoblasts and 20% for bovine
myosatellite cells). Cells were cultured in collagen-coated dishes until they reached 60-70%
confluence, after which they were passaged with 1X Dulbecco’s phosphate-buffered saline
(DPBS) containing 1% P/S.

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl
tetrazolium bromide (MTT) assay, where cells were seeded at 5 x 10° cells/mL in 96-well
plates and cultured for 2—-3 days. MTT solution was added to the wells and incubated for 4 h,
and the formed formazan crystals were dissolved in dimethyl sulfoxide. Absorbance was

measured at 540 nm using a SpectraMax® 190 microplate reader. To evaluate cell proliferation,
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the cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton™
X-100 in 1X PBS for 30 min, and stained with Hoechst 33342 for 5 min to visualize the nuclei.

Stained nuclei were enumerated to assess proliferation across treatment groups.

2.5 Cell differentiation analysis

Plates were washed twice with 1X DPBS. Cells were subsequently fixed by adding 4%
paraformaldehyde at the same volume as that of the culture medium and incubating at room
temperature for 30 min. Permeabilization was performed using 1X PBS containing 0.2%
Triton™ X-100 for 30 min at room temperature.

For immunofluorescence staining, cells were blocked with 2% bovine serum albumin
(BSA) in 1X PBS for 30 min. Primary antibody against myosin heavy chain (MyHC; MF20,
1:800; MAB4470, R&D Systems, Minneapolis, MN, USA) was applied in 1% BSA-containing
PBS and incubated overnight at 4°C. Goat anti-mouse immunoglobulin G conjugated to FITC
(1:1,000; A90-116F, BETHYL, Montgomery, TX, USA) was then applied for 2 h at 4°C,
followed by Hoechst nuclear staining for 5 min at room temperature. Fluorescence images were
acquired using an inverted fluorescence microscope. Nuclear count, MyHC-positive area,
myofiber area, and fusion/differentiation indices were quantified using ImageJ. Myofiber-area

distributions were visualized in RStudio using ggplot2 and dplyr.

2.6 Statistical analysis

A minimum of three independent replicates were performed for each experiment. For
the cell-based proliferation and differentiation experiments, statistical analyses were conducted
using SPSS Statistics 26 (IBM, Armonk, NY, USA). Depending on the comparison, data were
analyzed using a t-test or one-way analysis of variance followed by the Student-Newman-Keuls

post hoc test. Statistical significance was defined as p < 0.05. Compositional data in Tables 1—-
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3 are presented descriptively as the mean + standard deviation. Quantification of

immunofluorescence images was performed using ImageJ (NIH, Bethesda, MD, USA).

3. Results and discussion
3.1 Characterization of spinach extracts
3.1.1 Determination of phytoecdysteroid content based on extraction method

Phytoecdysteroids are distributed across a range of plant species and include compounds
such as 20-HE, PonA, polypodine B, and integristerone (9). In the present study, 20-HE and
PonA were used as analytical standards, and the four spinach extracts were compared by HPLC
to determine how spinach preparation and extraction solvent affected phytoecdysteroid
recovery.

The primary phytoecdysteroid detected in the spinach extracts was 20-HE, whereas
PonA was not detected regardless of solvent or spinach preparation. The highest 20-HE content
was obtained from freeze-dried spinach extracted with methanol (FM; 87.83 + 1.40 pg/kg),
followed by freeze-dried spinach extracted with ethanol (FE; 55.25 + 0.19 pg/kg), raw spinach
extracted with methanol (RM; 10.96 + 0.28 ng/kg), and raw spinach extracted with ethanol
(RE; 7.06 £ 0.31 ng/kg) (Table 1). Freeze-drying and methanol extraction were associated with
higher 20-HE recovery, with FM giving the highest value.

Methanol extraction produced the highest 20-HE recovery, but the use of methanol
limits direct application to a food-facing process because residual solvent must be controlled.
Accordingly, further work would require either an alternative extraction solvent or an
appropriate solvent-removal procedure before such extracts could be considered for cultured-

meat production (73).
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3.1.2 Comparison of free amino acid and fatty acid compositions between spinach-derived
serum substitute and serum

To compare the composition of the spinach-derived materials with animal sera
commonly used in cell culture, free amino acid and fatty acid profiles were measured in the
four extracts (FM, FE, RM, and RE), commercial FBS from Corning, and commercial HS from
Gibco. These analyses were used as compositional context rather than as evidence that the
extracts reproduce the complete biochemical complexity of serum.

