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ABSTRACT

Skeletal muscles are made up of various muscle fiber type including slow and fast-twitch fibers. Because each
muscle fiber has its own physiological characteristics, the effects of aging and exercise vary depending on the
type of muscle fiber. We used bioinformatics screening techniques such as differentially expressed gene
analysis, gene ontology analysis and gene set enrichment analysis, to try to understand the genetic differences
between muscle fiber types. The experiment and gene expression profiling in this study used the soleus (SOL,
slow-twitch muscle) and gastrocnemius (GAS, fast-twitch muscle). According to our findings, fatty acid
metabolism is significantly up-regulated in SOL compared to GAS, whereas the glucose metabolism pathway is
significantly down-regulated in SOL compared to GAS.

Furthermore, apoptosis and myogenesis patterns differ between SOL and GAS. SOL did not show differences in
apoptosis due to the aging effect, but apoptosis in GAS was significantly up-regulated with age. Apoptosis
in GAS of old groups is significantly reduced after 4 weeks of aerobic exercise, but no such finding was found in
SOL. In terms of myogenesis, exercise intervention up-regulated this process in GAS of old groups but not
in SOL. Taken together, muscle fiber type significantly interacts with aging and exercise. Despite the importance
of the interaction between these factors, large-scale gene expression data has rarely been studied. We hope to
contribute to a better understanding of the relationship between muscle fiber type, aging and exercise at the
molecular level.

INTRODUCTION fibers as they aged, whereas they were down-regulated
in type II fibers [2]. As a result, the interaction between
Type I (slow-twitch) and type II (fast-twitch) muscle aging and muscle fiber type is important in terms of
fibers make up the mammalian skeletal muscle, which muscle atrophy and metabolism, though the exact
is a very heterogeneous tissue [1]. Different factors, cellular mechanism is still unknown.
such as aging, exercise, and diseases, affect type I and
type II fiber differently. Previous studies have shown One of the most effective strategies for rejuvenation,
that aging has a different impact depending on the cognitive function, and disease prevention, such as
muscle fiber type composition. Type II fibers metabolic syndrome, is exercise [5-7]. Exercise has
significantly decreased with age, whereas type I fibers different effects depending on muscle fiber type, in
were unaffected [2-4]. Furthermore, glycolysis and addition to aging. Acute exercise significantly increased
glycogen metabolism were also up-regulated in type I the expression of lipolytic complex genes (ATGL,
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CGI-58, G0S2) in the soleus (SOL) and red section of
the gastrocnemius (GAS), whereas it decreased the
expression of lipolytic complex genes (ATGL, CGI-58,
G0S2) in the white section of the gastrocnemius (GAS)
[8]. The effect of exercise on muscle hypertrophy varies
depending on the muscle fiber type. Resistance training
improves the muscle mass-to-body ratio in fast-twitch
muscles but not in slow-twitch muscles [9]. Moreover,
exercise causes changes in the composition of muscle
fiber types. Type IIA fibers were found to be increased
in previous studies, while type 1 fibers remained
unchanged or decreased [10—12]. Endurance training,
on the other hand, can cause a shift toward type I fibers
[13, 14]. To summarize, exercise has a close
relationship with muscle fiber type, as evidenced by
numerous studies, and the relationship between exercise
and muscle fiber type should be investigated to better
understand the numerous benefits of exercise.

Among skeletal muscles, SOL and GAS have a
different muscle fiber type composition than the rest of
the skeletal muscles. In mouse SOL contains a high
percentage of slow twitch fibers (type 1 37.42 + 8.20%,
ITA 38.62 = 6.81%, IIAD 18.74 + 6.95% and IID 5.69 +
3.09%), whereas GAS is primarily made up of fast
twitch fibers (type 1IB 54.42 + 8.11%, IIDB 19.37 +
2.98%, 1ID 2.26 £ 2.24%, IIAD 12.40 + 2.34%, 1IA
5.73 £3.24% and I 5.74 + 2.55%) [15]. Because SOL
and GAS have remarkably different muscle fiber type
composition, SOL and GAS exhibit different patterns
with aging. In rats, SOL was not significantly changed
in muscle weights by aging, while GAS was decreased
[16]. In humans, SOL thickness did not differ in older
vs. younger groups, but GAS atrophied in older vs.
younger groups [17]. SOL has the characteristics of a
slow-twitch muscle, whereas GAS has the
characteristics of a fast-twitch muscle, due to the fact
that fast-twitch fiber tends to atrophy more with age
than slow-twitch fiber.

In addition to the effect of aging, exercise has different
effects on SOL and GAS. SOL has more DEGs induced
by exercise than GAS in terms of number. The stress-
response gene activating transcription factor 3 (A4#3)
[18], was only up-regulated in SOL and not in GAS
[19]. Although strenuous exercise causes an increase in
apoptosis in both SOL and GAS, the patterns of
apoptosis are different (intrinsic vs. extrinsic pathway)
[20]. Furthermore, the effects of exercise on brain-
derived neurotrophic factor (BDNF, known to promote
neuron survival) and sequestosome 1 (SQSTMI, a
receptor that accumulates when autophagy is inhibited)
differ between SOL and GAS [21]. Short-term exercise
increased BDNF expression in SOL but not in GAS (for
5 days). SOSTM1 gene expression was increased in
SOL, but not in GAS, despite chronic exercise (for

8 weeks) [22]. In summary, exercise has a different
effect on between SOL and GAS at the molecular level.

Taken together, muscle fiber type, aging and exercise
relevantly interact with each other. Because the effects
of aging and exercise differ significantly depending on
muscle fiber type, and muscle fiber type composition is
linked to diseases such as obesity, diabetes, and cancer
[23-26], it’s critical to look into the interaction between
muscle fiber type and various factors. Despite these
requirements, large-scale gene expression data has
rarely been examined in terms of the effects of aging
and exercise on different muscle fiber types. As a result,
we used bioinformatics tools to perform systematic
gene expression profiling in an attempt to elucidate the
genetic relationship between muscle fiber type, aging,
and exercise.

RESULTS

Principal component analysis (PCA) plots and
heatmaps

To understand the expression profiles of the identified
genes, PCA plots and heatmaps are presented. SOL and
GAS were divided into two clusters, as illustrated by the
dendrogram (Figure 1A). DEGs were mostly obtained
in the comparison between types of muscle fibers (SOL
vs. GAS) (Figure 1A and Supplementary Tables 1, 2).
PCA plots also indicated that two clusters (SOL vs.
GAS) were clearly separated by principal component 1
(PC1, 69.2%) (Figure 1B). Considerable separation
between the young and old groups was achieved by
principal component 2 (PC2, 5.5%) (Figure 1C).

Identification of DEGs between YC vs. OC in SOL
and GAS and commonly expressed DEGs

To investigate the effect of aging on SOL and GAS,
DEG analysis was performed. DEGs were determined
following >1.5-fold change in random expectation (p <
0.05). A total of 286 DEGs were obtained with aging in
both SOL and GAS, including 196 DEGs in SOL
OC/YC and 119 DEGs in GAS OC/YC (Supplementary
Table 1). Of the 196 DEGs in SOL OC/YC, 90 genes
were upregulated, and 106 were downregulated
(Supplementary Table 1). However, among 119 DEGs
in GAS OC/YC, 71 genes were upregulated, and 48
were downregulated (Supplementary Table 1). For each
of SOL and GAS, the 30 DEGs with the largest absolute
value of fold change are plotted (Figure 2A, 2B).

To determine how many of the genes were changed
owing to aging in both SOL and GAS, we identified 29
commonly expressed DEGs (Figure 2C and Table 1).
Of the 29 common DEGs, only cluster of differentiation
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74 (Cd74) and TYRO protein tyrosine kinase-binding Excluding Cd74 and Tyrobp, 27 of 29 overlapped

protein (7Tyrobp) exhibited a different pattern between DEGs showed similar patterns between SOL and GAS

SOL and GAS (Table 1). For Cd74 and Tyrobp, the fold (Table 1). For seven common DEGs, the fold change of

change of OC/YC showed downregulation in SOL, whereas OC/YC exhibited upregulation in both SOL and GAS

it showed upregulation in GAS (downregulation in SOL (upregulated in both SOL OC/YC and GAS OC/YC)

OC/YC and upregulation in GAS OC/YC) (Table 1). (Table 1). In contrast, for 20 of 29 common DEGs,
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Figure 1. Heatmap and PCA showing the effects of muscle fiber type, aging, and exercise on gene expression. (A) Heatmap
using the 1268 genes that passed screening. (i) Values for genes with median value of <5 and (ii) SD of bottom 25% were excluded. Yellow
indicates high expression, and blue indicates low expression. (B) and (C) are the same plot, but they were clustered by another PC. (B)
Clusters separated by PC1 (69.2% of total variance) (C) Groups divided by PC2 (5.5% of total variance).
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the fold change of OC/YC displayed downregulation in
both SOL and GAS (downregulation in both SOL
OC/YC and GAS OC/YC) (Table 1).

