www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

W) Check for updates

Metabolomic analysis of primary
human skeletal muscle cells
during myogenic progression

Ashok Kumar?, Yashwant Kumar?*?, Jayesh Kumar Sevak!, Sonu Kumar?, Niraj Kumar®** &
Suchitra Devi Gopinath***

Skeletal muscle constitutes more than 30% of total body mass using substrates such as glycogen,
glucose, free fatty acids, and creatinine phosphate to generate energy. Consequently, multinucleated
myofibers and resident mononucleated stem cells (satellite cells) generate several metabolites,
which enter into circulation affecting the function of other organs, especially during exercise and
atrophy. The present study was aimed at building a comprehensive profile of metabolites in primary
human skeletal muscle cells during myogenic progression in an untargeted metabolomics approach
using a high resolution Orbitrap Fusion Tribrid Mass Spectrometer. Identification of metabolites with
multivariate statistical analyses showed a global shift in metabolomic profiles between myoblasts
undergoing proliferation and differentiation along with distinctly separable profiles between early and
late differentiating cultures. Pathway analyses of 71 unique metabolites revealed that Pantothenate
metabolism and Coenzyme A biosynthesis and Arginine Proline metabolism play dominant roles in
proliferating myoblasts, while metabolites involved in vitamin B6, Glyoxylate and Dicarboxylate,
Nitrogen, Glutathione, and Tryptophan metabolism were upregulated during differentiation.

We found that early and late differentiating cultures displayed differences in Phenylalanine,

Tyrosine, Glycine, Serine and Threonine metabolism. Our results identify metabolites during
maturation of muscle from progenitor myoblasts that have implications in muscle regeneration and
pathophysiology.

Skeletal muscle physiology is critically dependent on the functionality of a progenitor population called, “satel-
lite cells” that proliferate and differentiate to form multinucleated myofibers, thereby contributing to muscle
regeneration during injury or exercise!~%. Conversely, defects in satellite cell function can result in loss of muscle
mass and decline in performance that is frequently observed in chronic illnesses and aging®. In this aspect, the
field of metabolomics has emerged with the intention of providing a comprehensive profile of metabolites and
low molecular weight molecules in specific organ tissues, thereby enabling precision medicine and biomarker
discovery in various disease states®. Thus, identification of metabolic pathways during myogenic progression
may provide information on energy requirements of cells during various physiological states of the muscle tissue.

Recent studies have characterised the skeletal muscle metabolome during strenuous exercise in humans,
neuromuscular diseases such as Pompe disease and Duchenne’s muscular dystrophy, daily variations in tissue
metabolites vis-a-vis nutritional challenges, overexpression of metabolic regulators, and aging”~'2. Metabolic
profiles of young, post-mortem, and aging murine satellite cells have also been evaluated using measurement of
mitochondrial function and analysis of metabolic gene signatures associated with different myogenic cell cycle
states '*'%. Thus, studies from murine myogenic cells suggest that metabolic requirements are critically linked to
myogenic cell fates and therefore the quality of regeneration. While the use of animal models has hugely aided in
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developing personalized metabolic profiles in each condition, few studies have used human subjects or cell culture
models to achieve similar objectives. For such studies, muscle biopsies have been extracted from control and
test subjects including serum samples to detect circulating metabolites and expand the repertoire of metabolites
associated with a specific physiological state”!? . Myogenic cell culture studies, on the other hand provide direct
evidence of the presence of muscle-specific metabolites without confounding results arising from inter-tissue
communication and endocrine regulators targeting skeletal muscle”'*. The objective of our study, therefore, was
to develop a standard metabolomic profile of human primary myoblasts using ultra-high performance liquid
chromatography tandem mass spectrometry (UHPLC-MS/MS) coupled to multivariate statistical analyses during
different stages of myogenic progression, which can then be used for identifying signature metabolic profiles of
skeletal muscles in altered physiological states.

