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Abstract

Many of the molecular and cellular mechanisms discovered to regulate skele-
tal muscle hypertrophy were first identified using the rodent synergist ablation
model. This model reveals the intrinsic capability and necessary pathways of skel-
etal muscle growth in response to mechanical overload (MOV). Reminiscent of
the rapid cellular growth observed with cancer, we hypothesized that in response
to MOV, skeletal muscle would undergo metabolic programming to sustain in-
creased demands to support hypertrophy. To test this hypothesis, we analyzed
the gene expression of specific metabolic pathways taken from transcriptomic
microarray data of a MOV time course. We found an upregulation of genes in-
volved in the oxidative branch of the pentose phosphate pathways (PPP) and
mitochondrial branch of the folate cycle suggesting an increase in the produc-
tion of NADPH. In addition, we sought to determine the potential role of skeletal
muscle-enriched microRNA (myomiRs) and satellite cells in the regulation of the
metabolic pathways that changed during MOV. We observed an inverse pattern
in gene expression between muscle-enriched myomiR-1 and its known target
gene glucose-6-phosphate dehydrogenase, G6pdx, suggesting myomiR regula-
tion of PPP activation in response to MOV. Satellite cell fusion had a significant
but modest impact on PPP gene expression. These transcriptomic findings sug-
gest the robust muscle hypertrophy induced by MOV requires enhanced redox
metabolism via PPP production of NADPH which is potentially regulated by a
myomiR network.
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1 | INTRODUCTION
First described almost 60 years ago, the rodent synergist
ablation model has been instrumental in identifying many
of the cellular and molecular mechanisms involved in the
regulation of skeletal muscle hypertrophy which were
subsequently shown to be conserved in humans in re-
sponse to resistance exercise (Baar & Esser, 1999; Bodine
et al., 2001; DeVol et al., 1990; Goldberg et al., 1975;
Hornberger et al., 2006). In particular, synergist ablation
has been reported to increase mouse plantaris muscle
weight by 30%-50% following 14 days of MOV (Roberts
et al., 2020; Terena et al., 2017; Vechetti et al., 2019). The
supra-physiological growth induced by synergist ablation-
induced MOV reveals the remarkable intrinsic capability
of skeletal muscle to hypertrophy. The identification of the
metabolic processes that allow for such rapid and robust
hypertrophic growth may provide insight that can be used
to enhance the recovery of muscle following periods of
disuse or under conditions in which the growth response
to a hypertrophic stimulus is impaired such as with aging.
Metabolism has an essential role during cellular
growth, whereby multiple pathways generate and provide
the necessary requirements needed for anabolism (Zhu &
Thompson, 2019). However, despite this evidence, during
skeletal muscle hypertrophy the focus has primarily been
on mTOR signaling, energy systems that rapidly produced
ATP such as glycolysis and the phosphocreatine path-
way, and the energy sensor AMPK (Egan & Zierath, 2013;
Hargreaves & Spriet, 2020; Kjobsted et al., 2018; Miyazaki
& Esser, 2009). The role of metabolic reprograming during
skeletal muscle growth has only recently been investi-
gated. For example, it was demonstrated the participation
of important metabolic processes, such as the polyamine
pathway, hexosamine biosynthetic pathway, and serine
synthesis pathways play a role in skeletal muscle hypertro-
phy (Lambert et al., 2018; Stadhouders et al., 2020; Tabbaa
et al., 2021). Therefore, overlooked metabolic networks
may be contributing to the regulation of muscle mass.
MOV induces rapid and robust skeletal muscle growth
which resembles the accelerated growth that occurs in
cancer cells. It has been demonstrated that to be able to
handle the high rates of growth, cancer cells alter their
metabolism to rely more heavily upon the fermentation
of glucose to lactate despite the presence of oxygen and
functioning mitochondria (Hsu & Sabatini, 2008; Liberti
& Locasale, 2016; Sun et al., 2018; Warburg et al., 1927).
This metabolic phenomenon known as the Warburg Effect
(first described by Otto Warburg) was initially thought
to be critical for supplying ATP at a high rate necessary
to support the rapid cell growth associated with cancer
(Liberti & Locasale, 2016). This perspective has shifted in
recent years to one in which the main purpose of aerobic