Identification of DEGs between YC vs. YE in SOL
and GAS and commonly expressed DEGs

To elucidate the effect of exercise on SOL and GAS in

expectation (p < 0.05). A total of 42 DEGs were
obtained as a result of exercise in young groups,
including 31 DEGs in SOL YE/YC and 13 DEGs in
GAS YE/YC (Table 2). Of the 31 DEGs in SOL
YE/YC, 11 genes were upregulated, and 20 were
downregulated, whereas among 13 DEGs in GAS
YE/YC, seven genes were upregulated, and six were
downregulated (Table 2). For each of SOL and GAS,

the 30 DEGs with largest absolute value of fold change

the young groups, DEG analysis was performed. DEGs
are plotted (Figure 3A, 3B and Table 2).

were identified following >1.5-fold change in random
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Figure 2. Top 30 DEGs between “YC vs. OC” in SOL and GAS and Venn diagram to find commonly expressed DEGs. The point
sizes of (A) and (B) represent —logio (p-value). For (A) and (B), blue points indicate upregulated genes, and red points indicate
downregulated genes. (A) Top 30 DEGs in GAS OC/YC. (B) Top 30 DEGs in SOL OC/YC. (C) Venn diagram of DEGs between YC and OC in SOL
and GAS. For commonly expressed genes, detailed fold changes and p-values are shown in the Table 1.

3340 AGING

www.aging-us.com



Table 1. The commonly expressed DEGs for aging effect.

Gene Symbol SOL OC/SOL YC p.value GAS OC/GAS YC p.value
Up-regulated in both (SOL and GAS)
Amyl 1.88 0.0042 2.90 0.0109
Cd209f 1.53 0.0113 2.26 0.0034
Rhpn2 1.67 0.0140 1.73 0.0103
Cdsl 2.45 0.0023 1.64 0.0027
Myhl4 1.59 0.0057 1.59 0.0045
Cidea 1.57 0.0006 1.51 0.0434
Htatip2 1.55 0.0359 1.51 0.0049
Down-regulated in both (SOL and GAS)
Creb3l1 -1.59 0.0046 -1.52 0.0309
Dbp -1.66 0.0101 -1.54 0.0094
Colbal —2.55 0.0071 —1.54 0.0317
LoxI2 -2.07 0.0184 -1.56 0.0048
Meg3 -2.03 0.0028 -1.58 0.0161
Rian -1.53 0.0076 -1.62 0.0303
ColSal -2.03 0.0032 -1.65 0.0011
Eln -2.13 0.0023 -1.68 0.0014
S§100a4 -1.55 0.0422 -1.69 0.0267
Aplnr -1.92 0.0077 -1.71 0.0026
Coll5al —2.17 0.0013 -1.71 0.0109
Col4a? -2.29 0.0371 -1.75 0.0000
Itm2a -1.75 0.0031 -1.77 0.0314
Col5a3 —2.65 0.0165 —1.81 0.0021
ColSa2 —2.36 0.0101 -1.82 0.0063
Tfirc —4.46 0.0038 —1.84 0.0013
Colla2 —3.86 0.0152 —2.09 0.0231
Nridl —2.83 0.0004 -2.12 0.0187
Col3al -4.50 0.0019 -2.53 0.0026
Collal -5.25 0.0091 -2.75 0.0204
Cd74* -2.20 0.0253 1.50 0.0216
Tyrobp” -1.75 0.0348 1.56 0.0234
Genes with " are different pattern between SOL and GAS.
Table 2. The commonly expressed DEGs for exercise effect in young groups.
Gene Symbol SOL YE/SOL YC p-value GAS YE/GAS YC p.value
Up-regulated in both (SOL and GAS)
No corresponding gene
Down-regulated in both (SOL and GAS)
Nrldl -2.53 0.0254 -1.70 0.0149
Pik3rl” 1.62 0.0358 —-1.54 0.0473
Genes with * are different pattern between SOL and GAS.
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To identify how many of the genes were commonly
changed owing to exercise in young groups between
SOL and GAS, we checked for the overlapping DEGs
in a Venn diagram. The number of DEGs commonly
expressed was two (Figure 3C). Of the two common
DEGs, nuclear receptor subfamily 1 group D member 1
(Nrldl) exhibited a similar pattern between SOL and
GAS, meaning the fold change of YE/YC showed
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downregulation in both SOL and GAS (downregulation
in both SOL YE/YC and GAS YE/YC) (Table 2). In
contrast, phosphoinositide-3-kinase regulatory subunit 1
(Pik3rl) showed a different pattern between SOL and
GAS. Namely, for Pik3rl, the fold change of YE/YC
exhibited upregulation in SOL, whereas it exhibited
downregulation in GAS (upregulation in SOL YE/YC
and downregulation in GAS YE/YC) (Table 2).
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Figure 3. Top 30 DEGs between “YC vs. YE” in SOL and GAS and Venn diagram to find commonly expressed DEGs. The point
sizes of (A) and (B) represent —logio (p-value). For (A) and (B), blue points indicate upregulated genes, and red points indicate
downregulated genes. (A) Top 30 DEGs in GAS YE/YC. (B) Top 30 DEGs in SOL YE/YC. (C) Venn diagram of DEGs between YC and YE in SOL
and GAS. For commonly expressed genes, detailed fold changes and p-values are shown in the Table 2.
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Table 3. The commonly expressed DEGs for exercise effect in old groups.

Gene Symbol SOL OE/SOL OC p-value GAS OE/GAS OC p.value
Up-regulated in both (SOL and GAS)
Pnpla3 1.81 0.0092 1.63 0.0436
Down-regulated in both (SOL and GAS)
No corresponding gene
Hbb-bI" 10.28 0.0280 —87.27 0.0105
Chtop” -1.95 0.0002 2.27 0.0016

Genes with " are different pattern between SOL and GAS.

Identification of DEGs between OC vs. OE in SOL
and GAS and commonly expressed DEGs

To elucidate the effect of exercise on SOL and GAS in
the old groups, DEG analysis was performed. DEGs were
identified following a >1.5-fold change in random
expectation (p < 0.05). A total of 30 DEGs were obtained
by exercise in the old groups, including 20 DEGs in SOL
OE/OC and 13 DEGs in GAS OE/OC (Table 3). Out of
20 DEGs in SOL OE/OC, 10 genes were upregulated,
and 10 were downregulated, whereas among 13 DEGs in
GAS OE/OC, six genes were upregulated, and seven
were downregulated (Table 3). For each of SOL and
GAS, the 30 DEGs with largest absolute value of fold
change are plotted (Figure 4A, 4B).

To determine how many of the genes were commonly
altered by exercise in old groups between SOL and
GAS, we explored commonly expressed DEGs between
SOL and GAS (DEGs of SOL OE/OC and GAS
OE/OC). Three common DEGs were found (Figure 4C),
of which patatin-like phospholipase domain-containing
3 (Pnpla3) exhibited a similar pattern between SOL and
GAS (Table 3). Specifically, for Pnpla3 the fold change
of OE/OC displayed upregulation in SOL and GAS
(upregulation in both SOL OE/OC and GAS OE/OC)
(Table 3). However, the hemoglobin subunit beta-1
(Hbb-bl) and chromatin target of PRMT1 (Chtop)
showed different patterns (Table 3). For Hbb-bl, the
fold change of OE/OC exhibited upregulation in SOL,
whereas it exhibited downregulation in GAS
(upregulation in SOL OE/OC and downregulation in
GAS OE/OC) (Table 3). In the case of Chtop, the fold
change of OE/OC displayed downregulation in SOL but
upregulation in GAS (downregulation in SOL OE/OC
and upregulation in GAS OE/OC) (Table 3).