Results

Metabolomic analysis. Cells lysates were derived from proliferating primary hSkmc at (Day 0) and differ-
entiating HSMM cultures at two different days after induction of differentiation (Day 2 and Day 4) and were ana-
lyzed using UHPLC-MS/MS. Metabolites were identified and then analyzed using PCA analysis to obtain gen-
eral information of the datasets, relationships between the different groups, and the detection of outliers (located
outside the 95% confidence region of the model) (Supplementary Fig. 1B). Of the total 71 metabolites that were
detected, principal component PC2 effectively and distinctly separated the Day 0 and Day 2/4 cultures suggest-
ing that the switch from proliferation to differentiation causes a significant change in global metabolite profiles
(Supplementary Fig. 1B). Proliferating myogenic cultures (Day 0) displayed greater variation as evidenced by
the spread along the PC1 axis, possibly due to heterogeneity arising from asynchronous cell cycle times amongst
cells. Early differentiating cultures (Day 2) while distinct from proliferating myoblasts, still showed considerable
variation probably due to cells transiting from proliferation to differentiation. This is evident by the presence of
mononucleated and multinucleated cells in the culture (Fig. 1, middle panel). Late differentiating cultures (Day
4), on the other hand, were represented by a tight cluster indicating culture homogeneity and increased presence
of multinucleated cells (Fig. 1, Supplementary Fig. 1B). Gene expression analysis of known myogenic genes,
MyoD, Myogenin, and Myosin Heavy Chain (MyHC) were activated as reported before during proliferation,
early and late differentiation respectively (Supplementary Fig. 1A). Visualization of data using heat map analysis
corroborated the distinction in PCA analyses between metabolite patterns of proliferating, early and late differ-
entiating cultures (Supplementary Fig. 2).

Of the 71 identified unique metabolites, approximately 60% of the metabolites fell in the category of amino
acids or derivatives and metabolites of amino acids. Of the rest, 18% of the metabolites were represented by
carboxylic acids, 8% by nucleosides, 4% by esters, 3% by aldehyde and their derivatives, and less than 2% by
carbohydrate polymers, alkaloids, and purine derivatives (Table 1).

Significant changes in metabolites during myogenic progression. Using the MetaboAnalyst
4.0 software package, a total of 23 unique metabolites were identified that displayed significantly altered levels
between proliferating and differentiation cultures, including 8 common between early and late differentiating
cultures (Fig. 2A,B). Of these, 20 metabolites were observed to be significantly altered between proliferating and
late differentiating cultures (Day 0 and Day 4) and 11 metabolites between proliferating and early differentiat-
ing cultures (Day 0 and Day 2), suggesting a global shift in metabolism when human myogenic cell progress
from proliferation to a terminally differentiated state. Expectedly, numbers of metabolites showing differential
expression between early and late differentiating cultures were smaller with 7 metabolites displaying significant
differences in the levels of Betaine, Octopine, Valine, Tryptophan, 4-Methylcatechol, 1 Methylhistidine, and
adenosine (Fig. 2C). Table 1 lists the changes in ratios of metabolites from proliferating to early differentiation
(Day 0 to Day 2), early to late differentiation (Day 2 to Day 4), and from proliferation to late differentiation (Day
0 to Day 4).

To identify those metabolites with the most important features that contributed to differences between the 3
groups, we performed a PLS-DA plot (Fig. 3A). The PLS-DA score plot with component one accounting for 42%
of the variation and component two explaining 28% of the variation, shows a clear separation between prolifera-
tion and differentiation, as well as a distinction between early and late differentiation (Fig. 3A). The PLS-DA
analysis showed a distinct separation (R2Y =0.9) and good predictability (Q2=0.56) with an accuracy of 45%
(Supplementary Fig. 1C). The variable importance in projection (VIP) score plot was used to identify the top 11
most important metabolite features between the 3 different groups with scores greater than 1 and that contributed
to the classification (Fig. 3B). In order to confirm that the variation in concentration of the identified metabolites
was statistically significant, a ¢ test was done to identify the important discriminants with a threshold of p <0.05
(Table 1). We identified 6 such significant metabolites including Glutathione oxidized, valine, Glycerophospho-
choline, Adenosine, b-pantothenic acid, and Arginine (Fig. 3B, Table 1). Of these metabolites, D-pantothenic
acid, Arginine, and Valine were significantly upregulated in proliferating myoblasts, while, Glutathione oxidized,
Glycerophosphocholine, and Adenosine were upregulated in late differentiating cultures (Fig. 3B).

Metabolomic pathway analysis in myogenic progression. To investigate which of the metabolic
pathways were significantly altered during myogenic progression, we performed Pathways analysis with Meta-
boAnalyst 4.0 and identified the Pantothenate metabolic pathway and Coenzyme A (CoA) biosynthesis to be
significantly regulated throughout myogenic progression (Fig. 4, Table 2). Specifically, Pantothenate and CoA
biosynthesis was upregulated in proliferating cultures compared to differentiating myogenic cultures (Fig. 4,
Table 2). Additionally, we detected several metabolites indicating a dominant role for Arginine and Proline
metabolism in proliferating myoblasts (Fig. 4, Tables 1, 2). Metabolic pathway maps displayed key metabo-
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Figure 1. hSKmc cultured in growth media for 3 days were fixed and stained with MyoD (top panel), or
switched to differentiation media for 2 days (middle panel) and 4 days (last panel) and stained for MyHC.

lites related to the Pantothenate and CoA biosynthesis pathway that were altered during proliferation including
Pantothenate, f-alanine, Uracil, Valine, and Aspartate, while those related to Arginine and Proline metabolism
included Arginine, Ornithine, Citrulline and Aspartate (Fig. 5A).

