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Serum-free cultures of C2C12 cells
show different muscle phenotypes
which can be estimated

by metabolic profiling

Mi Jang?, Jana Scheffold?, Lisa Marie Rest!, Hyejeong Cheon? & Per Bruheim!**

In vitro skeletal muscle cell production is emerging in the field of artificial lab-grown meat as
alternative future food. Currently, there is an urgent paradigm shift towards a serum replacement
culture system. Surprisingly, little is known about the impact of serum-free culture on skeletal muscle
cells to date. Therefore, we performed metabolic profiling of the C2C12 myoblasts and myotubes in
serum-free mediums (B27, AIM-V) and compared it with conventional serum supplementation culture.
Furthermore, cell morphology, viability, and myogenic differentiation were observed for 7 days of
cultivation. Intriguingly, the metabolic difference is more dominant between the cell status than
medium effects. In addition, proliferative myoblast showed more distinct metabolic differences than
differentiated myotubes in different culture conditions. The intracellular levels of GL3P and UDP-
GIcNAc were significantly increased in myotubes versus myoblast. Non-essential amino acids and
pyruvate reduction and transamination showed significant differences among serum, B27, and AIM-V
cultures. Intracellular metabolite profiles indicated that C2C12 myotubes cultured in serum and B27
had predominant glycolytic and oxidative metabolism, respectively, indicating fast and slow types

of muscle confirmed by MHC immunostaining. This work might be helpful to understand the altered
metabolism of skeletal muscle cells in serum-free culture and contribute to future artificial meat
research work.

The production of mammalian cells by in vitro cultivation techniques is of considerable importance not only
in the biopharmaceutical industry for the production of therapeutic antibodies and vaccines in the bioprocess
industry, but also cell therapy applications in the biomedical field". Recently, in vitro cultured meat or artificial
lab-grown meat is increasingly emerging as a novel concept in upcoming food science and technology®. However,
current in vitro cell culturing methods still rely on animal-driven serum supplementation in culture medium,
even though serum is controversial raw material. Serum, which is better known as fetal bovine serum (FBS),
is mainly collected from the unborn calf through a crucial and undesirable way. In addition to these ethical
problems, the use of animal-derived serums also causes serious scientific issues. Every batch of serum shows
large variations and the composition of serum is not defined, resulting in phenotypical quantitative and quali-
tative discrepancy in in vitro cell production. A more serious risk are contaminations, such as viral, bacterial,
and endotoxin infections derived from a host animal®. The presence of serum is a major obstacle for the further
purification and validation of cell-based products®, and strongly suggests the replacement or no addition of
serum in in vitro cell culture processes.

Although the field of the biopharmaceutical industry and clinical cell therapy application have long adopted
serum-free culture model®’, the field of artificial meat research, firstly introduced in 2013, still relies on serum
supplementation®®. Therefore, serum supplementation should be avoided and research direction should consider
establishing serum-free systems in the field of artificial meat'’. The majority of cells composing meat are skeletal
muscle cells. Muscle stem cells proliferate as myoblasts and differentiate into myotubes by cell-cell fusion, form-
ing multiple muscle fibers. Despite the importance of serum-free culture studies in artificial meat research, very
few studies have explored the replacement of serum-free culture using primary myoblast from bovine, porcine,
and murine origin''"*?. Due to the difficulty of accessing primary cells, the C2C12, a mouse myoblast cell line, is
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Figure 1. The experimental schematic workflow in this study. C2C12 cells were cultured for 7 days in the
following 4 different types of mediums. (i) DMEM; only basic medium without any supplementation, (ii)
Serum; DMEM supplemented with animal-derived serum. 10% of fetal bovine serum (FBS) and 2% of horse
serum (HS) were used for proliferation and differentiation, respectively. (iii) B27; chemically defined serum
substitute, 2% and 1% of B27 were supplemented in DMEM for proliferation and differentiation, respectively.
(iv) AIM-V, chemically defined medium. Cell morphology and viability were monitored for the entire culture
period. Cell growth was further profiled during the proliferation status, CK activity, myotube diameter, muscle
contraction were further assessed for myogenic differentiation. Finally, culture samples from day 1 and day 7
representing myoblasts and myotubes were analyzed for the metabolomic study.

often used in muscle cell research, including the field of artificial meat research®!4. Previously only a few research
have shown the possibility of serum-free culture to cultivate C2C12 cells’>™.

Given that serum-free medium provides a completely new environment to the cells, it would be intriguing to
investigate how serum-free environment affects the behavior of cells, from regulation of gene expression to the
phenotype, compared to the conventional serum-supplemented medium. Previously, mouse embryonic stem
cells in serum-free culture showed less variability of gene expression than serum-supplemented cultures based
on single-cell transcriptomics analysis'®. Moreover, Chinese hamster ovary (CHO) cells cultured in serum-free
medium showed altered gene expression profiles in terms of nucleotide synthesis and lipid metabolism. Recently,
the serum-free culture of Drosophila cells showed less oxidative stress and better retaining hemocyte-specific
transcriptome profiles but limited metabolic alteration'. However, the metabolism of mammalian muscle cells
in serum-free medium in comparison to serum-supplemented culture has not been elucidated yet.

Metabolomics is superior technology that provides a comprehensive profile of metabolites and is broadly
acknowledged to be the omics discipline that is closest to the phenotype®. Therefore, metabolomics is considered
the major technique for the characterization of meat composition and the exploration of biomarkers for qual-
ity control in the field of skeletal muscle research and the meat industry?!. Previously, our group has reported
the alteration of central carbon metabolism in Bacillus subtilis and Saccharomyces cerevisiae cultured in vari-
ous mediums conditions and profiled intracellular metabolite pools in diverse human cell lines based on mass
spectrometry targeted metabolomic technology?>*. Thus, we hypothesize that exploring metabolic pathways
may provide information on the phenotype and overall biochemical mechanism of muscle cells influenced by
diverse nutrient supplies, such as serum versus serum-free medium.