Gene Ontology (GO) term and Kyoto Encyclopedia
of Genes And Genomes (KEGG) pathway
enrichment analyses using DEGs of SOL/GAS in
young and old groups

To clarify the differences between SOL and GAS by
utilizing DEGs in SOL YC/GAS YC and SOL OC/GAS

OC, GO term and KEGG pathway enrichment analyses
were performed. The number of DEGs in SOL YC/GAS
YC was 1060, while in SOL OC/GAS OC, it was 1052;
these DEGs were used for enrichment analyses
(Supplementary Table 2). For the top 10 GO terms by
SOL YC/GAS YC, the pathways associated with fatty
acid metabolism were significantly enriched, including
fatty acid beta-oxidation (GO:0006635), fatty acid
metabolic process (GO:0006631), and lipid metabolic
process (GO:0006629) (Figure SA and Table 4). For the
top 10 KEGG pathways in the young groups, the
enrichment scores of fatty acid degradation
(mmu00071) and fatty acid metabolism (mmu01212)
were significant (Figure 5B and Table 5). Regarding
valine, leucine, and  isoleucine degradation
(mmu00280), this pathway had only 14 upregulated
DEGs in SOL YC/GAS YC (Table 5). In addition, out
of 19 DEGs of glycolysis/gluconeogenesis
(mmu00010), 15 genes were downregulated, and four
were upregulated (Table 5).

For the top 10 GO terms by SOL OC/GAS OC, the gene
set related to lipid metabolism, such as fatty acid
metabolic process (GO:0006631) and lipid metabolic
process (GO:0006629), was significantly enriched
(Figure 5C and Table 6). Regarding the top 10 KEGG
pathways by SOL OC/GAS OC, the enrichment scores
of fatty acid metabolism (mmu01212) and fatty acid
degradation (mmu00071) were significant (Figure 5D
and Table 7). For pathways associated with glucose
metabolism, three gene sets belonged to the top 10
KEGG pathways in the old groups (Figure 5D and
Table 7). These pathways included glucagon signaling
(mmu04922), glycolysis/gluconeogenesis (mmu00010),
and insulin signaling (mmu04910) (Figure 5D and
Table 7).

Gene set enrichment analysis (GSEA) for apoptosis
in SOL and GAS

To investigate the association between aging and
exercise and apoptosis in SOL and GAS, we analyzed
data at the gene set levels. For the comparison between
young and old groups, HALLMARK APOPTOSIS
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pathway was more enriched in GAS OC than in GAS
YC (Figure 6A and Table 8), whereas in SOL, the
enrichment score (ES) between SOL YC and SOL OC
was not significant (ES = 0.36, p = 0.099). For the
comparison between sedentary control and exercise in
old groups, the HALLMARK APOPTOSIS pathway
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6B and Table 9). In SOL, the enrichment score between
SOL OC and SOL OE was not significant (ES = —0.25,
p = 0.615). In the young groups, there were no
significant difference between the control and exercise
groups in both SOL and GAS.
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Figure 4. Top 30 DEGs between “OC vs. OE” in SOL and GAS and Venn diagram to find commonly expressed DEGs. The point
sizes of (A) and (B) represent -Logio (p-value). For (A) and (B), blue points indicate upregulated genes, and red points indicate
downregulated genes. (A) Top 30 DEGs in GAS OE/OC. (B) Top 30 DEGs in SOL OE/OC. (C) Venn diagram of DEGs between OC and OE in SOL
and GAS. For commonly expressed genes, detailed fold changes and p-values are shown in the Table 3.
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GSEA analysis for myogenesis in SOL and GAS pathway was more enriched in SOL YC than in SOL

OC (Figure 7A and Table 10), whereas in GAS, the
To elucidate the relationship between aging and enrichment score between GAS YC and GAS OC was
exercise and myogenesis in SOL and GAS, we not significant (ES = —0.25, p = 0.955). For the results
conducted GSEA. For the comparison between young

of GSEA using sedentary control and exercise in young
and old groups, HALLMARK MYOGENESIS groups, the HALLMARK MYOGENESIS pathway
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Figure 5. Top 10 GO terms and KEGG pathways of DEGs in SOL vs. GAS in young and old groups. The red points indicate
upregulated DEGs, while the blue points indicate downregulated DEGs in the outer circle. The z-score is represented by the color of the
inner circle. (A) Top 10 GO terms using DEGs in the SOL YC/GAS YC. (B) Top 10 KEGG pathway plots using DEGs in the SOL YC/GAS YC.
(C) Top 10 GO terms by DEGs in SOL OC/GAS OC. (D) Top 10 KEGG pathway plots of SOL OC/GAS OC. For detailed adjusted p-values and
z-scores, refer to the Tables 4, 5. For significantly enriched pathway other than top 10, refer to the Supplementary Tables 3—-6.
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Table 4. The significant enriched GO terms of DEGs between SOL YC vs. GAS YC.

1D Term z-score Adjusted p.value
G0:0006936 Muscle contraction 1.34 0
G0O:0006631 Fatty acid metabolic process 2.96 0
G0:0006629 Lipid metabolic process 2.77 0.0001
G0O:0006635 Fatty acid beta-oxidation 3.21 0.0001
G0:0030239 Myofibril assembly 0.33 0.0001
GO0:0008152 Metabolic process 2.66 0.0001
G0:0060048 Cardiac muscle contraction 2.67 0.0002
GO-0010880 ier%ggi;is; i(éfrﬁ}giiﬁ r?lf sequestered calcium ion into cytosol by 033 0.0002
GO:0007519 Skeletal muscle tissue development -0.26 0.0002
G0:0006937 Regulation of muscle contraction 1.90 0.0002
Table 5. The significant enriched KEGG pathway of DEGs between SOL YC vs. GAS YC.
ID Term z-score Adjusted p.value
mmu01130 Biosynthesis of antibiotics —0.60 0
mmu01200 Carbon metabolism —0.56 0
mmu00071 Fatty acid degradation 3.77 0
mmu00010 Glycolysis/Gluconeogenesis -2.52 0
mmu04261 Adrenergic signaling in cardiomyocytes 0.96 0
mmu01212 Fatty acid metabolism 35 0
mmu01100 Metabolic pathways 0.29 0
mmu04260 Cardiac muscle contraction 1.70 0.0001
mmu05410 Hypertrophic cardiomyopathy (HCM) 1.21 0.0001
mmu00280 Valine, leucine and isoleucine degradation 3.74 0.0001
Table 6. The significant enriched GO terms of DEGs between SOL OC vs. GAS OC.
1D Term z-score Adjusted p.value
G0:0006936 Muscle contraction 1.61 0
G0O:0006631 Fatty acid metabolic process 2.41 0
GO:0010880 ier%gﬁgsrrrll i(éfrﬁ}giiﬁ r?lf sequestered calcium ion into cytosol by 0 0
G0:0060048 Cardiac muscle contraction 3.36 0
GO:0007519 Skeletal muscle tissue development 0 0.0001
G0:0030239 Myofibril assembly 0.33 0.0001
G0:0006629 Lipid metabolic process 2.55 0.0001
GO:0008152 Metabolic process 1.70 0.0001
G0:0006937 Regulation of muscle contraction 1.90 0.0002
GO0O:0045214 Sarcomere organization 2.71 0.0004
Table 7. The significant enriched KEGG pathway of DEGs between SOL OC vs. GAS OC.
1D Term z-score Adjusted p.value
mmu01130 Biosynthesis of antibiotics —0.67 0
mmu01200 Carbon metabolism —1.04 0
mmu04922 Glucagon signaling pathway -1.96 0
mmu00010 Glycolysis/Gluconeogenesis —2.67 0
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mmu01212
mmu04261
mmu00620
mmu04910
mmu00071
mmu04260

Fatty acid metabolism

Adrenergic signaling in cardiomyocytes
Pyruvate metabolism

Insulin signaling pathway

Fatty acid degradation

Cardiac muscle contraction

3.05 0.0003
1.28 0.0003
0.30 0.0005
—-1.96 0.0006
2.89 0.0006
2.32 0.0006

was more enriched in GAS YC than in GAS YE (Figure

7B and Table 11).

Similar to GAS, this pathway was

also more enriched in SOL YC than in SOL YE (Figure

A
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7C and Table 12). For the comparison between control
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Figure 6. Heatmap and GSEA results for HALLMARK_APOPTOSIS in “YC vs. OC”, “YC vs. YE”, and “OC vs. OE” in SOL and GAS.
The heatmap and enrichment plot in (A) GAS YC vs. GAS OC and (B) GAS OC vs. GAS OE. For the color of the heatmap, yellow indicates
upregulated genes, and purple indicates downregulated genes. The significant GSEA results for gene sets other than HALLMARK_APOPTOSIS
are listed in Tables 8—13.
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Table 8. The results of GSEA (GAS YC vs. GAS OC).