Of the 12 unique pathways upregulated during differentiation, vitamin B6, Glyoxylate and Dicarboxylate,
Nitrogen, Glutathione, and Tryptophan metabolism were upregulated in late differentiation (Table 2). Pathway
analyses between early and late differentiating cultures identified significant alterations primarily in specific
amino acid metabolism such as Phenylalanine, Tyrosine, Glycine, Serine and Threonine metabolism (Fig. 4,
Table 2). Metabolic pathway maps showed key metabolites related to the Glutathione pathway were altered during
differentiation including Glutathione oxidised (GSSG), Glycine, Glutamate, and 5-Oxoproline, while metabolites
related to the Tryptophan metabolism pathway were Kynurenine and 5-Hydroxy tryptophan (Fig. 5B,C).

Discussion
Skeletal muscle performance in the context of physical activity and endocrine regulation of other organ sys-
tems is critically dependent on energy demands of individual myogenic cells. These cells are characterised by
specific metabolite profiles that signify as biomarkers of a particular stage of myogenic progression'*!'*. While
gene expression and in vivo functional studies have indicated the importance of specific factors for muscle
mass maintenance and physiology, less is known about measureable changes in metabolites corresponding to
these pathways, the tissue source, and the temporal kinetics of these metabolites during the course of myogenic
progression'®~!8. Using two multivariate statistical methods of PCA and PLS-DA analyses, our results identify
the predominant metabolites and pathways important for proliferation and distinct differentiation stages during
myogenic progression in human primary myoblasts.