Therefore, we aim to investigate the metabolism of muscle cells using mouse myoblast C2C12 cell line in
serum-free culture models. C2C12 cells were cultured in 4 different mediums: (i) only DMEM medium without
any supplementation, (ii) DMEM containing animal-derived serum, (iii) DMEM including the serum substitute
B27, (iv) chemically defined medium AIM-V. During the entire cultivation period, cell viability and morphol-
ogy were monitored. In addition, the myoblast growth profile and the creatine kinase activity for the assessment
of myogenic differentiation were further evaluated. Finally, the extracellular and intracellular metabolites of
myoblast and myotubes are analyzed based on a targeted metabolomics approach (Fig. 1). Our work is of benefit
to understand the behavior of the muscle cell in serum-free culture and contribute to artificial meat research.

Result and discussion

C2C12 cells successfully proliferated and differentiated into myotubes in serum-free cultures
for 7 days. Cell morphology was observed over 1 week of cultivation in 4 different types of mediums to
monitor cellular proliferation and differentiation status. Skeletal muscle cells differentiated into multinucleated
myotubes, resulting in the formation of myofibers?*. Representative phase-contrast images from each day of cul-
tivation are shown in Fig. 2A. During the proliferation period, C2C12 cells showed the bipolar shape of myoblast
at day 1 and further proliferated until day 2, when they reached full confluency in serum, AIM-V, B27 medium.
In the case of only DMEM culture, cells did not proliferate at all during the whole cultivation period, showing a
single spindle bundle or a round shape. Considering the myogenic differentiation period from 3rd to 7th day of
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Figure 2. (A) Phase-contrast images of cell morphology during 7 days of cultivation in the different mediums.
Myoblasts proliferation until the 2nd day of cultivation then myogenic differentiation was initiated from the
3rd day of cultivation. Fully differentiated myotubes were formed on 7th day of cultivation. Scale bar indicates
500 um. (B) Cell viability based on Prestoblue assay was performed for 7 days of cultivation. Cell viability was
expressed as a relative change on day 1 of each condition. (C) LDH activity in the medium was measured for

7 days. (n)=3-5 in each group. One-way ANOVA followed by Tukey’s test was performed for the multiple
comparisons. *p <0.05 versus Serum and AIM-V, #p <0.05 versus Serum, B27, and AIM-V at each cultivation
day. Data presented as average + standard deviation (SD).

culture, cells apparently started fusing from day 3 and were completely differentiated into myotubes at the 7th
day of cultivation in all culture mediums except DMEM. Interestingly, C2C12 cultured in B27 formed myotubes
earlier (day 5) than cells cultured in serum and AIM-V medium, showing randomly aligned myotubes includ-
ing few clusters at day 7. In contrast to B27, serum and AIM-V cultures resulted in straight and unidirectional
myotubes at day 7. Overall, distinct and different myotube morphology was observed in the 3 different mediums.

After confirming that proliferation and differentiation can be achieved in the three different mediums except
DMEM, we further assessed the cell viability and cell death during a 7-day cultivation period (Fig. 2B,C). Presto-
blue, a cell-permeable dye, was used for the assessment of cell viability. In addition, LDH activity in the medium
was further determined as it not only can be complementary to cell viability but also is a non-invasive method.
This is because only membrane-damaged cells release LDH into the medium, assuming cell death?>. DMEM
culture showed significantly decreased cell viability and elevated LDH activity compared to the 3 other medium
cultures, indicating extra supplementation to the basic medium is necessary to support the survival of cells.
C2C12 cultured in serum and AIM-V showed constant high cell viability (>90%) and the lowest LDH activity
throughout the entire cultivation period. B27 culture showed significantly decreased cell viability, but still more
than 80%, while LDH activity was not significantly different compared to serum and AIM-V, this might be due
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Figure 3. Cell growth profiles during from day 0 to 2 of cultivation. (A) The growth rate for 2 days of
cultivation. (n) =3, #p <0.05 versus Serum, B27, and AIM-V at each cultivation day. (B) Doubling time in each
culture. (n) =3 (C) Creatine kinase (CK) activity was measured for the assessment of myogenic differentiation
during the entire cultivation period. (n) =3-5. One-way ANOVA followed by Tukey’s test was performed for the
multiple comparisons. *p <0.05, #p < 0.05 versus Serum, B27, and AIM-V at each cultivation day. (D) Diameter
of myotubes at day 7. In total, 20 randomly chosen myotubes were measured in each culture. *p <0.05 versus
Serum. Data presented as average + standard deviation (SD).

to the cell clumping. Altogether, overall cell viability was higher than 80% and AIM-V might offer less stressful
environmental conditions for the C2C12 cells than the B27 serum substitute during the entire cultivation period.

Different growth and differentiation profiles were observed among Serum, B27, and AIM-V
cultures. Growth profiles in the proliferative myoblast were further investigated to determine growth rates
and doubling times (Fig. 3A,B) until the second day of cultivation. C2C12 cells cultured in serum and AIM-V
showed a higher growth rates trend compared to B27 cultures. However, such growth rates between Serum,
B27, and AIM-V were not significant at day 2. Since DMEM culture does not support proliferation at all, we
only calculated the doubling time in 3 culture conditions. Serum and AIM-V cultures showed similar doubling
time, 15.7+ 1.5 h and 16 +2 h, respectively, whilst B27 culture showed higher doubling time (20+4 h), indicat-
ing that AIM-V medium might better support the growth than B27. However, our data showed no statistically
significant difference between the three culture models. As the doubling time is lower than 20 h, we decided
to collect cells at day 1 (24 h) for the metabolomic study to further investigate the myoblast phenotype. Fur-
thermore, we evaluated myogenic differentiation by measuring creatine kinase (CK) activity?® throughout the
entire cultivation (Fig. 3C). Except for DMEM, cells cultured in Serum, B27, and AIM-V culture gradually had
increased CK activity after 3 days and reached the highest activity on day 7. Interestingly, B27 culture showed
the fastest maturation of myotubes, and AIM-V culture showed a similar increasing CK activity rate compared
to Serum culture. At the end of cultivation, the CK activity was similar in Serum, B27, AIM-V culture, with no
statistically significant difference. Moreover, we measured the diameter (Fig. 3D) of myotubes from morphology
images and observed muscle twitching at day 7 (supplementation video) in all cultures except DMEM. While
the myotubes in Serum culture presented the largest diameter (23 +5 um), those of AIM-V and B27 had smaller
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Figure 4. The rates of consumption and secretion of extracellular metabolites at day 1 (myoblasts) and day