Group Name of gene set Size ES NES p-value FDR
Enriched in GAS YC

1 HALLMARK EPITHELIAL MESENCHYMAL TRANSITION 195 0.33 1.74 0 0.0130
2 HALLMARK ANGIOGENESIS 36 0.42 1.55 0 0.0159
3 HALLMARK UV_RESPONSE DN 143 0.27 1.27 0 0.1419
1 HALLMARK FATTY_ ACID METABOLISM 149 —0.45 —-1.38 0.0060 0.1990
Enriched in GAS OC

2 HALLMARK IL6 JAK STAT3 SIGNALING 83 —0.46 -1.35 0.0260 0.1603
3 HALLMARK KRAS SIGNALING UP 195 —0.43 -1.33 0.0010 0.1678
4 HALLMARK APOPTOSIS 161 —0.43 -1.32 0.0181 0.1821
5 HALLMARK OXIDATIVE PHOSPHORYLATION 198 -0.42 -1.31 0.0070 0.1711
6 HALLMARK INFLAMMATORY_ RESPONSE 189 -0.42 -1.30 0.0190 0.1700

Size, the number of corresponding genes to gene sets. Abbreviations: ES: Enrichment Score; NES: Normalized Enrichment Score.
Table 9. The results of GSEA (GAS OC vs. GAS OE).

Group Name of gene set Size ES NES p.value FDR
Enriched in GAS OC

1 HALLMARK UV_RESPONSE DN 143 0.47 1.66 0 0.0301
2 HALLMARK TNFA SIGNALING VIA NFKB 195 0.46 1.64 0 0.0202
3 HALLMARK PROTEIN_ SECRETION 95 0.48 1.63 0 0.0148
4 HALLMARK UNFOLDED PROTEIN RESPONSE 112 0.46 1.58 0 0.0214
5 HALLMARK MTORCI_SIGNALING 199 0.42 1.53 0.0021 0.0339
6 HALLMARK ANDROGEN RESPONSE 97 0.45 1.51 0.0045 0.0357
7 HALLMARK G2M _CHECKPOINT 196 0.41 1.49 0.0000 0.0383
8 HALLMARK E2F TARGETS 200 0.41 1.49 0.0000 0.0343
9 HALLMARK INFLAMMATORY_ RESPONSE 189 0.41 1.46 0.0021 0.0464
10 HALLMARK UV_RESPONSE UP 155 0.40 1.41 0.0098 0.0746
11 HALLMARK TGF BETA SIGNALING 54 0.45 1.40 0.0368 0.0758
12 HALLMARK MITOTIC_SPINDLE 198 0.38 1.39 0.0073 0.0742
13 HALLMARK APOPTOSIS 161 0.39 1.39 0.0151 0.0720
14 HALLMARK MYC TARGETS V1 200 0.38 1.37 0.0104 0.0786
Enriched in GAS OE

1 HALLMARK INTERFERON ALPHA RESPONSE 95 —0.46 -1.96 0 0.0004
2 HALLMARK INTERFERON GAMMA RESPONSE 192 -0.33 -1.61 0 0.0051
3 HALLMARK MYOGENESIS 198 -0.27 -1.26 0.0303 0.0628

Size, the number of corresponding genes to gene sets. Abbreviations: ES: Enrichment Score; NES: Normalized Enrichment Score.

enriched in GAS OE than in GAS OC (Figure 7D and
Table 9), whereas in SOL, it was more enriched in OC
groups than in OF groups (Figure 7E and Table 12).

DISCUSSION

Muscle fiber type interacts with aging and exercise;
aging has a major impact on type II fibers in terms of
atrophy, and exercise induces hypertrophy to a

different extent depending on fiber type [2, 9]. As
such, many researchers have scrutinized the interaction
of muscle fiber type with aging and exercise.
However, large sets of RNA-sequencing data have
rarely been analyzed to clarify the relationship
between these factors. Therefore, by utilizing such
data and bioinformatics, we attempted in the current
study to elucidate how the muscle fiber type interacts
with aging and exercise at the genetic level.

www.aging-us.com

3348

AGING



Enrichment plot: HALLMARK_MYOGENESIS

I IIHHMM

e

SOL_OG (negatiely conelates)
2005 4m0 0000 6000 10060 12000 14000 1000
Rankin Ordered Datasst

Ranked list metrie (Signal2Hoise)

[Cemammontzone — e Roming v scoms]

Enrichment plot: HALLMARK_MYOGENESIS

.

\\”’\r«xwwN i
NUMRED 0T

s cro 3 201

s
10

“0AS_VE (mgatvely serabted)

2000 4000 6000 00 10O 12600 14000 18000
Rankin Crdersd Datasst

Ranked ist metic (Signal2oise)

— Eniichment profils — Hits Ranking metic scores

plot: HALLMARK_MY

A \

£ N
ool B % o
&oo <

2

:
£o 20 coms w21

.

2 "SOLVE (negaiively conalated)

o 2w oo om0 sow w0 e 1o oo

Rankin Orderad Dataset

E = ‘

Enrichment plot: HALLMARK_MYOGENESIS
_os] g
Zon [ ! W\..\

= 7

N {

\ Pl

LS

| ==
L0000

o s o 4390

BASOE (neqatively conelated)

Ranked list metic (Signal2Rloise)

|
0 200 4000 000 800 1000 12000 1400 10000
Rankin Orderad Datasel

[ Enishment profis — hits Ranking mslic scores|

Enrichment plot: HALLMARK_MYOGENESIS
030 o~

jf’” \
\,f
JURBAELAN MATARL QAL

PRy

- 'SOL_0 (nestiely eomntsted)

0 200 400 600 BN 10000 12000 14000 10000
Rank in Ordéred Datasat

Ranked ist metre (Signal2Noiss)

= r - |
= —Hi |

Figure 7. Heatmap and GSEA results for HALLMARK_MYOGENESIS in “YC vs. OC”, “YC vs. YE”, and “OC vs. OE” in SOL and
GAS. The heatmap and enrichment plot between (A) SOL YC vs. SOL OC, (B) GAS YC vs. GAS YE, (C) SOL YC vs. SOL YE, (D) GAS OC vs. GAS
OE, and (E) SOL OC vs. SOL OE. For the color of the heatmap, yellow indicates upregulated genes, and purple indicates downregulated
genes. The significant results of GSEA other than HALLMARK_MYOGENESIS are listed in Tables 8—13.
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Table 10. The results of GSEA (SOL YC vs. SOL OC).