From our results we found that a key pathway to be active in proliferation was Arginine and Proline metabo-
lism with Arginine displaying a VIP score > 1 (Fig. 3B). Specifically, we found that proline-hydroxyproline was
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Day-0/ versus Day-2 Day-0/ versus Day-4 Day-2/ versus Day-4
S.no | Metabolite name | Mode Ratio p value Ratio p value Ratio P value
1 3-Methylhistidine | Positive Hilic | 1.957483761 | 0.017058732 | 1.969849069 | 0.01706663 1.482804653 | 0.956364752
2 f&?gﬁfoxmw' Positive Hilic | 0.892634278 | 0.501064879 | 0.990409135 | 0.857467453 | 0.539920534|0.391557516
3 Arginine Positive Hilic | 2.063405284 | 0.021845753 | 3.019269217 | 0.129708384 | 64.10815532| 0.510461226
4 Carnosine Positive Hilic | 1.381165782 | 0.231663886 | 0.441840836 | 0.388254784 | 0.925133238] 0.326132666
5 Galactosamine | Positive Hilic | 2.400296514 | 0.011032868 | 3.063427592 | 0.014300249 | 0.063095683 | 0.055447395
6 (G;)‘(‘lﬁ‘ltzhelg)“e Positive Hilic | 0.155939966 | 0.008695074 | 0.140495964 | 0.040022369 | 18.455947540.451109586
7 gle‘ji‘i};ii")“e Positive Hilic | 0.219887217 | 0.478180308 | 0.508236024 | 0.371266079 | 47.07290561 | 0.653463664
8 Gly-Val Positive Hilic | 2.618389502 | 0.265807903 | 2.610573581 | 0.239896174 0.06066872 | 0.980335803
9 Histidine Positive Hilic | 0.897460993 | 0.824289642 | 0.68752904 | 0.041119919 | 5.333627958 0.590077911
10 Kynurenine Positive Hilic | 1.403423107 | 0.206203297 | 1.877591002 | 0.045644309 | 0.313956092 | 0.206462409
11 Lysine Positive Hilic | 1.07404302 | 0.69878706 | 1.262601926 | 0.439139483 | 41.26193431| 0.370038949
12 N-Acetylhistidine | Positive Hilic | 8.663894138 | 0.010640991 | 1271642777 | 0.011309978 | 0.043353965 | 0.166758226
13 L-Methylhistidine | Positive Hilic | 1.146680443 | 0.006762015 | 0.909198318 | 0.088270644 | 1.191416337| 0.015088396
14 ﬁfc il\lf:thyl‘s‘ﬂe' Positive Hilic | 0.883831782 | 0.656091485 | 1.693482061 | 0.733860783 2.87311408 | 0.690666886
15 N-Methylproline | Positive Hilic | 1.434443191 | 0356711878 | 2.093768751 | 0.288915143 | 1.250040637 | 0.208222283
16 N-Methylserine | Positive Hilic | 0.630955667 | 0.050240636 | 0.51163564 | 0.019520417 | 21.3565562 | 0.250600044
17 Octopine Positive Hilic | 5287217325 | 0.197774148 | 12.78205406 | 0.172678835 | 0.738545396| 0.019932737
18 E:glli‘g:’hyd“’xy’ Positive Hilic | 1.699381081 | 0.015190354 | 2.008944192 | 0.033992985 | 1.515058751 | 0.174178233
19 Eirgg‘e"“ylcar' Positive Hilic | 1.178580994 | 0.131295737 | 0.804876763 | 0.7130271 11.61778227 | 0.530650712
20 SDMA Positive Hilic | 2.317179658 | 0.429051246 | 3.662975851 | 0.304548183 | 0.005772778 | 0.300783066
21 Taurine Positive Hilic | 1.152807858 | 0.378443043 | 1.135080404 | 0.532004759 | 0.724821458 | 0.939454594
Uridine-5-di-
22 phosphoacetyl- | Positive Hilic | 0.236797735 | 0.285847398 | 0.320233968 | 0.203784286 | 332.6518156 | 0.70071203
glucosamine
23 Beta-alanine Positive Hilic | 2.343509429 | 0.009954229 | 2.496581273 | 0.056740483 | 0.100688392 | 0.820501657
24 Glycine Positive Hilic | 0.46210005 | 0.16294956 | 0.487130168 | 0.056597298 | 2.098289127| 0.766787981
25 Palmitate Positive Hilic | 0.614986594 | 0.464993079 | 1.090262794 | 0.880114504 | 0.002434426| 0.600636379
26 Cholate Positive Hilic | 1.098018515 | 0.157506917 | 1.094544916 | 0.364194308 | 13.14097994 | 0.977100429
27 gg;ﬁfphosl’ho' Positive Hilic | 0.410966821 | 0.028671262 | 0.361175125 | 0.173575736 | 9.097481347 | 0.726250188
28 Glutamate Positive Hilic | 1.221537042 | 0.207605635 | 1.025410416 | 0.690595173 245540182 | 0.176857341
29 Leucine Positive Hilic | 1.444908173 | 0.176917283 | 1.728757289 | 0.275269829 | 10.29942336| 0.483717136
30 ﬁ'Qu{nOil?‘ecar' Negative Hilic | 1.418438368 | 0.513853945 | 2.159369267 | 0.218075199 | 0.103449101 | 0.086485699
oxylic acid
31 Aspartic acid Negative Hilic | 0.482476444 | 0.065825708 | 0.602504147 | 0.113049977 | 0.127367313 0.516568913
32 Glutamicacid | Negative Hilic | 1.046514892 | 0.780023849 | 0.827811878 | 0.242537341 | 0.150792733| 0.415386587
33 Ornithine Negative Hilic | 1.850187949 | 0.391006337 | 5.755406751 | 0.145940321 | 0.078217893 | 0.165848257
34 Ecyif;’glutam‘c Negative Hilic | 1.367259238 | 0.093669826 | 1.891645605 | 0.043315005 | 2.369792082 | 0.366558893
35 Valine Negative Hilic | 1.753550671 | 0.174813102 | 2.384865691 | 0.113296857 | 61.62403609| 0.040640995
36 Phenylalanine | Negative Hilic | 0.935194029 |0.86993207 | 0.409014557 | 0.042444283 | 0.791986697| 0.090863383
37 Tryptophan Negative Hilic | 0.371330134 | 0.081424087 | 0.192753035 | 0.042524748 0.01204981 | 0.032135949
38 féiyy‘ilre"xybenza' Positive RP 0.038566578 | 0.338542448 | 0.08710944 | 0.030486282 | 2.748006594 | 0.55634682
39 ﬁ'Qu{nOI‘f‘ecar' Positive RP 1.284244421 | 0.178306336 | 1.296689552 | 0.039303244 | 1.799999525 | 0.963141641
oxylic acid
40 fafo“:t‘;‘dmobu' Positive RP 0.542825386 | 0391616229 | 1.237852105 | 0.544874186 1.46736347 | 0.207158492
41 4-Pyridoxate Positive RP 0.906943765 | 0.438937202 | 0.87509599 |0.296192773 | 0.067630149] 0.857936761
4 Creatinine Positive RP 1.253400463 | 0.16561792 | 1.26221635 | 0.080361469 | 2.527037031 | 0.902938632
43 Deoxycarnitine | Positive RP 126442431 | 0.070202975 | 2.712227268 | 0.414190457 | 0.165367546 | 0.531546157
44 aDc'ifélam"them“ Positive RP 2.54453839 | 0.010420678 | 1.630641604 | 0.003710638 1.16289204 | 0.095092403
45 Guanosine Positive RP 1.145849982 | 0.355689984 | 1.129363317 | 0.50751644 5.768618975 | 0.89840141
Continued
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Day-0/ versus Day-2 Day-0/ versus Day-4 Day-2/ versus Day-4