7 (myotubes) in DMEM, Serum, B27, and AIM-V cultures. The medium was collected from day 0 to 1 and

6 to 7, representing day 1 and 7, respectively. (A) The rate of glucose consumption. (B) The rate of glutamine
consumption. (C) The rate of lactate secretion. (D) The ratio of lactate secretion to glucose production. (n) =4.
The student’s t-test was performed to compare day 1 and day 7 in each different culture. *p <0.05. One-way
ANOVA followed by Tukey’s test was performed for the multiple comparisons. #p <0.05 versus Serum, B27, and
AIM-V at each cultivation day. &p <0.05 versus DMEM, B27, and AIM-V at each cultivation day. a-c, different
letters in the same day indicate the significant statistical difference. Data presented as average + standard
deviation (SD).

diameters (13 £2 pm). All myotubes showed contraction movement at day 7, confirming muscle cell differentia-
tion. Myotubes grown in B27 showed different patterns of muscle twitching compared to Serum and AIM-V
culture, which was confirmed by video analysis (Supplementary Fig. 4). Specifically, a higher time-to-single
twitching and lower frequency of movement in B27 culture were shown than in Serum and AIM-V cultures
(Supplementary Fig. 4B). Furthermore, the strongest movement of twitching was observed in larger areas in B27
culture, whereas weaker movement of twitching was determined only in smaller areas in Serum and AIM-V
(Supplementary Fig. 4C). Interestingly, the characterization of diameter and contraction of myotubes could be
classified into slow or fast types of muscle?. Since thinner diameter and slower contraction speed were shown in
B27 culture, suggesting that slow type of muscles might be more dominant in B27 than in Serum culture. Taken
together, myotubes in all three cultures at day 7 showed similar CK activity, but different sizes and twitching
modes were observed among Serum, B27, and AIM-V cultures. Therefore, we decided to collect cells on day 7 to
represent myotube status for further metabolomics study.

Significant differences in the rate of glucose and glutamine consumption and lactate produc-
tion between serum-free and serum-supplemented cultures. The difference in the rate of extracel-
lular glucose and glutamine consumption and secretion of lactate from myoblasts (day 1) and myotubes (day 7)
was compared in DMEM, Serum, B27, AIM-V cultures (Fig. 4). DMEM culture showed significantly different
consumption and secretion trends compared to all others on day 1 and 7. Even though the absolute rates of
consumed glucose and glutamine, and secreted lactate are different, the significant decreasing trend of glucose
and glutamine consumption was shown between day 1 and day 7 in Serum, B27, and AIM-V cultures, indicat-
ing proliferative cells require uptake of carbon and nitrogen sources. Overall, serum-free cultures consumed
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Figure 5. Overview of intracellular metabolites at day 1 (myoblasts) and day 7 (myotubes) in DMEM, Serum,
B27, and AIM-V cultures. (A) Heat map of the average order of magnitude of intracellular concentrations

(M). D, S, B, and A indicate DMEM, Serum, B27, and AIM-V, respectively. (B) Contribution (%) of metabolite
classes to the total measured levels of metabolites. (C) Score plot of Principal component analysis (PCA). (D)
Hierarchical clustering analysis (HCA) based on average distance and Ward clustering algorithm was performed
on Metaboanalyst. Al, Bl, D1, and S1 indicate AIM-V, B27, DMEM, and Serum culture at day 1 (myoblasts),
and A7, B7, D7, and S7 indicate AIM-V, B27, DMEM, and Serum culture at day 7 (myotubes). (n) =4.

less glucose and glutamine compared to serum culture (Fig. 4A,B). Interestingly, the secretion of lactate was
shown to be different between serum and serum-free cultures. For example, the lactate secretion rates are similar
between all cultures at day 1 (1.68 ng/24 h/cell). Unlike serum culture, the only serum-free cultures showed a
lower secretion of lactate at day 7 compared to day 1 (Fig. 4C). Since lactate can cause the alteration of acidity
and osmolality in the medium?, less accumulation of lactate (0.5 fold change compared to serum culture) in the
medium can be an advantage for serum-free cultures. We further calculated the ratio of consumed glucose to
secreted lactate to know the rate of secretion versus consumption (Fig. 4D). Surprisingly, all cultures showed the
consistent trend that the ratio is higher in myotubes (day 7) than in myoblasts (day 1), except for DMEM culture.
In addition, the ratio was shown to be the same in Serum and AIM-V, 0.97+0.02 and 0.96 +0.05, respectively.
Since the measurement of glucose consumption and lactate secretion from the medium is non-invasive, tracing
altered consumption and secretion rates could provide additional information for the assessment of the matura-
tion of skeletal muscle cells.