Group Name Size ES NES p.value FDR
Enriched in SOL YC
1 HALLMARK EPITHELIAL MESENCHYMAL TRANSITION 195 0.70 2.38 0 0
2 HALLMARK ALLOGRAFT REJECTION 186 0.59 1.98 0 0
3 HALLMARK ANGIOGENESIS 36 0.67 1.86 0 0
4 HALLMARK INTERFERON GAMMA RESPONSE 192 0.52 1.74 0 0.0008
5 HALLMARK IL2 STAT5_ SIGNALING 194 0.50 1.69 0 0.0027
6 HALLMARK APICAL JUNCTION 190 0.50 1.68 0 0.0026
7 HALLMARK INTERFERON ALPHA RESPONSE 95 0.52 1.65 0 0.0034
8 HALLMARK INFLAMMATORY_ RESPONSE 189 0.48 1.61 0 0.0046
9 HALLMARK IL6 JAK STAT3 SIGNALING 83 0.51 1.61 0 0.0044
10 HALLMARK KRAS SIGNALING UP 195 0.46 1.57 0.0010 0.0075
11 HALLMARK COMPLEMENT 186 0.45 1.53 0.0010 0.0123
12 HALLMARK COAGULATION 120 0.47 1.52 0.0044 0.0140
13 HALLMARK APICAL SURFACE 42 0.53 1.49 0.0184 0.0180
14 HALLMARK HYPOXIA 193 0.40 1.36 0.0093 0.0869
15 HALLMARK MTORCI1 SIGNALING 199 0.40 1.36 0.0125 0.0891
16 HALLMARK MYOGENESIS 198 0.40 1.33 0.0166 0.1123
17 HALLMARK ESTROGEN_RESPONSE EARLY 188 0.38 1.28 0.0491 0.1631
Enriched in SOL OC
There was no geneset that satisfied the following criteria (p value < 0.05, FDR < 0.25)
Size, the number of corresponding genes to gene sets. Abbreviations: ES: Enrichment Score; NES: Normalized Enrichment Score.
Table 11. The results of GSEA (GAS YC vs. GAS YE).
Group Name Size ES NES p-value FDR
Enriched in GAS YC
1 HALLMARK G2M_CHECKPOINT 196 0.26 1.40 0.1262
2 HALLMARK MYOGENESIS 198 0.30 1.36 0 0.0856
Enriched in GAS YE
1 HALLMARK OXIDATIVE PHOSPHORYLATION 198 —-0.60 -1.92 0 0
2 HALLMARK INTERFERON ALPHA RESPONSE 95 —0.61 —1.86 0 0
3 HALLMARK INTERFERON GAMMA RESPONSE 192 —-0.55 -1.77 0 0
4 HALLMARK FATTY_ ACID METABOLISM 149 —-0.51 -1.63 0 0.0032
5 HALLMARK BILE ACID METABOLISM 103 —0.50 —-1.56 0 0.0097
6 HALLMARK ADIPOGENESIS 199 —0.46 -1.49 0 0.0216
7 HALLMARK CHOLESTEROL HOMEOSTASIS 73 —0.45 —-1.38 0.0346 0.0864
8 HALLMARK XENOBIOTIC METABOLISM 180 —0.42 -1.34 0.0101 0.1237
Size, the number of corresponding genes to gene sets. Abbreviations: ES: Enrichment Score; NES: Normalized Enrichment Score.
Table 12. The results of GSEA (SOL YC vs. SOL YE).
Group Name Size ES NES p.value FDR
Enriched in SOL YC
1 HALLMARK EPITHELIAL MESENCHYMAL TRANSITION 195 0.63 2.45 0 0
2 HALLMARK ANGIOGENESIS 36 0.65 1.92 0 0.0010
3 HALLMARK MYOGENESIS 198 0.44 1.71 0 0.0050
4 HALLMARK ALLOGRAFT REJECTION 186 0.42 1.66 0 0.0079
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5 HALLMARK APICAL JUNCTION 190 0.42 1.65 0 0.0067
6 HALLMARK TNFA SIGNALING VIA NFKB 195 0.42 1.64 0 0.0070
7 HALLMARK INFLAMMATORY RESPONSE 189 0.42 1.64 0 0.0065
8 HALLMARK IL6 JAK STAT3 SIGNALING 83 0.46 1.63 0.0063 0.0059
9 HALLMARK TGF BETA SIGNALING 54 0.50 1.62 0.0034 0.0063
10 HALLMARK UV_RESPONSE DN 143 0.40 1.52 0.0015 0.0205
11 HALLMARK HEDGEHOG SIGNALING 36 0.50 1.52 0.0259 0.0191
12 HALLMARK KRAS SIGNALING UP 195 0.38 1.50 0.0015 0.0212
13 HALLMARK APICAL SURFACE 42 0.47 1.45 0.0307 0.0333
14 HALLMARK IL2 STATS SIGNALING 194 0.35 1.35 0.0159 0.0836
15 HALLMARK COMPLEMENT 186 0.34 1.32 0.0246 0.1066
16 HALLMARK HYPOXIA 193 0.33 1.30 0.0428 0.1215
Enriched in SOL YE
1 HALLMARK OXIDATIVE PHOSPHORYLATION 198 —-0.60 -2.62 0 0
2 HALLMARK INTERFERON ALPHA RESPONSE 95 —-0.57 —2.24 0 0
3 HALLMARK ADIPOGENESIS 199 —0.48 -2.03 0 0
4 HALLMARK INTERFERON GAMMA RESPONSE 192 —-0.40 -1.71 0 0.0046
5 HALLMARK FATTY_ ACID METABOLISM 149 —-0.40 —-1.63 0 0.0069
6 HALLMARK MYC TARGETS V1 200 -0.34 —1.45 0 0.0383
7 HALLMARK XENOBIOTIC METABOLISM 180 —-0.34 —1.45 0.0033 0.0329
8 HALLMARK BILE ACID METABOLISM 103 —-0.35 -1.37 0.0224 0.0588
Size, the number of corresponding genes to gene sets. Abbreviations: ES: Enrichment Score; NES: Normalized Enrichment Score.
Table 13. The results of GSEA (SOL OC vs. SOL OE).
Group Name SIZE ES NES p.value FDR
Enriched in SOL OC
1 HALLMARK OXIDATIVE PHOSPHORYLATION 198 0.42 1.81 0 0.0077
2 HALLMARK TNFA SIGNALING VIA NFKB 195 0.40 1.74 0 0.0093
3 HALLMARK ANGIOGENESIS 36 0.54 1.73 0.0066 0.0074
4 HALLMARK TGF BETA SIGNALING 54 0.48 1.70 0 0.0092
5 HALLMARK UNFOLDED PROTEIN RESPONSE 112 0.37 1.48 0.0119 0.0389
6 HALLMARK HYPOXIA 193 0.32 1.37 0.0103 0.0913
7 HALLMARK MYOGENESIS 198 0.29 1.26 0.0191 0.1807
Enriched in SOL OE
1 HALLMARK ALLOGRAFT REJECTION 186 —-0.50 —1.88 0 0.0008
2 HALLMARK INTERFERON GAMMA RESPONSE 192 —0.46 -1.73 0 0.0039
3 HALLMARK INTERFERON_ ALPHA RESPONSE 95 —-0.50 -1.71 0 0.0036
4 HALLMARK COMPLEMENT 186 —-0.36 -1.37 0.0161 0.2319
5 HALLMARK KRAS SIGNALING UP 195 -0.36 -1.36 0.0213 0.1926

Size, the number of corresponding genes to gene sets. Abbreviations: ES: Enrichment Score; NES: Normalized Enrichment Score.

Effect of muscle fiber type on gene expression is
greater than that of aging and exercise

PCA plots and heatmaps indicate that the separation by
muscle fiber type is most conspicuous among the
clusters by muscle fiber type, aging, and exercise. For
separation by fiber type, SOL was divided from GAS by
PC1 (69.2% of total variance) (Figure 1B). Prior studies

performing PCA confirmed that the gene expression of
fast-twitch muscles is different from that of slow-twitch
muscles by PC1 (46% of total variance) [27], which our
findings are compatible with. However, although both
EDL and psoas are mainly composed of fast-twitch
fibers, EDL exhibited clear separation from psoas by
PC2, accounting for 27% of the total variance [27]. This
result suggests that in addition to muscle fiber type
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distribution, other factors may have a significant effect
on gene expression. Since the whole muscle lysates
used in this study may include blood vessels, connective
tissues, and nerves in addition to muscle fibers, EDL
may display different gene expression patterns from
psoas owing to differences in these factors. Therefore,
to elucidate the effects of muscle fiber type on gene
expression more clearly, microgenomic profiles, such as
single-cell sample analysis, may have to be performed
[28]. After the muscle fiber type, clusters by aging were
the most prominent. The young and old groups were
noticeably separated by PC2 (5.5%) (Figure 1C). In
addition, previous data have shown that metabolomics
datasets are remarkably clustered into young and old
groups [29], which our results agree with.

In the current study, the exercise groups were not
clearly divided (Figure 1B, 1C). According to previous
research performing PCA, microarray data were
prominently separated into exercise and sedentary
groups [30]. Presumably, these conflicting results
between our study and the one performed previously
may stem from the differences in the period of exercise
intervention and tissues used in gene expression
analysis. For the period of exercise, our protocol
required 4 weeks, while exercise intervention in the
prior study lasted for 7 weeks. To determine whether
exercise for 4 weeks is long enough to elicit the
differences in gene expression profiles, further research
should be conducted. Furthermore, the experiment in
our study relied on skeletal muscles such as SOL and
GAS, whereas the left ventricle was utilized in the
previous research [30]. To identify whether the cardiac
muscle is more responsive than SOL and GAS when
intervening with the same exercise regimen, a follow-up
study is needed.

Common DEGs with aging are related to apoptosis,
circadian rhythm, and immune signaling

We performed DEG analysis in SOL and GAS to
elucidate the differences due to aging. There were 29
common DEGs that were associated with aging (Figure
2C), of which cell death-inducing DNA fragmentation
factor alpha like effector A (Cidea) was upregulated in
both SOL and GAS with age (Table 1). Cidea has been
confirmed to be involved in apoptosis and lipid
metabolism [31-33]. In the skeletal muscle of rats,
apoptotic signaling was enhanced, and Cidea expression
was significantly increased after burn injury [31]. For
lipid metabolism, Cidea-knockout mice have a lean
phenotype, whereas mice with induced transgenic
expression of Cidea exhibit a healthy obese phenotype
[32, 33]. Although it has been confirmed that Cidea
expression is decreased by aging in adipose tissue [34],
it is not known whether Cidea expression changes with

aging in skeletal muscle. To clarify what influence the
alteration of Cidea expression in skeletal muscles has
on phenotype, further studies are necessary. In addition,
collagen genes (Collal, Colla2, Col3al, Col4a2,
Col5al, Col5a2, Col5a3, and Col6al) were
downregulated in both SOL and GAS with aging. Prior
studies also observed that the concentration of collagen
was decreased by aging [35, 36].