S. no Metabolite name | Mode Ratio p value Ratio p value Ratio P value

46 Hippurate Positive RP 1.127259102 | 0.136289877 | 1.406303815 | 0.016533704 | 0.219676668 0.131795401
47 Hypoxanthine | Positive RP 1.359667365 | 0457112959 | 1.608746416 | 0.099129029 7.05463603 | 0.809897126
48 Carnitine Positive RP 190728994 | 0.143435009 | 1.564029523 | 0.172039547 | 0.018010572 0.589277748
49 Proline Positive RP 11825476 | 0.10029429 | 1.364221698 | 0.019455593 1.09422421 | 0.087632586
50 g'p‘?l‘;tyl""nyp' Positive RP 0513159962 | 0.129235482 | 0.496551741 | 0.022394724 | 0.019329765 | 0.799179294
51 Nicotinamide Positive RP 1.854686932 | 0.213557125 | 3.014205827 | 0.199623561 | 294.7130137 | 0.171017445
52 Phenethylamine | Positive RP 0947278292 | 0.830253378 | 1.539430825 | 0.158597412 | 0.158329201 | 0.080856795
53 Pipecolate Positive RP 125016381 | 0.293213253 | 1.427971372 | 0.207201663 | 1.071570022 | 0.09885495
54 Pyridoxal Positive RP 1.217768919 | 0.031096573 | 1.27808282 |0.111845597 | 0.1123321870.515255364
55 Pyridoxine Positive RP 1.087248254 | 0.317809478 | 1.096173651 | 0.700340773 | 4.820930313|0.965070128
56 Cytidine Positive RP 2322579759 | 0.180942623 | 2.507571618 | 0.258966415 | 29.54734542 0.869145933
57 Citrulline Positive RP 1.24280421 | 0.682704165 | 0.603931311 | 0.531030346 | 0.0005244720.53161591
58 Inosine Positive RP 1.899386369 | 0.182257102 | 1.390470066 | 0.310097325 | 50.39782881 0.198914094
59 Cytosine Positive RP 2198331093 | 0.138106621 | 2.197735973 | 0.21587362 | 0.096448908 | 0.999444736
60 Uracil Positive RP 0.944308633 | 0.227098922 | 1.026581624 | 0.238988701 | 0.184148495 | 0.131452792
61 Guanine Positive RP 1.262679439 | 0.538371956 | 1.28191787 |0.421569109 | 97.45431759]0.983003715
62 Folate Positive RP 1.330385823 | 0.627752558 | 0.447595415 | 0.203196636 | 0.015697847 | 0.219888549
63 Betaine Positive RP 2.045353528 | 0.181453617 | 2.995576467 | 0.1168387 2.012165194 | 0.007590226
64 Pyroglutamate | Positive RP 0.755668365 | 0.123082312 | 0.807394884 | 0.226135842 | 1566.855327 | 0.704018417
65 Adenosine Positive RP 1.371651672 | 0378510887 | 0.894426306 | 0.530775604 | 41.39432776 0.044975022
66 f;g{ig"xypheny' Positive RP 1100243522 | 0374777295 | 1.16996763 | 0.295039165 | 0.890312864 | 0.493264835
67 Lipoamide Positive RP 123055559 | 0.104304526 | 1.21925258 |0.072138847 | 0.442513586 | 0.929302085
68 Suberate Positive RP 0959311235 | 0.696818973 | 0.964122724 | 0.863292691 | 5.735613668 | 0.985533593
69 4-Methylcatechol | Positive RP 0.816546234 | 0.152010857 | 0.621372018 | 0.037113323 | 0.807864486 | 0.0491021

70 Uridine Negative RP | 1.337277003 | 0.490020692 | 1.13709077 |0.724444642 | 5622283342 0.382538807
71 f;r’:(f:::mid"bu' Negative RP | 4.059047216 | 0.120056303 | 5.167043856 | 0.096549799 | 0.000822875 | 0.158797722

Table 1. Global and differential metabolite profiles during myogenic progression of primary human
myoblasts. Italics values represent metabolites with significant values p <0.05.