Metabolite profiles are more dependent on growth status than medium conditions. Next, we
analyzed intracellular metabolites involved in central carbon metabolism, such as the intermediates of glycolysis,
TCA cycle, and pentose phosphate pathway (PPP), nucleotide phosphates, other sugar phosphates, deoxynu-
cleotide phosphates, amino acids, and lactate. In total, 63 intracellular metabolites were quantified. To validate
the quality of the sampling and quenching procedure, the adenyl energy charge (AEC), reflecting an index used
to measure the energy status of biological cells, was calculated from the respective intracellular concentration
of AMP, ADP, and ATP. The energy charge in physiological cells is reported to range from 0.7 to 0.95**>%. Our
experimental AEC was between 0.77 and 0.82, indicating that the metabolite sampling procedure was acceptable
(Supplementary Fig. 3).

The intracellular metabolites levels varied in the range of micromolar to millimolar concentrations (Fig. 5A).
Amino acids were the most abundant metabolites, whilst deoxynucleotide phosphates had the lowest concen-
tration in all culture conditions. Intriguingly, C2C12 cells cultured in B27 showed significantly higher levels of
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pentose phosphate metabolites (R5P, PRPP) and pyrimidine nucleotides (UMP, UDP, UTP, CTP) compared to
other cultures at day 1.

However, the distribution among metabolite classes showed a more considerable divergence between myo-
blast (day 1) and myotube (day 7) in the different mediums (Fig. 5B). A significant increase in lactate pool was
observed in myotube compared to myoblast except for DMEM. The AIM-V and Serum cultures presented a
similar metabolic shifting in terms of significantly decreased contribution of glycolysis and pentose phosphate
pathway (PPP)-related metabolites, nucleoside phosphates, and amino acids (decreased trend but not significant
in Serum) from proliferating myoblasts to differentiated myotubes. This might be due to the fact that differen-
tiated cells might shift their biosynthetic rate since they stop proliferating, which might be evidenced by low
consumption rates of extracellular glucose and glutamine per cell (Fig. 4A,B). Previously, significantly down-
regulated mRNA expression of hexokinase (HK), aldolase (ALDO), pyruvate kinase (PK) in myotubes versus
myoblasts were reported™®. Consistent results previously reported that glycolysis occurs in proliferating C2C12
myoblasts, which later is followed by a differentiation process accompanied by autophagy and mitophagy, result-
ing in increasing oxidative phosphorylation activity*"*2. Furthermore, an overall downregulated gene expression
regulating nucleic acid and protein metabolism was observed during differentiation®"**. The pentose phosphate
pathway (PPP) is upregulated in pathophysiological conditions and is known to be inactive in muscle cells**. Our
metabolite profile results also showed significant downregulated PPP after myogenic differentiation. Importantly,
intracellular lactate contribution is dramatically increased after differentiation.

To determine an overview of clustering, unsupervised principal component analysis (PCA) and hierarchical
cluster analysis (HCA) were performed. The PCA score plot indicated that only DMEM culture at day 7 had a
distinct altered intracellular metabolic profile compared to all other cultures. All myotube cultures (A7, B7, S7)
were separated from myoblast cultures along PC2 and clustered together, indicating that metabolic difference is
more dominant between the cellular status (proliferation vs. differentiation) than between medium conditions
(Serum, B27, AIM-V) (Fig. 5C).

We further performed HCA to confirm the outcome of the PCA analysis (Fig. 5D). D7 is isolated from all
groups followed by the B1 group showing the high concentration of pyrimidine nucleotides and pentose phos-
phate pathway metabolites. This might be due to the presence of galactose in B27. Galactose can enter the PPP
at various stages and it can be further converted into G6P which is a substrate for PPP. Furthermore, galactose-
driven glucose is shuttled into the PPP rather than glycolysis®>. It has been confirmed by the manufacturer that
AIM-V does not contain any galactose. Surprisingly, AIM-V and Serum cultures are clustered together at day
1 (myoblasts) and day 7 (myotubes). One Serum replicate was clustered with B27 at day 7. Taken together, the
PCA and HCA analyses showed that C2C12 cells cultured in AIM-V had a more similar metabolic phenotype
compared to Serum culture than B27. Furthermore, the metabolic difference is greater between cell status than
extracellular nutrient composition.

Intracellular GL3P and UDP-GIcNACc levels are significantly increased in myotube compared to
myoblast in Serum, B27, and AIM-V cultures. Next, we further explored how the intracellular metab-
olism alters between myoblasts (day 1) and myotubes (day 7) in Serum, B27, AIM-V except for DMEM medium.
An unsupervised PCA was performed to visualize the overview of the normalized intracellular metabolites data
set. There is a clearer classification between proliferating myoblast (A1, B1, S1) versus differentiated myotube
(A7, B7, S7) than the culture medium factors. Surprisingly, cells in the proliferative status (A1, B1, S1) showed
more dramatic metabolic differences than differentiated myotubes cultured in 3 different mediums in the PCA
score plot (Fig. 6A). Myotubes cultured in all 3 mediums all tend to converge together, indicating that the var-
iation of metabolic phenotypes in proliferating myoblast is larger than in differentiated myotube. Metabolic
regulation in proliferating cells might be more sensitively influenced by the extracellular environment than in
differentiated cells. A similar phenomenon was observed in proliferative intestinal epithelial cells that they are
more sensitive than differentiated cells in response to extracellular mycotoxin treatment, which was confirmed
by transcriptome analysis*.

Regarding the comparison of 3 different mediums, myoblast cultured in B27 still showed a dramatic dif-
ference compared to Serum culture, even though they shared the same basic medium (DMEM). AIM-V and
Serum cultures are clustered together in the PCA score plot, which is consistent with previous results (Fig. 5C).