The free amino acid profiles are presented in Table 2. The spinach-derived extracts were
compositionally distinct from both FBS and HS but contained several amino acids relevant to
cell metabolism. Glutamine was detected in all four spinach extracts, whereas citrulline,
cystathionine, 3-methylhistidine, carnosine, and hydroxyproline were detected in animal sera
but not in the spinach-derived extracts. These differences indicate that the extracts do not
reproduce the complete amino acid composition of FBS or HS.

The fatty acid profiles are shown in Table 3. Palmitic and stearic acids were abundant
in both animal sera and spinach-derived extracts. Linoleic acid was detected in FM, FE, and
RE, whereas RM was 0.0 + 0.0 mg/kg; FE contained the highest linoleic acid value among the
spinach extracts. Linoleic acid has been reported to modulate C2C12 proliferation and
differentiation under defined conditions (74). Myristoleic acid was detected in FBS and all
spinach extracts but not in HS. Overall, the spinach extracts and animal sera remained
compositionally distinct.

Leucine was detected in all four spinach extracts, although at lower concentrations than in
FBS or HS (Table 2). Leucine availability can influence myogenic differentiation in C2C12
myoblasts and primary satellite cells (15), and intracellular leucine sensing can regulate
mTORCI1 through leucyl-tRNA synthetase and Sestrin2 (16, /7). These observations provide

a plausible nutritional context for the extract composition, but the present study did not

10
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isolate the contribution of leucine or measure mTORCI1 activity.

Together, the amino acid and fatty acid analyses show that the spinach-derived materials
contain multiple metabolites relevant to cell culture while remaining different from animal
serum. The biological effects observed in the cell experiments therefore should be interpreted
as responses to the complete extracts rather than as evidence that the extracts reproduce all

serum functions.

3.2 Proliferation effects of spinach-derived FBS substitutes

In C2C12 myoblasts, FM and FE adjusted to 0.05 pM 20-HE significantly increased
MTT viability relative to the 5% FBS negative control and produced values comparable to or
greater than the 10% FBS control (Fig. 1a). Nuclear counts showed the same overall pattern.
Under the 0.05 pM condition, FM produced approximately twice the viability and nuclear-
count response observed in the 5% FBS group, indicating that the extract recovered a
substantial portion of the proliferative response lost after serum reduction.

At 0.5 uM 20-HE equivalent, FM and FE produced lower responses than the 0.05 pM
condition but remained broadly comparable to the 10% FBS control. The C2C12 data therefore
indicate that the response was concentration dependent and that the lower tested treatment was
the most effective among the conditions displayed in Fig. 1.

However, at 0.1 and 1 uM, no treatment group displayed cell-viability and nuclear-count
values comparable to or greater than those of the 10% FBS control. These concentrations
therefore did not reproduce the response observed at 0.05 pM under the tested conditions.

The complete spinach extracts also differed from pure 20-HE at some matched
concentrations. This is consistent with a possible contribution from co-extracted constituents,
but the present experiments did not isolate the effects of individual extract components.

Previous work has shown that 20-HE can increase intracellular Ca2+, activate Akt, and increase

11
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protein synthesis in C2C12 cells (10); pathway activation was not measured in the present study.

After the proliferation phase, FM- and FE-treated C2C12 cells retained MyHC-positive
myotube formation (Fig. 1c). The 5% FBS cultures supplemented with freeze-dried extracts
therefore remained capable of subsequent myogenic differentiation rather than showing an
obvious loss of differentiation potential. A contribution from 20-HE is biologically plausible
because purified 20-HE has been reported to produce rapid Ca2+ signaling, Akt activation, and
increased protein synthesis in C2C12 skeletal muscle cells (10). However, the present study
did not measure Akt phosphorylation or other pathway intermediates. The signaling
explanation should therefore be treated as a mechanistic hypothesis consistent with previous
literature, not as a pathway demonstrated by the present experiments.

The bovine myosatellite-cell experiment showed a different serum requirement. All
groups maintained with 5% FBS produced lower MTT viability than the 20% FBS control,
indicating that the spinach-derived supplements were not sufficient to compensate for this
larger reduction in serum. In contrast, the 10% FBS treatment groups generally approached the
20% FBS control, and several were not statistically different from it (Fig. 2a). Among these
reduced-serum conditions, pure 20-HE at 0.5 uM and the matched FM treatment showed the
strongest responses and were significantly higher than the 10% FBS negative control (p <
0.001). These results indicate that bovine myosatellite cells required a higher residual serum
concentration than C2C12 cells under the conditions tested.