glycolysis (Warburg Effect) is not ATP production per se
but rather the generation of glycolytic intermediates that
serve as precursors for the macromolecules (e.g., nucle-
otides, amino acid, and lipids) required for cell growth
(Rosenzweig et al., 2018). In addition, metabolic repro-
graming could be a way in which redirecting metabolism
modulates metabolic intermediates that subsequently
dictates cellular behavior. This is seen in the control of
epigenetics (Diehl & Muir, 2020), transcription factors
(Li et al., 2018; Lu et al., 2002), enzymes (Maguire et al.,
2021), and increases in pathways which generate neces-
sary substrates needed to fuel tumor growth (Fan et al.,
2019). Together, these results suggest that metabolic re-
programming can induce a variety of cellular changes
that could modify crucial signaling pathways related to
growth. Since MOV-induced skeletal muscle hypertrophy
stimulates a supra-physiological growth, we hypothesize
that, similarly to the cancer cells, skeletal muscle fibers
utilize aerobic glycolysis to support this rapid increase in
size.

As an initial effort to test this hypothesis, we analyzed
a microarray transcriptome time course analysis of MOV-
induced muscle hypertrophy and focused on genes spe-
cifically associated glucose metabolism. In support of our
hypothesis, we show the upregulation of genes known
to have a central role in the pentose phosphate pathway
(PPP) and one-carbon metabolism for the production
of NADPH. We provide evidence for a role of muscle-
enriched myomiR-1 in the regulation of the PPP by target-
ing glucose-6-phosphate dehydrogenase, G6pdx, a known
target gene of myomiR-1, and the rate limiting step of the
PPP. Finally, we observed a modest response of PPP gene
expression upon satellite cell fusion, providing evidence
of the satellite-enriched myomiR-206 as an additional reg-
ulator of skeletal muscle metabolism during MOV. The
findings from our bioinformatics analyses identified can-
didate genes that warrant further investigation and their
respective role in the metabolic programming that permits
the robust hypertrophic growth induced by MOV.

2 | METHODS

2.1 | Animals

All experimental procedures involving mice were ap-
proved by the University of Kentucky Institutional
Animal Care and Use Committee. To deplete satellite
cells, we crossed Pax7“FR/CER mouse (stock no. 017763)
to the Rosa26”™/PTA mouse (stock no. 010527) (The
Jackson Laboratory) to generate the Pax7-DTA mouse
as previously described by us (Fry et al., 2014; McCarthy
et al., 2011; Murphy et al., 2011). Mice were housed in a
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temperature and humidity-controlled room and main-
tained on a 14:10-h light-dark cycle with food and water
ad libitum.

2.2 | Experimental design

Adult (5 months old) female Pax7-DTA mice were ran-
domly assigned to receive either an intraperitoneal injec-
tion of tamoxifen (2.5 mg/day) or vehicle (15% ethanol in
sunflower seed oil) for five consecutive days followed by
a 2-week washout period. Following the washout period,
vehicle- and tamoxifen-treated mice were then randomly
assigned to sham or a synergist ablation surgery group
with the plantaris muscle collected after 1, 3, 5, or 7 days
(n = 5-6/group).

2.3 | Synergist ablation

To induce skeletal muscle hypertrophy of plantaris mus-
cle via mechanical overload (MOV), a bilateral synergist
ablation surgery which results in significant skeletal mus-
cle hypertrophy, was performed as previously described
by our laboratory (Chaillou et al., 2013; Figueiredo et al.,
2019; Hamilton et al., 2014; McCarthy & Esser, 2007;
Vechetti et al., 2019). Mice were anesthetized (3% isoflu-
rane with 1.5 L of O, per minute), placed in sternal re-
cumbence where a small incision was made on the dorsal
aspect of the lower hind limb with approximately half
of the gastrocnemius and entire soleus muscle carefully
excised. No apparent damage was observed to the neural
and vascular supply of the plantaris muscle following the
surgery. At the designated time point post-surgery, mice
were euthanized via CO, inhalation followed by cervical
dislocation with the plantaris muscles excised, weighed,
snap frozen in liquid nitrogen, and stored at —80°C until
downstream analyses.