D-box-binding PAR BZIP transcription factor (Dbp) and
Nrildl (also known as Rev-erb-alpha) were
downregulated in both SOL and GAS and are referred to
as “clock-controlled genes” (Table 1). Considering that
reduced Dbp expression is correlated with the early
aging phenotype in mice [37], there seems to be an
interaction between Dbp and aging. Furthermore,
overexpression of Nrldl increases mitochondrial
function and exercise capacity [38]. In contrast, the
deficiency of Nridl leads to the upregulation of atrophy-
related genes and increases skeletal muscle atrophy [39].
As we have confirmed here that Nridl expression is
decreased in skeletal muscles owing to aging (Table 1),
further investigation is needed to scrutinize the
interaction between Nrldl and muscle atrophy induced
by aging. However, circadian genes exhibit differences
in expression depending on the timing of measurement,
tissues, and species [40]; therefore, it is necessary to
consider these factors as well.

Cd74 and Tyrobp (also known as Dapl2) display
different expression patterns between SOL and GAS by
the effect of aging (Table 1). Importantly, these genes
are involved in immune functions. Migration inhibitory
factor (the primary ligand of Cd74) knockout mice
reported to have lived markedly longer than control
mice [41]. Tyrobp is mainly expressed on innate
immune cells, including monocytes, neutrophils,
dendritic cells (DCs), and natural killer (NK) cells [42].
Because Cd74 and Tyrobp were barely addressed in
terms of aging and exercise effects, it is meaningful to
determine whether the differences in their expression
between SOL and GAS elicit dissimilar characteristics
of immune function.

Common DEGs with exercise are associated with
circadian rhythm and insulin signaling in young
groups and hemoglobin subunit in old groups

In young groups, there were two DEGs commonly
expressed owing to exercise: Nridl and Pi3krl (Table 2).
In our study, Nridl expression was downregulated in
both SOL and GAS (Table 2). However, as prior
research has shown that acute exercise increases Nridl
expression [43], our findings seem to contradict these
previous data. Putatively, these inconsistent results may
be due to differences in the exercise period (acute vs.
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chronic). Considering that Nrldl has a positive
correlation with mitochondrial function and oxidative
capacity in skeletal muscles, the increase in Nridl
expression by acute exercise may be due to the need to
temporarily improve mitochondrial function. On the
other hand, the reason chronic exercise increases Nridl
expression may be because chronic exercise increases
oxidative capacity so the exercise group can possibly
maintain homeostasis without the influence of Nridl.
Nonetheless, the correlation between Nridl and
exercise period remains to be explored. Pi3krl
displayed different expression patterns in SOL and GAS
as a result of exercise (Table 2). For instance, Pi3krl
expression was upregulated in SOL and downregulated
in GAS (Table 2). According to a previous study,
Pi3krl is indispensable for insulin signaling, and the
selective deletion of Pi3krl augmented insulin
sensitivity in fast-twitch muscle (EDL) but not in SOL
[44]. As the effect of exercise on glucose uptake differs
depending on muscle fiber type composition [45],
further research is warranted to determine whether the
differences in Pi3krl expression partially contribute to
the differences in insulin resistance according to muscle
fiber type.

In old groups with exercise, common DEGs included
Pnpla3 and Hbb-bl (Table 3). Pnpla3 expression was
upregulated in both SOL and GAS (Table 3). However,
as Pnpla3 is mainly located in the liver and retina [46],
the alteration of Pnpla3 expression in skeletal muscle
does not seem to be important. Hbb-bI, on the other
hand, showed different patterns between SOL and GAS
(Table 3). With exercise, Hbb-bl expression was
upregulated in SOL and downregulated in GAS (Table
3). Hbb-b1 is linked to the formation of hemoglobin,
and the mutation of Hbb-b1 is associated with abnormal
oxygen transportation [47]. As Hbb-bl is involved in
oxygen transportation and exhibits the most prominent
differences between SOL and GAS, further studies
should be conducted to clarify the interaction between
this protein and muscle fiber type.

Differences in metabolism according to muscle fiber
type and significant upregulation of BCAA
degradation in SOL compared to that in GAS

To identify the differences between SOL and GAS, we
performed GO analysis using DEGs between these two
muscle types. For GO and KEGG pathways in all age
groups, fatty acid metabolism was upregulated in SOL,
while gene sets associated with glucose metabolism
were downregulated (Figure SA-5D and Tables 4-7).
Considering that the enzyme activities of fatty acid
metabolism are higher in slow-twitch muscle than in
fast-twitch muscle and that glucose metabolism is
invigorated in fast-twitch muscle [48], our findings are

compatible with those shown previously. For the KEGG
pathway in young groups, the valine, leucine, and
isoleucine degradation pathways were significantly
upregulated in SOL (Figure 5B and Table 5).
Considering that branched-chain amino acid (BCAA)
catabolism leads to a decrease in myofiber size [49],
there is a need to study whether the difference in BCAA
degradation elicits different patterns of atrophy based
on muscle fiber type.

Necessity for different interventions depending on
the muscle fiber type due to different patterns of
apoptosis and myogenesis with aging

In fast-twitch muscle, our results showed that the
apoptotic pathway was significantly enriched in the old
group compared to the young group (Figure 6A and
Table 8), whereas no significant difference was
observed with aging in terms of myogenesis.
Considering that the muscle mass-to-body weight ratio
is decreased in fast-twitch muscle with age [50], the
cause of atrophy may be largely owing to changes in the
apoptotic process due to aging, not myogenesis. Unlike
GAS, no significant difference in the apoptotic process
due to aging was seen in SOL, while myogenesis was
significantly enriched in the young group compared to
the old group (Figure 7A). According to a prior study,
the cross-sectional area of slow-twitch muscles, such as
SOL, is decreased by aging in rats [51]. Given the
results of our study, atrophy of slow-twitch muscle may
primarily result from the alteration of myogenesis with
age and not from the change in apoptosis. As the cause
of atrophy by aging seems to differ depending on
muscle fiber type composition, appropriate intervention
according to fiber type should be considered. As the
interaction between aging-induced atrophy and muscle
fiber type has rarely been investigated regarding both
apoptosis and myogenesis, further research is needed to
clarify the differences in these two processes by aging
depending on fiber type at the cellular level.

Mitigation of apoptosis and augmentation of
myogenesis in old groups by chronic aerobic exercise
in GAS but not in SOL

We found that exercise intervention for 4 weeks had
different effects on the apoptosis and myogenesis
depending on the muscle fiber type. In old groups, the
apoptotic pathway was significantly enriched in the
sedentary control compared to the exercise group in
GAS (Figure 6B and Table 9), whereas no significant
difference was seen in SOL. Our results are consistent
with the results of previous research, which show that
exercise significantly attenuates apoptosis in fast-twitch
muscle but not in slow-twitch [52]. According to prior
study, age-related muscle atrophy mainly relies on
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intrinsic apoptotic pathway and this process are
different between slow and fast-twitch muscle [51, 53—
56]. In detail, caspase-9, which is a key molecule in the
intrinsic apoptotic pathway, were significantly up-
regulated in fast-twitch muscle by aging, whereas were
not in slow-twitch muscle [50]. Since it has been not
determined whether chronic exercise results in down-
regulation of apoptosis by modulating the amount and
activity of caspase-9 in fast-twitch muscle, further study
need to be performed.

In the young groups, there was no significant difference
due to exercise in either SOL or GAS. Previous research
has shown that chronic exercise induces different
apoptotic processes depending on the muscle fiber type
in 4-week-old rats [57]. Putatively, the difference in our
results with those found previously may be due to the
differences in the type of exercise (concentric vs.
eccentric). The exercise protocol in the prior study
relied on eccentric exercise by decreasing the slope of
the treadmill [57], while our protocol calls for a 6°
incline. As eccentric exercise elicits more muscle
damage than concentric exercise [58], previous studies
using eccentric exercise may have exhibited more
conspicuous differences in the apoptotic process
depending on muscle fiber type than our current study.
Whether these conflicting results stem from the
differences in the type of exercise remains to be
investigated.