Nuclear staining supported the same interpretation. Cell counts in the 5% FBS groups
remained below the 20% FBS control, whereas the 10% FBS groups showed substantially
improved cell numbers, with the 0.5 pM 20-HE and freeze-dried extract conditions among the
strongest responses (Fig. 2a,b). The agreement between MTT measurements, nuclear counts,
and microscopic observations reduces the likelihood that the observed effect reflects only a

change in metabolic activity without a corresponding change in cell abundance.

12
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The selected bovine treatment groups retained differentiation potential after
proliferation. Following 3 days of proliferation, the validated treatment groups were
differentiated for 10 days in 2% HS differentiation medium. MyHC-positive myotube
formation and differentiation indices were comparable to the 20% FBS proliferation control
(Fig. 2c,d). Thus, the best-performing proliferation condition differed by cell model: C2C12
cells responded most strongly near 0.05 uM 20-HE equivalent with 5% FBS, whereas bovine
myosatellite cells required 10% FBS and showed their strongest response near 0.5 pM.

Taken together, the proliferation experiments support partial rather than complete serum
replacement. The spinach-derived extracts were most useful when they supplemented a
reduced-serum medium that still retained enough serum to support the baseline requirements
of the specific cell type. They also show that the concentration dependence of the response
cannot be explained by 20-HE concentration alone. Direct measurements of candidate
signaling pathways and fractionation of the extracts would be required to distinguish the

contribution of 20-HE from that of other spinach-derived constituents.

3.3 Differentiation effects of spinach-derived HS substitutes

In the C2C12 differentiation experiment, myotube area was evaluated under 1% HS
across 0.05, 0.1, 0.5, and 1 uM 20-HE-equivalent treatments (Fig. 3a). The largest measured
myotube area was observed in the FE group containing 0.05 uM 20-HE equivalent with 1%
HS, which was higher than the 2% HS control (p < 0.05). The response was not monotonic
across concentrations, indicating that increased treatment concentration did not consistently
improve differentiation.

Immunofluorescence imaging confirmed the formation of MyHC-positive myotubes
under these reduced-HS conditions (Fig. 3b). Representative FE cultures showed distinct

myofiber formation, whereas the response declined at the highest extract concentration. The

13
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overall pattern was therefore non-monotonic: increasing the amount of extract did not
continuously increase myotube formation. This result mirrors the concentration dependence
observed during proliferation and reinforces the need to optimize the extract as a complete
mixture rather than selecting a dose solely on the basis of increasing 20-HE concentration.

In bovine myosatellite cells, spinach-derived extracts were also evaluated under 0% and
1% HS conditions (Fig. 4). In the absence of HS, most extract-treated groups did not show
statistically significant improvements over the 0% HS negative control. These results therefore
do not support complete replacement of HS by the spinach extract under the tested conditions.
The clearer response occurred when HS was reduced to 1% rather than removed entirely.

Among the 1% HS treatments, FM containing 0.05 uM 20-HE equivalent produced a
high myotube area. This condition differed significantly from the 1% HS negative control (p <
0.001) and from the 2% HS control for myotube area (p < 0.01), while the differentiation-index
response was not increased to the same extent. At 0.5 and 1 uM, differentiation indices were
generally lower or not significantly different among groups. Myotube area and differentiation
index should therefore be considered together when interpreting the differentiation response.

The differentiation data are compatible with a contribution from 20-HE and other co-
extracted constituents, but the present experiments do not establish a specific molecular
mechanism. The observed functional effects should therefore be interpreted at the extract level

rather than as direct evidence of PI3K/Akt/mTOR pathway activation.

4. Conclusion

This study shows that phytoecdysteroid-containing spinach extracts can reduce animal-
derived serum requirements during muscle-cell culture under the tested conditions. Freeze-
dried spinach gave higher 20-HE recovery than fresh spinach, and methanol extraction gave

the highest 20-HE concentration. In C2C12 cells, freeze-dried extracts containing 0.05 uM 20-
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HE supported proliferation in 5% FBS at levels comparable to or greater than the 10% FBS
control. In bovine myosatellite cells, FM containing 0.5 uM 20-HE supported proliferation in
10% FBS at levels comparable to the 20% FBS control. Selected FM and FE conditions also
maintained myogenic differentiation when HS was reduced. Together, these findings support
approximately 50% serum reduction under the best-performing conditions tested rather than
complete serum replacement. The experiments did not identify a single responsible extract
component or establish a specific molecular pathway underlying the observed eftects.