We further explored which metabolites are differently distributed between myoblast and myotube. In the
PCA biplot, most metabolites contributed to the myoblast group at day 1 (Fig. 6B), which is in line with the
above-mentioned results. Only Lac, CMP, Pro, Asn, Gly, UDP-GIcNAc, and Glycerol-3-phosphate (GL3P) were
upregulated in the myotube group (A7, B7, S7). Among them, GL3P and UDP-GlcNAc showed significantly
elevated concentrations between myotube versus myoblast in all 3 groups (Fig. 6C,D). GL3P stands at the cross-
road of glucose, lipid, and energy metabolism in mammalian cells and participates as an electron transfer shuttle
to mitochondria, but is also incorporated into the glycerol lipid and fatty acid cycle”. Previously, high produc-
tion of GL3P was observed in intensive flight insect muscles®. Glycerol-3-phosphate dehydrogenase (GPDH)
reversibly catalyzes the conversion of dihydroxyacetone phosphate to GL3P. Furthermore, mitochondrial glycerol
3-phosphate dehydrogenase (mGPDH) has been identified as an important regulator for muscle differentiation
and regeneration and authors reported that the knockdown of mGPDH significantly downregulated myogenic
differentiation®. Therefore, the GL3P shuttle might be a key target to regulate the maturation of skeletal muscle
differentiation.

UDP-GIcNAc is a final product from the hexosamine biosynthetic pathway and serves as the donor substrate
for O-GlcNAcylation which is the post-translational modification process that regulates fundamental cellular
processes. Only a few studies have reported the regulation process of the skeletal muscle by O-GlcNAcylation to
date. O-GlcNAcylation transferase (OGT) uses UDP-GIcNAc as a substrate to trigger O-GlcNAcylation process
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Figure 6. Principle component analysis (PCA) of intracellular metabolites datasets of C2C12 myoblasts (day

1) and myotubes (day 7) cultured in Serum, B27, and AIM-V. (A) Score plot of PC2 versus PC1. The individual
shaded area presents the 95% confidence interval of the group. (B) Biplot. In total, 66% of the data variation is
explained by PC1 and PC2. A1, B1, and S1 indicate AIM-V, B27, and Serum culture at day 1, and A7, B7, and S7
indicate AIM-V, B27, and Serum culture at day 7. Significantly increased metabolites in myotubes (day 7) versus
myoblasts (day 1) cultured in Serum, B27, and AIM-V mediums. (C) Absolute intracellular concentration (M)
of GL3P. (D) Absolute intracellular concentration (M) of UDP-GIcNAc in Serum, B27, and AIM-V culture. (E)
The ratio of UDP/UDP-GIcNAg, indicating O-GlcNAcylation. (n) =4. The student’s t-test was performed to
compare day 1 and day 7 in each different culture. *p <0.05. Data presented as average + standard deviation (SD).

followed by a release of UDP*. Knockdown of OGT resulted in the accumulation of intracellular UDP-GlcNAc
in muscle tissue*!. Previously, negative regulation of O-GlcNAcylation was observed during terminal myogenic
differentiation in C2C12 cells and the authors concluded that decreased O-GlcNAcylation may have a com-
mon role in the differentiation of cells of muscle lineage*’. In addition, the complete ablation of OGT in muscle
satellite cells in mice resulted in impaired proliferation, indicating O-GlcNAcylation is required for supporting
proliferation®. We further calculated the ratio of UPD-GlcNAc to UDP to present O-GlcNAcylation (Fig. 6E).
The fold change from myoblast to myotube was 0.12, 0.21, 0.65 in Serum, B27, AIM-V culture, respectively,
which indicates decreased O-GlcNAcylation.

Taken together, to the best of our knowledge, this is the first study to provide solid evidence that intracel-
lular GL3P and UDP-GIcNAc levels were significantly upregulated in differentiated skeletal muscle, suggesting
it as a tool to evaluate the maturation of the skeletal muscle and that it offers a potential target for regulation of
skeletal muscle generation.

Not only non-essential amino acids but also the reduction and transamination of pyruvate are
different between Serum, B27, and AIM-V cultures. We further compared the intracellular metabo-
lite profiles between Serum, B27, AIM-V medium cultures. Therefore, intracellular metabolic switching from
proliferating myoblasts (day 1) to differentiated myotubes (day 7) was illustrated in each medium (Fig. 7A).
C2C12 cultured in B27 and Serum, which shared DMEM as a basic medium, commonly had elevated intracel-
lular levels of glycine, proline, asparagine, whilst no change was observed in AIM-V culture. They are non-
essential amino acids and are not included in DMEM basic medium except glycine (Supplementary table 3).
Interestingly, proliferating myoblasts cultured in AIM-V showed a significantly higher concentration of Pro,
Asn, Arg (only against serum) than Serum and B27 cultures (Supplementary Fig. 11 and Table 4). Unfortunately,
the complete formulation of AIM-V is not disclosed. In fact, commercial serum-reduced mediums from the
same manufactures, such as Advanced DMEM, MEM, and RPM]I, are often supplemented with non-essential
amino acids, assuming that non-essential amino acids might be supplemented in AIM-V medium, which was
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Figure 7. (A) Simplified schematic alteration of central carbon metabolism in C2C12 myotubes versus
myoblasts with a heat map of the log2 fold change of average metabolites levels in Serum, B27, and AIM-V
cultures. The student’s t-test was performed. Bold lines indicate statistically significant metabolite levels
(p<0.05). Dark gray color metabolites were not determined. Direct reactions are shown by continuous lines, a
series of reactions are indicated by dashed lines. TCA tricarboxylic acid, PPP pentose phosphate pathway, Glc
ex consumption of glucose, Gln ex consumption of glutamine, Lac ex secretion of lactate. Significant different
pyruvate metabolisms were shown in myotubes cultured in Serum, B27, AIM-V at day 7. The graphs were
illustrated using OMIX 2.0 software*’. (B) Pyruvate reduction into Lactate and (C) Transamination to Alanine.
(n)=4. *p<0.01. Data presented as average * standard deviation (SD).

confirmed by Thermo fisher company. A consistent observation regarding elevated glycine during human skel-
etal muscle differentiation has been reported*. However, the normalization procedure to present the final intra-
cellular concentration is not standardized and depends on the individual lab. It might be controversial for direct
comparison since they reported decreased proline levels during differentiation.