upregulated 1.7-fold in proliferating myoblasts over early differentiating cultures and 2-fold over later differ-
entiating cultures (Fig. 3A). Both proline and hydroxyproline comprise 30% of the amino acids in collagen, a
vital component in the extracellular matrix of skeletal muscle'®. These amino acids contribute to the stability
of the helices in collagen and are responsible for the stiffness of this polymer indicating that these are neces-
sary components in creating bio-artificial muscles in tissue engineering'®*. The increase in metabolite levels of
proline and hydroxyproline in the early stages suggest a preparatory step in myogenic progenitors for terminal
differentiation. It has also been reported that metabolomic analysis of aged muscles has revealed a reduction in
proline and hydroxyproline that might be responsible for the progressive loss of muscle mass and function in
sarcopenia, in accordance with dysfunctional satellite cell activation in aging muscles''.

Our analysis revealed that one of the pathways dominating the proliferative phase is the Pantothenate meta-
bolic pathway and CoA biosynthesis with p-pantothenic acid displaying a high VIP score (Fig. 3B). Pantothenic
acid is the primary substrate for Pantothenate kinase, the rate limiting step in CoA biosynthesis, accounting
for about 66% of CoA in skeletal muscle, the highest amount than in any other tissue?’~*. In muscle energy
metabolism, CoA contributes to the fatty acyl-CoA pool in mitochondria via the carnitine shuttle system, that is
subsequently used for the carnitine palmitoyl-transferase 2 (CPT2) mediated transesterification of acyl-carnitine
to carnitine and acyl CoA, for mitochondrial fatty acid p-oxidation, oxidative decarboxylation of pyruvate to
acetyl CoA, and finally as a key substrate for a-ketoglutarate in the TCA cycle**?’. Importantly, CoA functions as
a substrate for the enzyme, acyl CoA synthetase (ACS) that enables a critical fuel selection switch from glucose to
fatty acids (FA) during activity?®. Indeed, impaired ACS function result in a significant decline in FA oxidation,
heightened insulin sensitivity, depleted glucose reserves resulting in a form of hypoglycaemia that could not be
compensated by hepatic gluconeogenesis, and reduction in muscle endurance capacity®®. Physiological regulation
of CoA became evident in a study examining the effects of altering CoA levels in skeletal muscle that resulted
in altered mitochondrial morphology, lowered ATP levels, increased oxidative stress, reduced grip strength and
endurance in exercise?” Thus, it may seem that Pantothenate and CoA profiles and their metabolites in muscle
cells might potentially be altered during specific pathological situations.
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Figure 2. Heat map displaying metabolites that were significantly altered over the progression of myogenic
culture. (A) 20 metabolites that were differentially altered from proliferating myogenic culture (Day 0) to late
differentiating culture (Day 4). (B) 11 metabolites that were differentially altered from proliferating (Day 0) to
early differentiating myogenic culture (Day 2). (C) 7 metabolites that were differentially altered from early (Day
2) to late differentiating culture (Day 4).
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Figure 3. (A) Partial least square discriminate analysis (PLS-DA) scores plot of proliferating (Day 0), early

differentiating (Day 2) and late differentiating myogenic culture (Day 4). First component versus second
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S.no | Pathways displayed significant changes during Day 0 to Day 2 transformation | Match status | p value | FDR

1 Pantothenate and CoA Biosynthesis 5/19 0.0049 | 0.062407
2 Glycerophospholipid Metabolism 1/36 0.0069 | 0.062407
3 Ether lipid metabolism 1/20 0.0069 | 0.062407
4 Tryptophan Metabolism 3/41 0.0120 | 0.086932
5 Pantothenate Metabolism 1/23 0.0466 | 0.27999
Pathways displayed significant changes during Day 2 to Day 4) transformation

1 Glycine, Serine and Threonine Metabolism 2/33 0.0051 | 0.10159
2 Pantothenate and CoA Biosynthesis 5/19 0.0056 | 0.10159
3 Phenylalanine, Tyrosine and Tryptophan Biosynthesis 1/4 0.0396 | 0.26212
4 Phenylalanine Metabolism 4/10 0.0472 ] 0.26212
Pathways displayed significant changes during Day 0 to Day 4 transformation