The methanol-derived FM preparation is not directly suitable for a food-facing process
unless residual-solvent safety is demonstrated. Further work should therefore examine
alternative extraction solvents or solvent-removal procedures while preserving the serum-

reduction effect observed in this study.
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444  Table 1. Variation in phytoecdysteroid content of spinach-derived extracts depending on extraction solvent and method

Sample Extraction Extract HPLC Chromatogram 20-HE
P solvent images (100 ppm) (ug-kg™h
b
Standard material i i “ (@) ‘ ®) i
(20-HE+PonA) : s‘l | e
:Ii :
MeOH () I 87.831.40
Freeze-dried spinach S S — —
|
|
EtOH s I 55.25+0.19
MeOH ( ) « 10.96:0.28
1 o N
Raw spinach 7 "‘
=T
EtOH L | 7.0640.31
- W

445  Chromatogram labels: (a) 20-hydroxyecdysone; (b) Ponasterone A; Datar are pfesenfed asrthe mean =+ standard deviation.
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Table 2. Free amino acid profiles

Compound Free amino acid profile (mg/kg)

FBS HS FM FE RM RE
Phosphoserine - - - - - -
Taurine 22.2+0.0 54+0.1 0.1+0.0 - - -
Phosphorylethanolamine - - - - - -
Urea 290.0+0.2 178.1 £3.8 - - - -
Aspartic acid 14.1+0.0 268.0+ 1.6 23+0.1 0.4+0.0 6.4+0.3 42+0.2
Threonine 16.5+0.0 1,389.8+ 549 0.6+£0.0 0.7+0.0 1.1+£0.0 1.0+0.1
Serine 33.3+£0.0 17.1+£0.3 1.1+0.1 0.7+0.0 2.1+0.1 1.9+0.1
Asparagine 2.5+0.0 6.2+0.2 1.3+0.0 0.6+0.0 23+0.0 1.9+ 0.0
Glutamic acid 135.7+0.2 269+0.5 4.1+0.1 1.0+ 0.0 6.8+0.1 6.7+0.3
Glutamine 70.8 £0.1 149+0.4 10.5+£0.9 89+04 13.9+0.2 12.6£0.2
Sarcosine - - - - - -
Glycine 48.6 £0.1 326+ 1.6 0.1+0.0 0.1£0.0 0.1+0.0 0.1 +0.0
Alanine 90.3+0.2 20.5+0.6 1.4+0.1 2.0+0.0 1.3+0.0 1.3+0.1
Citrulline 13.1£0.0 340.0 £ 15.8 - - - -
a-amino-n-butyric acid 3.1+£0.0 482+1.6 - - - -
Valine 40.0£0.1 17.0£0.3 1.0+0.1 2.0+0.1 1.7+ 0.0 1.2+0.0
Cystine 0.1+0.0 6.8+ 0.0 - - - 0.6+0.0
Methionine 5.02+0.0 284.1+7.0 - - - 0.1+0.0
Cystathionine 1.9+0.0 185+0.3 - - - -
Isoleucine 18.4+0.0 695.6 7.9 0.7+0.0 1.5+0.0 1.6 £ 0.1 1.5+0.0
Leucine 33.0+£0.1 16.6 £ 0.4 1.0+ 0.0 2.1+0.0 2.5+0.1 24+0.1
Tyrosine 17.7£0.0 679.1 £26.4 0.4+0.0 0.9+0.0 1.1+0.0 1.1+0.0
Phenylalanine 25.8+0.0 12.7+0.5 0.3+0.0 0.8+0.0 0.8+0.1 0.8+0.0
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B-Alanine

-Amino isobutyric acid
y-Amino-n-butyric acid
Tryptophan

Ethanol amine
Ammonia
Hydroxylysine
Ornithine

Lysine
1-Methylhistidine
Histidine
3-Methylhistidine
Anserine

Carnosine

Arginine
Hydroxyproline

Proline

9.3+0.0
0.6+0.0
13.1+0.0
33.4+0.0
27.3+0.0
14.4+0.0
6.9+0.0
9.2+0.0
4.8+0.0
17.4+0.0
24.5+0.0