Secondary, the reduction and transamination of pyruvate showed a significant difference between Serum,
B27, AIM-V cultures (Fig. 7A). In most cells, the major source of cytosolic pyruvate is the last step of glyco-
lysis. Pyruvate is further reduced into lactate by lactate dehydrogenase (LDH) or transamination conjugated
with glutamate takes place to produce alanine and a-ketoglutarate by alanine transaminase (ALT)*. Pyruvate
reduction was decreased only in B27 cultures (Fig. 7B), resulting in low production of lactate accompanied by
increased TCA intermediates levels, suggesting that oxidative metabolism is dominant. In contrast, both Serum
and AIM-V cultures showed a high level of intracellular lactate, but excretion of lactate is significantly higher
only in Serum culture.

Regarding pyruvate transamination, only myotubes in B27 cultures showed significantly elevated alanine
levels compared to Serum and AIM-V cultures (Fig. 7A). Surprisingly, the ratio of the sum of alanine and
a-ketoglutarate to pyruvate and glutamate also showed the highest levels in B27 cultures (Fig. 7C). Moreover, a
significantly higher absolute concentration of the non-essential amino acids including Ala, Asp, Cys, Gln, Glu,
Ser, Tyr, Arg (only against Serum), Asn (only against AIM-V) was observed in myotubes (day 7) cultured in
B27 compared to AIM-V and Serum culture (Supplementary Fig. 2 and Table 4). Taken together, non-essential
amino acids and the reduction and transamination of pyruvate were shown distinctly different between medium
(Serum, B27, AIM-V).

Intracellular metabolic profiles could be applied to determine muscle phenotypes. To date,
there are only very few studies to determine the difference of intracellular metabolite profiles between fast and
slow types of muscles. Skeletal muscle phenotype could be determined by the type of myosin heavy chain (MHC)
isoform. Fast muscles and slow muscles contain MHC II (type II) and MHC I (type I), respectively*. In fact,
slow muscles (type I fibers) and fast muscle (type II fibers) rely mainly on oxidative and glycolytic metabolism,
respectively?’. Therefore, we further investigated whether intracellular metabolic profiles could distinguish the
muscle phenotype. To investigate the muscle phenotype, immunostaining of MHC type I and II were performed
on day 7 of Serum, B27, and AIM-V cultures (Fig. 8A). Serum culture showed mostly MHC II phenotype than
MHC, indicating the fast type of muscle cells are dominant, while B27 culture indicated significantly predomi-
nant of MHC I expression than MHC I (Fig. 8B,C). Surprisingly, a similar trend is also shown by calculating the
sum of intracellular glycolytic-related metabolites (Fig. 8E) and oxidative-related metabolites (Fig. 8F, Supple-
mentary table 2). In particular, the ratio of slow to the fast type of muscles (MHC I to MHC II) by immunostain-
ing (Fig. 8D) and the ratio of the sum of oxidative to glycolytic metabolite set (Fig. 8G) presented the same trend
between Serum, B27, and AIM-V cultures.

Previously, C2C12 myotubes cultured in serum showed high expression of MYHI1 and MYH4 associated
with type II (glycolytic) fibers, indicating fast muscle type*®. Primary rat myoblast cultured in AIM-V showed
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Figure 8. (A) Representative images of phase-contrast and immunostaining of MHC I and IT in C2C12 cells
at day 7 in Serum, B27, and AIM-V cultures. Images show immunostaining for MHC I (green), MHC II (red)
and Hoechst counterstained nuclei (blue). Merged panels show composite images. Scale bar indicates 100 pm.
Quantification of MHC I and II images from A was shown following figures. The positively MHC I and II—
stained area was normalized to nuclei area. (B) Quantification results of MHC I (slow type)—positive stained
myotubes. (C) Quantification of MHC II (fast type)-positive stained myotubes. (D) The ratio of quantified
MHC I to MHC II, indicating slow type of muscle is more dominant. The experiments were performed three
times and representative results are shown. (E) The sum of the glycolytic metabolism-related metabolites (G6P,
F6P, F1, 6BP, 2/3-PG, PEP, Pyr, and Lac) and (F) Oxidative metabolism-related metabolites (Cit, Icit, aKG,
Suc, Fum, IA, and Mal). (G) The ratio of sum of oxidative to glycolytic-related metabolites. Data presented as
average + standard deviation (SD). (n)=4. *p<0.05, **p <0.01, ***p <0.001.

intermediate muscle type (sharing slow and fast muscle type), as higher expression of MYH2 compared to the
Serum culture was observed". Surprisingly, our metabolite profiling was consistent with a previous study that
Serum culture showed the fast type of muscle glycolytic metabolism*®, confirming that intracellular metabolic
data can be used as a tool to assess the phenotype of muscle.

Moreover, lactate was thought to be a waste product of anaerobic glycolysis. However, lactate can be formed
through aerobic glycolysis and act as the vehicle between glycolytic and oxidative metabolism. Glycolytic cells
act as lactate producers, whereas oxidative cells act as lactate consumers®. Therefore, we suspected that myotubes
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cultured in B27 and Serum act as consumer and producer cells for lactate, suggesting the oxidative and glycolytic
types of muscles, respectively. C2C12 cells in AIM-V might share oxidative and glycolytic types, due to the lower
secretion even though they showed high intracellular lactate concentrations (Supplementary Fig. 2). However, the
current study is limited to measuring the export and uptake rate of intracellular lactate. Therefore, the investiga-
tion of the relation between lactate metabolism and muscle phenotypes might be interesting as a future study.

Furthermore, higher levels of non-essential amino acids and total amino acids were observed in the slow type
compared to the fast type of muscle®. In addition, the levels of intracellular alanine, glutamine, and histidine
showed a significant high correlation with the slow type of muscle®, which is in line with our result from B27
culture (Supplementary Fig. 2). Therefore, we can confirm that the most dominant muscle type of C2C12 in B27
is the slow type of muscle.