1 Glutathione metabolism 5/28 0.0018 | 0.033886
2 Tryptophan Metabolism 3/41 0.0018 | 0.033886
3 Phenylalanine, Tyrosine and Tryptophan Biosynthesis 1/4 0.0034 | 0.041434
4 Pantothenate and CoA Biosynthesis 5/19 0.0060 | 0.054196
5 Pantothenate Metabolism 1/23 0.0122 | 0.058348
6 Vitamin B6 Metabolism 3/9 0.0143 | 0.058348
7 Arginine Biosynthesis 5/14 0.0161 0.058348
8 Phenylalanine Metabolism 4/10 0.0161 | 0.058348
9 Glycine, Serine and Threonine Metabolism 2/33 0.0184 0.058348
10 Glyoxylate and Dicarboxylate Metabolism 2/32 0.0211 | 0.058348
11 Porphyrin Metabolism 2/30 0.0211 | 0.058348
12 Arginine and Proline Metabolism 6/38 0.0211 | 0.058348
13 p-Glutamine and p-Glutamate Metabolism 1/6 0.0254 | 0.058348
14 Butanoate Metabolism 1/15 0.0254 | 0.058348
15 Nitrogen Metabolism 1/6 0.0254 | 0.058348
16 Alanine, Aspartate and Glutamate Metabolism 2/28 0.0259 0.058348
17 Histidine Metabolism 5/16 0.0419 | 0.088755

Table 2. Metabolic pathways displaying significant changes in the primary human myoblasts during the
course of myogenic progression.

Another key metabolite that was modestly, but significantly upregulated in differentiating human myoblasts
was Pyridoxal, suggesting the importance of vitamin B6 and one carbon metabolism (OCM) in myogenic pro-
gression. Specifically, vitamin B6 is a source for pyridoxal phosphate (PLP), a coenzyme required for several
phases of OCM, further highlighting the importance of this dietary nutrient in aiding normal muscle growth and
function, especially during muscle development and postnatal regeneration. Additionally, recent reports suggest
that PLP is essential for the synthesis of carnosine, a histidine containing dipeptide that is prevalent in Type 1l
glycolytic fibers, with increased PLP levels present in highly contractile muscle, suggesting a role for vitamin B6
metabolism in muscle regeneration®**!.

Of the metabolites present at increasing levels during differentiation, we found glutathione metabolism par-
ticularly GSSG displaying the highest VIP score of 3.2, to be significantly upregulated more than 2-fold above
proliferating myoblasts, indicating the importance of regulation of oxidative stress in myogenic progression
(Fig. 3B). These results are concordant with a recent report examining antioxidant transcription and myogenic
differentiation in satellite cells, indicating that a pro-oxidative environment is essential for differentiation®2.
Despite the observation that GSSG is a notoriously difficult compound to quantify by mass spectrometry, it is
highly unlikely that its presence is an artefact of the methodology, since we detect this compound at retention
time 8.3 with very good peak shape and ion intensity using HILIC negative mode as is indicated by high resolu-
tion EIC analysis (Supplementary Fig. 4). Increasing concentrations of tryptophan, a precursor of serotonin and
IGF-1 that is associated with increasing muscle mass, suggest the direct impact that this essential amino acid has
on differentiation. Indeed, it has been shown that reduced levels of tryptophan are associated with sarcopenia,
while its metabolite kynurenine has been observed to accumulate in the peripheral tissues of rats with advanced
age®>*. Specifically, mice fed with tryptophan, but not its metabolite kynurenine showed increased expression of
myogenic, as well Aktl and Akt2, two factors essential for myogenic differentiation and myotube maturation®.
This suggests that the increase in muscle mass on tryptophan administration arises because of its requirement
during terminal myogenic differentiation.

Conclusion.  Overall, our study aims to use high throughput metabolomics analysis as a foundational study
to characterise skeletal muscle-specific metabolic changes during myogenic progression that includes proliferat-
ing, early differentiating and late differentiating human myogenic cultures. Using an untargeted metabolomics
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Figure 5. Representative metabolic pathway maps of significantly altered metabolites during proliferation

and differentiation. Key metabolites related to (A) Pantothenate and CoA biosynthesis and Arginine and
Proline metabolism that display significant alteration during proliferation and (B) Glutathione metabolism, (C)
Tryptophan metabolism during differentiation. Colored boxes represent identified metabolites. Images were

modified from map00770 and map00220 respectively for (A), map00480 for (B), and map00380 for (C) from
the KEGG database (https://www.kegg.jp).
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Figure 5. (continued)

approach coupled to multivariate analyses, this is the first study to implicate specific pathways such as Pantoth-
enate metabolism and CoA biosynthesis and arginine and proline metabolism during the proliferation step of
myogenic progression. Several unique pathways including vitamin B6, Tryptophan, Glutathione, and Glyoxylate
and Dicarboxylate metabolism were identified as the key pathways that are altered during the differentiation
phase of myogenic progression. Although the study captures a wide unbiased landscape of metabolites, this
could be a precursor for future studies pursuing individual metabolites that are perturbed during myogenic dif-

ferentiation for specific muscle diseases.
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Materials and methods