2.4 | RNA isolation

Total RNA was isolated from plantaris muscle previously
frozen in liquid nitrogen. Samples were homogenized
using a tissue homogenizer (Bullet Blender, Next Advance
Inc.). Following homogenization, RNA was isolated via
phase separation by the addition of bromochloropro-
pane (BCP) and centrifugation at 15,000 x g for 15 min.
The supernatant containing RNA was then washed with
the assistance of the Direct-zol™ Kit (Zymo Research).
RNA was treated in-column with DNAse and eluted in
nuclease-free water. The total RNA concentration and pu-
rity were assessed by measuring optical density (230, 260,
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and 280 nm) with a Nanodrop™ 2000/2000cSpectropho-
tometer (ThermoFisher Scientific).

2.5 | Microarray dataset analysis

The microarray analysis was carried out with pooled sam-
ples as previously described by us (Chaillou et al., 2013).
Briefly, 250 ng of total RNA from a pool of 2 or 3 animals
(same amount of total RNA), resulting in n = 2 per group,
was used for each time point. The RNA was loaded onto
the GeneChip™ Mouse Gene 1.0 ST array (Affymetrix).
This microarray dataset is a part of another study by our
laboratory (currently in preparation for submission) and
has been deposited in the NCBI Gene Expression Omnibus
database (GSE153542). Microarray analysis focused
only on genes that are involved in metabolic pathways.
Bioinformatics analyses of the dataset were performed
in R (version 4.0.2) utilizing Bioconductor packages.
Briefly, raw signal intensity data were downloaded and
normalized with robust multi-array average (RMA) using
GEOquery (Davis & Meltzer, 2007) and oligo (Carvalho &
Irizarry, 2010) packages, respectively. Normalization con-
sisted in background correction, quantile normalization,
and log2 transformation. For the detection of differentially
expressed genes (DEG) related to metabolic pathways,
we initially utilized microarray data from vehicle-treated
mice to determine changes associated with the rapid
growth induced by MOV. Having identified DEGs from
vehicle-treated mice, we then adjusted our statistical de-
sign to include microarray data from tamoxifen-treated
mice to determine if satellite cell depletion affected the
change in metabolic-related gene expression identified
in vehicle-treated mice in response to MOV. To identify
DEGs, a linear model was fitted to the normalized data
using Linear Models for Microarray Data (Limma) pack-
age (Ritchie et al., 2015). For vehicle-treated mice only
analysis, DEGs were estimated using the empirical Bayes
function with a false discovery rate (FDR)5%, using the
Benjamini-Hochberg method. For comparison between
conditions (vehicle-treated vs. tamoxifen-treated), DEGs
were detected using a group-mean parametrization with
p < 0.05 due to the small sample size of n = 2 (pooled
samples).

2.6 | MicroRNA expression

Reverse transcription reactions for myomiR-206 and
U6 small nuclear RNA (Rnu6) were performed with
10 ng of total RNA using Tagman MicroRNA Reverse
Transcription Kit (ThermoFisher Scientific) according to
the manufacturer's directions. qPCR was carried out with
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Tagman Gene expression Master Mix (2X) (ThermoFisher
Scientific), TagMan gene expression assay (miR-206,
#000510; Rnu6, #001973) using cDNA in a 10 ul reaction
volume. qPCR was performed using the QuantStudio3
(Applied Biosystems) qPCR system as described by the
manufacturer. qPCR efficiency was calculated by linear
regression during the exponential phase using LinRegPCR
software v11.126 (Ruijter et al., 2009). The comparison of
miRNAs expression between groups was determined fol-
lowing normalization with Rnu6. Relative quantification
of miRNA expression was assessed by the AACT method
relative to the control.

2.7 | Insilico prediction of miRNA
target genes

Target genes were detected using miRanda (Enright et al.,
2003) and RNAhybrid (Kruger & Rehmsmeier, 2006)
software. Since individual tools use different features for
miRNA:target interactions, we utilized a custom Python
script to select only shared miRNA:target gene between
the two software programs with a minimal free energy set
as AG°= —18 kJ.