The distinction of muscle types should be considered in the field of artificial meat research. For example,
slow types of muscles are dominant in red meat, such as beef, whereas white meat, including mouse and pig, is
rich in the fast type of muscles?. In addition, the slow type of muscle can offer a more rich flavor and taste due
to high levels of alanine, glutamate, and aspartate®, suggesting that the development of different muscle fibers
must be considered in future artificial meat research. Taken together, C2C12 myotubes cultured in B27, Serum,
AIM-V showed the oxidative, glycolytic, mixed metabolic phenotypes of slow, fast, and intermediate muscles,
respectively.

Conclusion

We performed the metabolic analysis of C2C12 myoblasts and myotubes in two different types of serum-free
culture models (B27 and AIM-V) and compared them with the conventional serum-supplemented culture model
to explore the impact of the serum-free culture on skeletal muscle cells. High cell viability was shown during
1 week of cultivation and myotubes showed different phenotypes in terms of the size and muscle twitching
between the different medium cultures. The rate of consumption glucose versus secretion of lactate was increased
after myogenic differentiation. Significant upregulated intracellular levels of GL3P and UDP-GIcNAc in myo-
tube were shown in all culture models, which can be applied for the assessment of muscle cells differentiation.
Non-essential amino acids and reduction and transamination of pyruvate were different between the medium
culture. B27 could be the serum substitute for generating slow and oxidative metabolic phenotype muscle. The
metabolic profile of AIM-V culture was more similar compared to serum culture than B27. We believe that
this work will suggest that metabolic profiling can be used as a tool for the assessment of muscle cells and the
distinction of their phenotypes.

Methods and materials
Chemicals and materials. All chemicals and materials were purchased from Sigma Aldrich, unless spe-
cifically defined. UBC(*® N) labeled isotope chemicals were obtained from Cambridge isotope laboratories.

Cell culture and maintenance. C2C12 murine myoblasts were purchased from the American type cul-
ture collection (ATCC CRL-1772, lot number 70024392). Cells were cultured and maintained in tissue culture
flask T75 or T175 flasks (Treated, VWR, USA) in growth medium containing high glucose DMEM medium
supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin (15140122, Thermo Fisher
Scientific, USA) in an incubator at 37 °C under a humidified atmosphere of 5% CO, supply (HERAcell 1504,
Thermo fisher Scientific, USA). Cells are subcultured when they reached 50 to 60% of confluence. The passage
number from 3 to 5 are used in this research.

Proliferation and differentiation culture in serum-supplemented and serum-free medi-
ums. Before seeding the cells into the plate, all plates should be coated with ECL solution (ECL cell attach-
ment matrix, 08-110). Briefly, ECL solution was prepared following concentration (5 pl of ECL solution/1 ml of
DMEM medium), and then 50 ul, 1 ml, 5 ml of ECL solution were placed into the 96 wells, 6 wells, and 90 mm
culture plates (Treated for increased cell attachment, VWR, USA). After incubating for 1 to 2 h at room tempera-
ture, coated plates were washed with PBS buffer followed by air-drying in the sterile bench. Cells were seeded at
7500 cells/cm? into plates and proliferated for 2 days to reach 90%-100% confluency in 4 different mediums (only
DMEM, DMEM +10% FBS (lot number; BCBV9857, DMEM + 2% B27 (17504044, Thermo Fisher Scientific,
USA), AIM-V (A3830801, Thermo Fisher Scientific, USA). The culture mediums were replaced with DMEM,
DMEM +2% horse serum (lot number; 19D017), DMEM + 1% B27, AIM-V, respectively. The fresh medium
was replaced every 2 days and cells were incubated 5 days more to stimulate myotube formation. To reduce the
experimental variability, the same lot number of serum was supplemented for all the experiments.

Cell morphology monitoring. Cell morphology was observed under the bright field phase-contrast
microscope (Eclipse Ts2, Nikon, Japan) and the diameter of myotubes was carefully measured using NIS Ele-
ments F 4.51 software under 4X objective lens. The myotube twitching was recorded under 10X objective lens
using Bandicam software (Bandicam.Inc, Seoul, Korea). Detail method for analyzing muscle twitching video is
described in the supplementary material.

Measurement of cell viability and cell death. Cell viability was measured using PrestoBlue assay
(A13262, ThermoFisher, USA). Briefly, cells were seeded in ECM-coated black 96 wells plate and cultivated for
1 week in the different medium according to the above culture method. The PrestoBlue reagent was added at
10% of total volume and incubated for 30 min at 37 °C. The fluorescence was measured at 560 nm for the excita-
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tion at 590 nm for emission using a microplate reader machine (Spark 20 M, Tecan, Switzerland) at indicating
culture time points.

Cell death was determined by the measurement of released lactate dehydrogenase (LDH) (MAKO066) into the
medium. The medium was collected and immediately stored at— 80 °C. LDH activity in the collected medium
was measured in duplicate according to the manufacturer’s instructions.

Cell counting for the measurement of growth rate and doubling time. The total cell number at
day 0, 1, 2 was counted using Moxi” cell counter machine equipped with type S cassettes (Orflo Technologies).
The doubling times (DT) were determined according to the following exponential growth equation regression:
DT =T In2/In(Xe/Xb); where T is the incubation time, Xb is the cell number at the beginning of the incubation
time and Xe is the cell number at the end of the incubation time>**,

CK (Creatine kinase) activity assay. The cells are washed with PBS buffer once and then lysed with
M-PER buffer supplemented with Halt protease and phosphatase inhibitor (100X, 78446, Thermo Scientific,
USA). Collected lysates were centrifuged (4 °C, 14000Xg, 10 min) and only supernatants were stored immedi-
ately at—80 °C. To measure total protein content, BCA protein assay kit (23225, Thermo Scientific, USA) was
used. CK activity was determined using Creatine Kinase Activity Assay Kit (MAK116) according to the manu-
facturer’s instructions. Briefly, 100 pl of reconstituted reagent was added with 10ul of cell samples in a 96 well
microplate. The plate was incubated at 37 °C and measured 20 and 25 min at 340 nm using a microplate reader
(Spark 20 M, Tecan, Switzerland), then 600 factor was applied for the calculation of CK activity. The calculated
CK activity value was corrected by the total protein content.