Cell culture. Human skeletal muscle myoblasts (hSKmc) (CC-2580), growth media, supplements, and serum
(CC-3245) were purchased from Lonza (Walkersville, MD). HSMM differentiation medium (DM) was prepared
by adding 2% horse serum to DMEM (Hyclone). HSMM were maintained in growth media for 3-4 days till cul-
tures reached 70% confluence followed by three washes in phosphate buffered saline (PBS, pH 7) and switched to
DM. Intracellular metabolites from cell lysates were collected from Day 0 cultures (before addition of DM), Day
2 and Day 4 cultures (DM added for 2 and 4 days respectively). For kinetic analysis of intracellular metabolites,
hSKmc cultures for Day 0, 2, and 4 underwent three washes in PBS, scraped in RIPA lysis and extraction buffer
(Cat # 89900, ThermoFisher Scientific), and stored at — 80 °C.

Sample preparation. Metabolites were extracted from the quenched cells using 100% methanol extrac-
tion method. Cells pellet frozen at — 80 °C was thawed for 10 min and resuspended in 500 pl of 100% chilled
methanol (MS-grade, Sigma) and vortexed for 1 min and frozen at — 80 °C for 10 min. The freeze-thaw cycle
was repeated twice followed by pelleting of cells by centrifugation at 15,000¢ for 10 min at 4 °C. After centrifuga-
tion each supernatant (~400 pl) was collected in a separate microfuge tube without disturbing the pellet. Each
fraction (100 pl) was dried using a speed vacuum at room temperature for 20-25 min. Samples were stored at
— 80 °C till further analysis. For sample injection, each sample was resuspended in 25 pl of methanol water mix-
ture (3:17, methanol: water), vortexed briefly and centrifuged at 11,000 rpm for 10 min at 4 °C.

Measurement of metabolites. Orbitrap Fusion mass spectrometer (Thermo Scientific) coupled with
heated electrospray ion source was used for data acquisition. Data acquisition methods have been followed
as per published protocols***” with minor modifications. Briefly for MS1 mode, mass resolution was kept at
120,000 and for MS2 acquisition, mass resolution was 30,000. Mass range of data acquisition was 60-900 da.
Extracted metabolites were separated on UPLC ultimate 3,000. Data were acquired on reverse phase and HILIC
column and positive and negative ionization mode both. Reverse phase column was HSS T3 and HILIC column
was XBridge BEH Amide (Waters Corporation). For polar compound separation, solvent A was 20 mM ammo-
nium acetate in the water of PH 9.0 and mobile phase B was 100% acetonitrile. The elution gradient starts from
85% B to 10% B over 14 min with flow rate of 0.35 ml/min. For reverse phase, Solvent A was water and B was
methanol with 0.1% formic acids added in both. The elution gradient starts with 1% B to 95% B over 10 min with
flow rate 0.3 ml/min. sample injection volume was 5ul. Pool quality control (QC) sample was run after every five
samples to monitor signal variation and drift in mass error. Data matrices have been provided in Supplementary
Table 1 and representative spectra of one of the samples acquired in positive and negative modes of HILIC and
RP have been provided in Supplementary Fig. 3.

Data processing. All LC/MS acquired data has been processed using the Progenesis QI for metabolomics
(Water Corporation) software using the default setting. The untargeted workflow of Progenesis QI was used
to perform retention time alignment, feature detection, deconvolution, and elemental composition prediction.
Metascope plug of Progenesis QI has been used for the in-house library with accurate mass, fragmentation pat-
tern and retention time for database search. We have also used online available spectral library for further con-
firmation of identification. Cut-off for retention time match was 0.5 min and spectral similarity was more than
30% fragmentation match in Progenesis QI. Peaks that had a coefficient of variation (CV) less than 30% in pool
QC samples were kept for the further analysis of data. Additionally, manual verification of each detected feature
has been done for the selection of right peaks.

Statistical analysis. For each of the stages of myogenic progression (Day 0, 2, and 4), three independent
experiments with equal number of cells counts were performed. Processing of the raw data lead to identification
of total 71 metabolites at all the three stages (Day 0, Day 2 and Day 4) of myogenic progression. All the further
statistical and functional analysis including the PCA, heat map, molecular pathways identification, analysis of
variance (ANOVA) was done based on the identified peaks intensity using the online freely available Metabo-
analyst 4.0 software. For analysis of PCA, heatmaps, ANOVA data were put in matrix, with samples in rows and
features in columns. Before final analysis data integrity check was performed and raw data were normalized by
sum methods and scaling was done using the Pareto scaling.

Data availability
Data deposited to MetaboLights with ID-MTBLS1818 (https://www.ebi.ac.uk/metabolights/ MTBLS1818).
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