2.8 | Statistical analysis

The data are presented as means =+ standard error. Except
for transcriptomic data (statistical analyses discussed
above), two-way ANOVA with Tukey post hoc analysis
was used to test the effect of genotype and intervention
on microRNA levels. Statistical analysis was performed
with GraphPad Prism version 9.2.0 (GraphPad Software).
Statistical significance was set at p < 0.05.

3 | RESULTS

3.1 | Glycolytic pathway

To determine if aerobic glycolysis might be involved in
providing the precursors for the macromolecules nec-
essary for the growth induced by MOV, we analyzed a
microarray time course of MOV-induced muscle hyper-
trophy for genes known to be involved in metabolic path-
ways (Figure S1). Starting with glycolysis, we observed
higher levels of genes involved with glucose uptake and
intracellular phosphorylation (Glutl and Hk2, respec-
tively) in response to MOV (Figure 1). Glutl expression
was higher throughout the time course, returning to base-
line by day 7, whereas Hk2 level was elevated on days 1
and 3 but lower on days 5 and 7 of MOV. Downstream of

Hk2, the level of the remaining genes involved in the glyc-
olytic pathway was either unchanged (Gapdh or Aldoa) or
lower (Gpi, Pfkm, Pgkl, Pgam2, Pkm, and Eno3) at one or
more time points during MOV (Figure 1). The change in
the levels of glycolytic genes suggested that glucose were
being diverted to adjacent central carbon pathways.

3.2 | Pentose phosphate pathway (PPP)
To determine if the PPP was activated during MOV-
induced muscle hypertrophy, we analyzed genes of both
the oxidative and the non-oxidative branches of the PPP.
In the oxidative branch, the rate limiting enzyme G6pdx
gene level was higher throughout the time course with
the downstream genes Pgls and Pgd elevated on day 7
and days 1 and 3 of MOV, respectively (Figure 2). For the
non-oxidative branch, the gene level of Rpe and Rpia was
not significantly different from sham whereas Tkt and
Taldol were higher on days 3 and 5 of MOV (Figure 2).
The increase in expression of G6pdx could lead to a sub-
sequent increase in NADPH production. NADPH is the
reduced form of NADP?*, therefore we sought to deter-
mine if Nadkl (the kinase that phosphorylates NAD™"),
could concomitantly increase as well; possibly as a means
to provide more substrate for G6pdx. We determined that
the expression of Nadkl was higher on days 1 and 3 of
MOV (Figure 2).

3.3 | One-carbon metabolism

3.3.1 | Serine synthesis pathway (SSP)

The higher level of the genes associated with the oxidative
branch of the PPP and Nadk1 suggested the production
of NADPH was enhanced rather than de novo nucleotide
synthesis in response to MOV. This finding motivated us
to investigate if the levels of one-carbon metabolism genes
involved in NADPH production and nucleotide synthesis
(Newman & Maddocks, 2017) were also higher during
MOV. We first looked at the serine synthesis pathway
(SSP), as serine is used to generate the folate intermedi-
ate 5,10-methylenetetrahydrofolate, which participates in
the production nucleotides and NADPH (Geeraerts et al.,
2021). We observed the level of serine synthesis pathway
(SSP) genes which feeds serine into the folate cycle to gen-
erate NADPH, was altered with MOV. As shown in Figure
3, the lack of a pattern in the expression of SSP genes
Phdgh, Psatl, and Psph, suggested the de novo synthesis
of serine was not elevated in response to MOV. However,
level of the sodium-coupled neutral amino acid trans-
porter, Slc38al, was higher on days 3, 5, and 7 of MOV
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FIGURE 1 Glucose uptake does not drive glycolysis during the rapid growth induced by mechanical overload (MOV). The glycolytic
pathway is not utilized during MOV as demonstrated by the log twofold change (blue: upregulated, red: downregulated and black: not
differentially expressed) in expression of the genes involved in glycolysis. N = 2/group (pooled samples). *denotes statistical significance