27.4+£0.7

615.1+£22.2

325.8 £18.0
10.5+0.5
15.0+0.8
0423 £23.2
261.4+£10.3

1943 +£5.8

1,223.6 £32.1

144.7+3.7
7.1+04

0.9+0.0
0.1+£0.0

22+0.2

0.1+£0.0

0.2+0.0

0.6+0.0

1.7+£0.0

1.3+£0.0
0.3+0.0
0.1+0.0
1.8+0.1

0.1+0.0

02+0.0

14+0.1

3.0+0.1

3.0+£0.1
0.4+0.0
0.2+0.0
1.5+£0.1

0.3+0.0

04+0.0

1.9+0.0

3.6+0.1

2.8+0.1
0.4+0.0
0.3+0.0
1.4+0.1

0.2+0.0

0.3+0.0

2.0£0.0

39+0.1

FBS: fetal bovine serum; HS: horse serum; FM: methyl alcohol extract of freeze-dried spinach; FE: ethyl alcohol extract of freeze-dried spinach;

RM: methyl alcohol extract of raw spinach; RE: ethyl alcohol extract of raw spinach. Data are presented as the mean =+ standard deviation.
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Table 3. Fatty acid profiles

Compound Fatty acid profile (mg/kg)

FBS HS FM FE RM RE
C12:0 Lauric acid 18.3+0.5 2.8+0.1 7.7+0.1 83+0.3 83+0.2 8.0+0.7
Cl4:1n5 Myristoleic acid 11.2+0.5 - 55402 6.6+0.1 54+0.2 7.6 0.1
C14:0 Myristic acid 21.6+04 4.8+0.1 9.8+0.2 10.5+0.1 10.7+0.4 11.2+0.7
Cl16:1n7 Palmitoleic acid 18.5+0.8 11.9+0.4 55402 6.6+0.2 6.8+£0.3 6.8+ 0.4
C16:0 Palmitic acid 1,019.4 +23.7 189.6+8.8 977.9 +47.1 1,172.6 +4.6 1,307.7+39.9 1,258.6 +62.9
C17:0 Margaric acid 155+0.3 55+0.2 57+0.2 6.4+0.6 6.6+0.2 62+04
C18:2n6 Linoleic acid 253+04 3145+6.3 1.8£0.1 59+0.0 0.0£0.0 1.6+0.1
C18:1n9 Oleic acid 492 +2.1 95.4+3.0 7.1+£0.2 17.2+0.0 32+0.2 24+0.2
C18:0 Stearic acid 1,550.6 +38.0 271.4+84 736.9+0.9 864.0 + 30.1 1,106.6 £ 56.9 943.8 +23.9
C20:0 Arachidic acid 10.3+0.1 29+0.2 28+£0.2 3.3+£0.2 43+04 39+0.1

FBS: fetal bovine serum; HS: horse serum; FM: methyl alcohol extract of freeze-dried spinach; FE: ethyl alcohol extract of freeze-dried spinach;
RM: methyl alcohol extract of raw spinach; RE: ethyl alcohol extract of raw spinach. Data are presented as the mean + standard deviation.
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(a)

5% FBS + 0.05uM 5% FBS + 0.5uM
160 NS

2 160 2
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2120 4 z ab
= = 50 de
S 80 2
> B~
Z 40 = 40
@] @]

0 - 0 R

NCTL CTL 20E FM FE RM RE NCTL CTL 20E FM
800 s 800 - -
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o o a
e —
< =}
= 400 = 400 1 b
D ] b4
E E
E 200 5 200 4
Z Z

0 - 0

NCTL CTL 20-HE FM FE RM RE NCTL CTL 20-HE FM

(b)