In the old groups, myogenesis was more enriched in
exercise groups than in the sedentary control in GAS
(Figure 7D and Table 9), whereas there were no
significant differences seen in SOL. Our results are
consistent with those shown previously where 8 weeks
of treadmill exercise significantly increase the level of
the myogenin, transcription factor involved in
myogenesis, in fast-twitch muscle but not in slow-
twitch muscle in aged rats [59]. Considering that
myogenesis is involved in muscle regeneration [60], a
follow-up study should be performed to identify
whether chronic treadmill exercise enhances the
regenerative capacity of fast-twitch muscles more so
than slow-twitch muscles in old groups.

In the young groups, myogenesis was not more enriched
in the exercise group than in the sedentary group in both
SOL and GAS (Figure 7B, 7C, Tables 11 and 13).
According to a previous study, treadmill exercise for 13
weeks doesn’t induce to significant increase in
myogenic clones of GAS in young group, whereas
myogenic clones was significantly elevated in old group
[61]. Therefore, aerobic exercise can mitigate the
decrease in myogenesis by aging, but does not seem to
up-regulate myogenic pathway more actively in young
group. Since there are not many studies done in this

regard, further studies are needed to clarify. Taken
together, future related studies should be mindful that
the interaction of muscle fiber type with aging and
exercise is relevant with respect to apoptosis and
myogenesis.

CONCLUSION

There is a myriad of conflicting results from studies on
exercise and aging. As research scientists, we are
obligated to identify the causes of inconsistent
outcomes in scientific experiments. In this study, we
demonstrated that gene expression patterns differ
significantly according to muscle fiber type (slow-
twitch vs. fast-twitch), making it imperative that this be
considered when investigating exercise and aging.
Furthermore, to contribute to taking a step closer to a
unanimous conclusion, elucidating how exercise
frequency, intensity, time, type, and intervention period
interact with muscle fiber type distribution would be
invaluable.

This study has limitation. SOL and GAS exhibits
different activation patterns with increasing demands of
force and speed [62]. In detail, as exercise intensity
increased, the EMG amplitude ratios of SOL to GAS
decreased [62]. Thus, in order to exclude mechanical
differences, exercise is performed at an intensity that
induced the same level of activation of SOL and GAS.

The data discussed in this publication have been deposited
in NCBI’s Gene Expression Omnibus and are accessible
through GEO Series accession number GSE198266
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GS
E198266).

MATERIALS AND METHODS
Animals

All procedures were based on previously published data
[63]. Briefly, the 9-week-old C57BL/6 young male
mice and 84-week-old mice were purchased from
Central Lab. The groups were divided into young
control (YC), young exercise (YE), old control (OC),
and old exercise (OE) groups. Mice were individually
housed in standard conditions with food and water ad
libitum. Each group comprised three mice and all mice
were subjected to RNA sequencing analysis. Details on
animal care were provided in a previous study [63].

Exercise protocol
Before 4 weeks of treadmill exercise, adaptation

exercise was conducted once a day for 3 days. Mice
were familiarized with the treadmill for 15 min/session
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at a 0 m/min for 3 min, 5 m/min for 2 min and 8 m/min
for 10 min and 6° incline. In 4 weeks of treadmill
exercise, mice allocated to perform treadmill running
were subject to 6° incline and for warm up, 2 min speed
of 0 m/min, speed of 5 m/min, 8 m/min, 10 m/min for
1 min each, and then 12 m/min for 30 min at first week,
2 m/min were increased every week, and cool down at
5 m/min for 2 min for 1 session (37 min). 2 session/day
were performed. Between the session, there were at
least 1 h break time was given.

SOL and GAS RNA extraction

All procedures were based on a previous study [63].
Briefly, total RNA was extracted from SOL and GAS of
mice using a total RNA extraction kit (Ribozol,
Amresco) following the manufacturer’s protocol. The
remaining processes, including cDNA synthesis, check
for purity and integrity were presented in previously
published data [63].

RNA-Seq library preparation and sequencing

Total RNA concentration was calculated by Quant-IT
RiboGreen (Invitrogen, #R11490). To assess the
integrity of the total RNA, samples are run on the
TapeStation RNA screentape (Agilent, #5067-5576).
Only high-quality RNA preparations, with RIN greater
than 7.0, were used for RNA library construction. A
library was independently prepared with lug of total
RNA for each sample by Illumina TruSeq Stranded
mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA,
USA, #RS-122-2101). The first step in the workflow
involves purifying the poly-A containing mRNA
molecules using poly-T-attached magnetic beads.
Following purification, the mRNA is fragmented into
small pieces using divalent cations under elevated
temperature. The cleaved RNA fragments are copied
into first strand cDNA using SuperScript Il reverse
transcriptase  (Invitrogen, #18064014) and random
primers. This is followed by second strand cDNA
synthesis using DNA Polymerase I, RNase H and
dUTP. These cDNA fragments then go through an end
repair process, the addition of a single ‘A’ base, and
then ligation of the adapters. The products are then
purified and enriched with PCR to create the final
cDNA library. The libraries were quantified using
KAPA Library Quantification kits for Illumina
sequencing platforms according to the qPCR
Quantification Protocol Guide (KAPA BIOSYSTEMS,
#KK4854) and qualified using the TapeStation D1000
ScreenTape (Agilent Technologies, #5067-5582).
Indexed libraries were then submitted to an Illumina
NovaSeq (Illumina, Inc., San Diego, CA, USA), and the
paired-end (2 x 100 bp) sequencing was performed by
the Macrogen Incorporated.

Data pre-processing and quality check

Raw data (FPKM) were processed using the
Bioconductor preprocessCore package with default
parameters for filtering, signal +1 and logarithm
transformation, and quantile normalization [64]. DEG
analysis was performed using fold change calculation
and the Bioconductor genefilter package [65].

Bioinformatics tools

PCA analysis, heatmap, and Venn diagram

PCA was performed using the built-in R function
prcomp() [66]. The Github ggbiplot and ggplot2
packages were used to plot a PCA graph [67]. Pre-
processed data were used for PCA. The Bioconductor
ComplexHeatmap package was utilized to create a
heatmap [68]. For the heatmap in Figure 1, pre-
processed data were screened based on the following
criteria: After the median value and standard deviation
(SD) for each gene were calculated using the log>
expression value, genes with a median value of <5 and
SD of the bottom 25% were excluded from the
analysis. Of the 18,795 total genes, 1268 passed this
screening. For the heatmap representing the results of
GSEA, the data were quantile normalized without
performing signal + 1 and logarithm transformation.
The Venny 2.1 online service was used to create a
Venn diagram [69].

DEG analysis

DEGs were identified using the Bioconductor gene
filter package in R [65]. To test whether there was a
statistically significant difference between the groups,
an independent #-test was applied to each gene of the
pre-processed data. The statistical threshold for
significance was a p-value < 0.05 and fold change >1.5
for DEGs derived from SOL OC/YC, SOL OE/OC,
SOL YE/YC, GAS OC/YC, GAS OE/OC, and GAS
YE/YC. The DEGs originating from SOL OC/GAS OC,
SOL OE/GAS OE, SOL YC/GAS YC, and SOL
YE/GAS YE were applied to p-value < 0.05 and fold
change >2.0.

GO and KEGG pathway enrichment analysis
Functional annotation analysis was performed using the
Database for Annotation, Visualization, and Integrated
Discovery (DAVID) and KEGG. The criteria for
statistically significant GO terms and KEGG pathways
were FDR-corrected p-values < 0.05. To visualize the
results of the enrichment analysis, the GOplot in R was
utilized [70]. To facilitate interpretation, the z-score was
calculated using the following formula:

Z —Sscore

_ (the number of upregulated genes) — (the number of downregulated genes)

\/Tol‘al number of genes
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GSEA

GSEA is a computational method that determines
whether a priori defined set of genes shows
statistically ~ significant, concordant differences
between two biological states. A gene set that satisfied
p-value < 0.05 and FDR <0.25 was determined to be
significant. “Mouse_Gene_Symbol Remapping
Human_Orthologs MsigDB.v7.4.chip” was used as
the chip platform. We conducted GSEA for SOL
OC/YC, SOL OE/OC, SOL YE/YC, GAS OC/YC,
GAS OE/OC, and GAS YE/YC.
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SUPPLEMENTARY MATERIALS

Supplementary Tables

Supplementary Table 1. The number of DEGs by aging and exercise effects in SOL and GAS.