(adjusted p value <0.05) compared to sham (control)

suggesting extracellular serine could be the source needed  the time course suggesting the cytosolic compartment
for downstream central carbon pathways (Figure 3). of the folate cycle was not participating in NADPH pro-

duction during MOV (Figure 3). In contrast, the level of

mitochondrial Mthfd2 gene was highly elevated on days
3.3.2 | The folate cycle 1 and 3 of MOV suggesting high levels of NADPH could

be produced via the mitochondrial folate cycle (Figure 3).
The folate cycle is compartmentalized in the cytosol and Furthermore, we found that the gene which encodes for
mitochondria in which parallel reactions support one- a mitochondrial serine transporter, SfnxI, was higher on
carbon anabolic pathways (Ducker & Rabinowitz, 2017). days 3, 5, and 7 of MOV. This supports the elevation in
The level of cytosolic Mthfd1 gene was lower throughout Slc38a1 which could bring extracellular serine into the
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cell which further gets pumped into the mitochondria for

utilization of the folate pathway.

In terms of pathways related to reductive biosynthesis,
we did not observe any significant change in the levels of
genes involved in either fatty acid or amino acid synthesis,

suggesting that these pathways were not altered at the
transcript level in response to MOV (Figure S1). For nu-
cleotide synthesis, the lack of a consistent pattern in the
gene expression in the non-oxidative branch of the PPP,
made it difficult to determine if there was a change in de
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FIGURE 3 Serine and the folate cycle contribute additional NADPH during MOV: Serine may be generated via the serine synthesis
pathway or brought into the cell by the sodium-coupled neutral amino acids transporter (Slc38al). Serine can then participate in the
generation of NADPH though the folate cycle. The mitochondrial compartment of the folate cycle is upregulated during MOV as highlighted
by log twofold change (blue: upregulated and black: not differentially expressed) of genes involved in these reactions. N = 2/group (pooled
samples). *denotes statistical significance (adjusted p value <0.05) compared to sham (control)

novo nucleotide synthesis. However, there was higher lev-
els of genes (Aprt, Nme, and Hprt) of the purine salvage
pathway across the MOV time course (Figure S2), sug-
gesting the participation of the folate cycle in purine syn-
thesis. Additionally, Cmpkl, Rrm2, Ctps, Tyms, and Uck1
were elevated at some time point during MOV (Figure S3).
Finally, the elevated level of the neutral amino acid trans-
porter Slc38a10 on days 3, 5, and 7 of MOV may enhance
pyrimidine synthesis by increasing intracellular gluta-
mine and aspartate levels (Figure S3).

3.4 | Redox metabolism

The elevated levels of genes of both the oxidative branch
of the PPP and the mitochondrial folate cycle suggested
higher NADPH synthesis in response to MOV. NADPH is
used in redox homeostasis and reductive biosynthesis to
produce fatty acids, amino acids, and nucleotides. NADPH
plays a major role in cellular redox homeostasis by combat-
ing oxidative stress through reducing glutathione, thiore-
doxins, and peroxiredoxins. In response to MOV, Gsr, and
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Gpx1, which encode the two enzymes directly involved in
glutathione reduction and oxidation, respectively, showed
higher levels and suggest redox homeostasis was likely the
primary process consuming NADPH (Figure 4). In addi-
tion, genes for thioredoxins and peroxiredoxins (Txnrd1
and Prdx 1, respectively) involved in other redox pathways
which can utilize NADPH to control hydrogen peroxide
(H,0,) (Netto & Antunes, 2016) were also highly elevated
during MOV (Figure 4).

3.5 | Potential regulation of metabolic
genes by myomiR-1 during MOV

MyomiR-1 is the most abundant miRNA in the mouse
plantaris muscle and shows the greatest change in

3.0

N
°©

-
o

Log
Fold Change

o
°

expression in response to MOV of any miRNA (Vechetti
et al., 2021). To determine if the higher levels of PPP and
redox-related genes might be attributed to a decrease in
myomiR-1 expression, we performed a myomiR-1 target
gene prediction analysis on all of the significantly upreg-
ulated genes across the MOV time course. This analysis
identified a small set of genes involved in the PPP, SSP,
and redox homeostasis with predicted myomiR-1 seed
sequences within their respective 3'-UTR (Figure 5a). In
particular, genes of the oxidative (G6pdx and Pgd) and
non-oxidative (Tkt) branch of the PPP, SSP (Psat1), and
redox homeostasis (Gsr and Gclc). Together, these results
indicate a possible role of myomiR-1 in the regulation of
skeletal muscle metabolism by targeting key genes that
act synergistically to produce and utilize NADPH during
MOV.
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3.6 | Influence of satellite cells on
metabolism during MOV