(©) ICC
Bright field

N RS0 S

5% FBS +
0.05uM FM CTL

5% FBS+
0.05uM FE

Fig. 1 Effects of spinach extracts on C2C12 myoblast cell viability and proliferation. NCTL:
FBS 5%; CTL: FBS 10%; 20-HE: 20-hydroxyecdysone; FM: methyl alcohol extract of freeze-
dried spinach; FE: ethyl alcohol extract of freeze-dried spinach; RM: methyl alcohol extract of
raw spinach; RE: ethyl alcohol extract of raw spinach. (a) The proliferation effect of the
spinach-derived serum substitute containing 0.05 or 0.5 uM 20-HE was investigated using the
MTT assay and Hoechst staining. Lowercase letters indicate significant differences (p < 0.05).
*#%p <0.001, *p <0.05, N.S: non-significant (p > 0.05); (b) C2C12 myoblast cell morphology
on day 3 of proliferation with freeze-dried, spinach-derived serum substitute containing 0.05
uM 20-HE; Scale bar, 100 um. Data are presented as the mean + standard deviation; (c)
Analysis of myofiber formation in C2C12 myoblasts cultured with spinach extract. MyHC:
myosin heavy chain; NCTL: FBS 5%; CTL: FBS 10%; FM: methyl alcohol extract of freeze-
dried spinach; FE: ethyl alcohol extract of freeze-dried spinach. Scale bar, 100 um
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Fig. 2 Effects of spinach extracts on bovine myoblast cell viability and proliferation. NCTL2: FBS 10%; CTL: FBS 20%; 20-HE: 20-
hydroxyecdysone; FM: methyl alcohol extract of freeze-dried spinach; FE: ethyl alcohol extract of freeze-dried spinach; (a) The proliferation effect
of the spinach-derived serum substitute containing 0.05 or 0.5 uM 20-HE was investigated using the MTT assay and Hoechst staining. Lowercase
letters indicate significant differences (p < 0.05). ***p <0.001, **p < 0.01, N.S: non-significant (p > 0.05); (b) Fluorescence micrographs of the
nuclei of bovine cells stained with Hoechst (blue); Scale bar, 100 um. Data are presented as the mean = standard deviation; (c) Bovine cells cultured
for 3 days in spinach-derived serum substitute containing 0.05, 0.5, and 1 uM 20-HE with 10% FBS were transferred to a 2% HS differentiation
medium; (d) The differentiation index was calculated for each condition. The differentiation index was calculated based on the total number of
MyHC-positive cells versus the total number of nuclei; Scale bar, 100 pm. Data are presented as the mean + standard deviation. Lowercase letters
indicate significant differences (p < 0.05). N.S: non-significant (p > 0.05)
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i:o B w

Myotube area x 10* (um?)
I
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==

Fig. 3 Immunofluorescent staining (MF20) of the myotube areas of C2C12 myoblasts cultured in different spinach extracts. NCTL: HS 1%; CTL:
HS 2%; 20-HE: 20-hydroxyecdysone; FM: methyl alcohol extract of freeze-dried spinach; FE: ethyl alcohol extract of freeze-dried spinach; RM:
methyl alcohol extract of raw spinach; RE: ethyl alcohol extract of raw spinach; (a) The differentiation effect of a spinach-derived serum substitute
containing 0.05, 0.5, 0.1, and 1 uM 20-HE with 1% HS was investigated based on myotube area, represented by box-and-whisker plots displaying
the median, first and third quartiles, and minimum and maximum values for myotube areas in each group; (b) Fixed cells were visualized using

anti-MyHC antibody and a fluorescence-labeled secondary antibody (green). Nuclei were stained with Hoechst dye (blue); Scale bar, 100 pm. *p
<0.05
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Fig. 4 Effects of spinach extracts on bovine myoblast cell differentiation based on fluorescent
staining (MF20). MyHC: myosin heavy chain; NCTL1: HS 0%; NCTL2: HS 1%; CTL: HS
2%; 20-HE: 20-hydroxyecdysone; FM: methyl alcohol extract of freeze-dried spinach; FE:
ethyl alcohol extract of freeze-dried spinach; (a,c) The differentiation index was calculated
based on the total number of MyHC-positive cells versus the total number of nuclei. The
differentiation effects of spinach-derived serum substitutes containing 0.05, 0.5, and 1 uM 20-
HE with 0% or 1% HS were investigated based on myotube area, represented by box-and-
whisker plots displaying the median, first and third quartiles, and minimum and maximum
values for myotube areas in each group; (b,d) Fixed cells were visualized using anti-MyHC
antibody and a fluorescence-labeled secondary antibody (green). Nuclei were stained with
Hoechst dye (blue); Scale bar, 100 um. Data are presented as the mean + standard deviation.
Lowercase letters indicate significant differences (p < 0.05). ***p < 0.001, **p < 0.01, N.S:
non-significant (p > 0.05)
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