Group Up-regulated Down-regulated Total
SOL
OC/YC 90 106 196
YE/YC 11 20 31
OE/OC 10 10 20
GAS
OoC/YC 71 48 119
YE/YC 7 6 13
OE/OC 6 7 13
Supplementary Table 2. The number of DEGs between SOL and GAS in YC, YE, OC and OE.
Group Up-regulated Down-regulated Total
YC
SOL/GAS 539 521 1060
YE
SOL/GAS 459 432 891
ocC
SOL/GAS 542 510 1052
OE
SOL/GAS 540 520 1060
Supplementary Table 3. The significant enriched GO terms of DEGs between SOL YC and GAS YC.
1D Term Adjusted p.value
G0:0006936 Muscle contraction 0
G0O:0006631 Fatty acid metabolic process 0
G0:0006629 Lipid metabolic process 0.0001
GO0:0006635 Fatty acid beta-oxidation 0.0001
G0:0030239 Myofibril assembly 0.0001
GO:0008152 Metabolic process 0.0001
G0:0060048 Cardiac muscle contraction 0.0002
GO-0010880 i%gclllllﬁrign of release of sequestered calcium ion into cytosol by sarcoplasmic 0.0002
GO:0007519 Skeletal muscle tissue development 0.0002
G0:0006937 Regulation of muscle contraction 0.0002
G0:0006096 Glycolytic process 0.0002
GO:0055114 Oxidation-reduction process 0.0003
G0:0003009 Skeletal muscle contraction 0.0006
G0:0006094 Gluconeogenesis 0.0006
G0:0014883 Transition between fast and slow fiber 0.0006
GO0O:0045214 Sarcomere organization 0.0028
G0:0033539 Fatty acid beta-oxidation using acyl-CoA dehydrogenase 0.0043
G0:0006941 Striated muscle contraction 0.0058
G0:0055010 Ventricular cardiac muscle tissue morphogenesis 0.0081
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GO:0051289
GO:0055008
GO:0086004
G0:0002026
GO:0045822
GO:0001676
GO:0006470
GO:0007155
GO0:0030049
GO:0006950
GO:0060316

Protein homotetramerization

Cardiac muscle tissue morphogenesis
Regulation of cardiac muscle cell contraction
Regulation of the force of heart contraction
Negative regulation of heart contraction
Long-chain fatty acid metabolic process
Protein dephosphorylation

Cell adhesion

Muscle filament sliding

Response to stress

Positive regulation of ryanodine-sensitive calcium-release channel activity

0.0108
0.0117
0.0117
0.0129
0.0150
0.0214
0.0214
0.0219
0.0224
0.0294
0.0402

Supplementary Table 4. The significant enriched KEGG pathway of DEGs between SOL YC and GAS YC.

1D Term Adjusted p.value
mmu01130 Biosynthesis of antibiotics 0
mmu01200 Carbon metabolism 0
mmu00071 Fatty acid degradation 0
mmu00010 Glycolysis / Gluconeogenesis 0
mmu04261 Adrenergic signaling in cardiomyocytes 0
mmu01212 Fatty acid metabolism 0
mmu01100 Metabolic pathways 0
mmu04260 Cardiac muscle contraction 0.0001
mmu05410 Hypertrophic cardiomyopathy (HCM) 0.0001
mmu00280 Valine, leucine and isoleucine degradation 0.0001
mmu05414 Dilated cardiomyopathy 0.0001
mmu01230 Biosynthesis of amino acids 0.0001
mmu00620 Pyruvate metabolism 0.0004
mmu00410 beta-Alanine metabolism 0.0006
mmu00640 Propanoate metabolism 0.0007
mmu04922 Glucagon signaling pathway 0.0008
mmu03320 PPAR signaling pathway 0.0008
mmu00330 Arginine and proline metabolism 0.0023
mmu04530 Tight junction 0.0027
mmu00062 Fatty acid elongation 0.0032
mmu04921 Oxytocin signaling pathway 0.0032
mmu04810 Regulation of actin cytoskeleton 0.0032
mmu00650 Butanoate metabolism 0.0036
mmu05205 Proteoglycans in cancer 0.0036
mmu04974 Protein digestion and absorption 0.0056
mmu04964 Proximal tubule bicarbonate reclamation 0.0062
mmu00270 Cysteine and methionine metabolism 0.0077
mmu04971 Gastric acid secretion 0.0095
mmu04510 Focal adhesion 0.0095
mmu04010 MAPK signaling pathway 0.0110
mmu00051 Fructose and mannose metabolism 0.0117
mmu04970 Salivary secretion 0.0148
mmu04022 c¢GMP-PKG signaling pathway 0.0148
mmu04919 Thyroid hormone signaling pathway 0.0162
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mmu00380
mmu04020
mmu00030
mmu04910
mmu04066

Tryptophan metabolism
Calcium signaling pathway
Pentose phosphate pathway
Insulin signaling pathway
HIF-1 signaling pathway

0.0173
0.0173
0.0244
0.0383
0.0396

Supplementary Table 5. The significant enriched GO terms of DEGs between SOL OC and GAS OC.

ID Term Adjusted p.value
G0:0006936 Muscle contraction 0
GO0:0006631 Fatty acid metabolic process 0
GO-0010880 i%gclllllﬁrign of release of sequestered calcium ion into cytosol by sarcoplasmic 0
G0:0060048 Cardiac muscle contraction 0
GO:0007519 Skeletal muscle tissue development 0.0001
G0:0030239 Myofibril assembly 0.0001
G0:0006629 Lipid metabolic process 0.0001
GO:0008152 Metabolic process 0.0001
G0:0006937 Regulation of muscle contraction 0.0002
GO0:0045214 Sarcomere organization 0.0004
G0:0003009 Skeletal muscle contraction 0.0007
G0:0014883 Transition between fast and slow fiber 0.0007
G0:0086004 Regulation of cardiac muscle cell contraction 0.0013
G0:0006096 Glycolytic process 0.0014
G0:0002026 Regulation of the force of heart contraction 0.0018
G0O:0060316 Positive regulation of ryanodine-sensitive calcium-release channel activity 0.0028
G0:0006094 Gluconeogenesis 0.0043
G0:0006941 Striated muscle contraction 0.0053
G0O:0006635 Fatty acid beta-oxidation 0.0069
G0:0002027 Regulation of heart rate 0.0072
G0:0051289 Protein homotetramerization 0.0085
G0O:0045822 Negative regulation of heart contraction 0.0149
GO:0055114 Oxidation-reduction process 0.0210
G0:0030049 Muscle filament sliding 0.0235
G0O:0001666 Response to hypoxia 0.0235
G0:0006883 Cellular sodium ion homeostasis 0.0365
G0:0055010 Ventricular cardiac muscle tissue morphogenesis 0.0381
G0O:0048739 Cardiac muscle fiber development 0.0400
GO-0019886 Antigen processing and presentation of exogenous peptide antigen via MHC 0.0434

class I1

Supplementary Table 6. The significant enriched KEGG pathway of DEGs between SOL OC and GAS OC.

ID Term Adjusted p.value
mmu01130 Biosynthesis of antibiotics 0

mmu01200 Carbon metabolism 0

mmu04922 Glucagon signaling pathway 0

mmu00010 Glycolysis / Gluconeogenesis 0

mmu01212 Fatty acid metabolism 0.0003
mmu04261 Adrenergic signaling in cardiomyocytes 0.0003
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mmu00620
mmu04910
mmu00071
mmu04260
mmu05410
mmu00640
mmu04970
mmu04530
mmu04921
mmu03320
mmu05414
mmu04971
mmu04810
mmu00051
mmu05205
mmu01230
mmu04022
mmu04020
mmu01100
mmu05152
mmu04964
mmu04919
mmu04145

Pyruvate metabolism

Insulin signaling pathway

Fatty acid degradation

Cardiac muscle contraction
Hypertrophic cardiomyopathy (HCM)
Propanoate metabolism

Salivary secretion

Tight junction

Oxytocin signaling pathway

PPAR signaling pathway

Dilated cardiomyopathy

Gastric acid secretion

Regulation of actin cytoskeleton
Fructose and mannose metabolism
Proteoglycans in cancer
Biosynthesis of amino acids
c¢GMP-PKG signaling pathway
Calcium signaling pathway
Metabolic pathways

Tuberculosis

Proximal tubule bicarbonate reclamation
Thyroid hormone signaling pathway
Phagosome

0.0005
0.0006
0.0006
0.0006
0.0007
0.0007
0.0018
0.0023
0.0027
0.0083
0.0106
0.0106
0.0123
0.0133
0.0133
0.0133
0.0133
0.0162
0.0257
0.0276
0.0324
0.0365
0.0421
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