Immunofluorescence. The cells were fixed in 4% paraformaldehyde for 15 min at room temperature and
permeabilized with 0.1% triton X-100 in PBS for 15 min. After washing with PBS buffer three times, cells were
blocked in 1% BSA in TBST solution for 1 h and then incubated with diluted MHC primary antibody (Rabbit
anti-MHC class I, ab281901, Abcam, 1:100, and mouse anti-MHC class II, ab55152, Abcam, 1:100) at 4°C for
overnight. After washing with PBS, cells were incubated second antibodies conjugated with Alexa Fluor 488 and
594. (Goat anti rabbit Alexa Fluor 488, ab150081, 1:500 and Goat anti-mouse Alexa Fluor 594, A-11032, Thermo
Fisher Scientific, 1:200) for 1 h at room temperature. 1 pg/ml of Hoechst 33342 was used for the staining of nuclei
acid. All images were taken using a fluorescent microscope (Nikon Eclipse Ts2) equipped with 10x objective
lens (Plan Fluor, Nikon) and image software (NIS element version 4.51.00, Nikon). For the image analysis, 2-3
randomly selected fields were used from three independent experiments. Evaluation of fluorescence intensity
was carried out with Image] FIJI software™.

Preparation of intracellular metabolites extraction procedure from cells and medium. Cells
were seeded into ECM-coated 90 mm culture plates and 6 well plates for the metabolic sampling and the meas-
urement of cell density and the average of cell volume. The cells were collected on day 1 and 7. Sampling was
performed according to the previous publication with slight modification®. In detail, each cell plate was placed
on the ice pack. After discarding the cell medium, cells were quickly washed in 10 ml of cold 0.9% NaCl solution
followed by cold 10 ml of MQ-H,O. Finally, cells were detached mechanically using by cell scraper in 5 ml of
cold MQ:ACN (1:1, v/v) solution and cell solution was transferred in the 50 ml centrifugation tube. This step was
repeated once more. Total 10 ml of cell solution in MQ:ACN (1:1, v/v) was immediately quenched in the LN,
and stored at— 80 °C. In addition, cell density (cells/ml) and cell volume(pL) were measured from a 6 wells plate,
using a Moxi” cell counter machine equipped with type S cassettes (Orflo Technologies, USA).

Preparation of intracellular metabolites extracts. Intracellular metabolites were extracted from the
quenched cell suspension based on the repeated freeze-thawing cycle between LN, and cold water (<4 °C). Total
three repeated freeze-thaw cylces were performed for the disruption of cell membrane by ice crystal formation.
Extracted intracellular metabolites solutions were centrifuged (4 °C, 4500xg, 10 min) to remove cell debris. Only
9 ml of extracted solution was collected and immediately quenched in LN2 and lyophilized. Concentrated lyo-
philized intracellular metabolites extracts can be stored at—80 °C before analysis. For further analysis, extracts
were reconstituted in 500 pl of cold MQ-H,O and filtered through spin-filter 3KD cutoff by centrifugation (4 °C,
14000xg, 20 min) and stored at— 80 °C for MS-based metabolites analysis.

The measurement of extracellular metabolites. Extracellular glucose, lactate, and glutamine were
measured from culture medium according to previous publication®. Briefly, 2.5 ml of the medium was collected
for day 0-1 (day 1) and day 6-7 (day 7) from 90 mm dish culture, respectively. The cell counting was performed
using a Moxi” cell counter machine immediately after collecting the medium. After brief centrifugation (4 °C,
1000 rpm, 5 min), the 2 ml of the medium was immediately quenched in LN2 and stored at—20 °C. After
freeze-drying, it was reconstituted in 600 pl of deuterium oxide (d,0) and measured by NMR (Bruker Ascent
400 MHz) based on “N PROF_1H” method. 70 mM of creatine solution was used as a quantification reference.

Targeted MS-based metabolite profiling. Phosphorylated metabolites and TCA intermediates were
quantified based on previous publications using by capillary ion chromatography (CapIC)—triple quadrupole
mass spectrometer (MS/MS) (Xevo TQ-XS, Waters, USA)*. Organic acids and amino acids analysis were per-
formed according to previous publication®. Briefly, cell extracts and standards were derivatized using o-benzyl-
hydroxyl amine and phenyl isothiocyanat for organic acids and amino acids analysis, respectively. UPLC (Accu-
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nity I-class UPLC, Waters, USA) coupled with TQ-XS was used for the quantification and further instrumental
parameters were described in a previous publication®.

Data processing. TopSpin v4.1.1 (Bruker, USA) was used for the data processing of all NMR-spectra to
quantify extracellular glucose, lactate, and glutamine in the medium. All MS-based data processing was per-
formed in the TargetLynx application manager of Masslynx 4.1 (Waters Corporation, USA). All responses fac-
tors are corrected the corresponding U*C(*® N)-isotopologue. Intracellular concentration was further corrected
for dilution factors and concentrations during sample preparation and normalized to cell density and average
cell volumes.

Statistics and graphical tools.  All results are expressed as the average + standard deviation (SD). To per-
form the multivariate analysis in Metaboanalyst®®, all data were normalized with auto-scaling before multivariate
statistical tests. The student’s t-test was performed to compare the average of the two groups. One-way ANOVA
followed by Tukey HSD was applied for the posthoc analysis using SPSS version 27 for the comparison of mul-
tiple groups.
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