We next wanted to determine if satellite cell fusion might
be affecting the expression of PPP and redox homeostasis-
related genes. We compared plantaris muscle gene expres-
sion of vehicle-treated, satellite cell-replete (SC+), and
tamoxifen-treated, satellite cell-depleted (SC-) to identify
differentially expressed key metabolic genes across the
MOV time course (Figure S4). Specifically, this analysis

found that SC- G6pdx level was significantly higher on
days 5 and 7 of MOV compared to SC+; in particular,
SC- G6pdx level remained elevated while SC+G6pdx level
was returning towards baseline on days 5 and 7 of MOV
(Figure 5b).

Given that myomiR-206 has been previously shown
to be enriched in satellite cells (Fry et al., 2017), we hy-
pothesized that the expression of myomiR-206, which is
known to target many of the same genes as myomiR-1
given their identical seed sequence (Figure 5¢), would be
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higher in SC+compared to SC- and, as a result, repress
expression of these genes upon satellite fusion starting
at day 5 of MOV. In Figure 5d, qPCR analysis confirmed
miR-206 expression was higher at days 5 and 7 of MOV
in the SC+group whereas miR-206 expression did not
change across the MOV time course in SC- group, con-
sistent with satellite cell proliferation and depletion,
respectively.

4 | DISCUSSION

We identified a potential mechanism which could facili-
tate the rapid growth response observed in MOV-induced
skeletal muscle hypertrophy. Specifically, we identified
the pentose phosphate pathway (PPP) as a possible shunt
for glucose and highlighted the importance of the rate lim-
iting enzyme of the PPP, G6pdx, in the regulation of skel-
etal muscle metabolism during hypertrophy. In response
to MOV, the results suggest the PPP becomes activated
which leads to an increase in NADPH that is subsequently
used in nucleotide biosynthesis and oxidative stress. We
also provide evidence for a potential mechanism involving
myomiRs modulating the expression of genes involved in
the metabolic reprograming induced by MOV.

It is well established that the PPP is essential for re-
ductive biosynthesis and generation of NADPH (Vander
Heiden et al., 2009). Pharmacological inhibition of G6pdx
reduced nucleotide synthesis and tumor cell proliferation
in both pancreatic adenocarcinoma cells and mice host-
ing Ehrlich's ascitic tumor cells (Boros et al., 1997). In
contrast, overexpression of G6pdx was shown to increase
the levels of NADPH resulting in a higher rate of cellu-
lar growth under oxidative stress (Tian et al., 1998). While
these studies were not conducted in skeletal muscle, they
support a critical role of G6pdx in cell growth. The impor-
tance of the PPP in skeletal muscle adaptation has been
recently described by Hoshino and colleagues whereby
electrical stimulation of C2C12 myotubes led to an in-
crease in reactive oxygen species-dependent activation of
the PPP (Hoshino et al., 2020). The reliance on the PPP for
muscle growth is also supported by studies investigating
the rapid muscle growth of broiler chickens and in mice
upon inducible, muscle-specific Akt-activation (Abasht
et al., 2016; Brothers et al., 2019). Finally, Wagner and col-
leagues found increased levels of G6pdx and Pgd in mice
after Marcaine-induced muscle damage indicating that
the PPP is upregulated to assist in the recovery from mus-
cle damage (Wagner et al., 1978). Together, these studies,
along with the results of the current study, suggest that the
PPP is responsive to various stimuli and highlights the po-
tentially important role of this pathway in skeletal muscle
hypertrophy and regeneration.

The PPP is not the only pathway which can generate
NADPH, the folate and TCA cycles, malic enzymes, and
nicotinamide nucleotide transhydrogenase mitochon-
drial inner membrane proteins can all generate NADPH
(Ju et al., 2020). However, a previous study reported that
in growing cells the PPP and folate cycle are the primary
pathways responsible for NADPH production (Fan et al.,
2014), which agrees with our transcriptomic data. In par-
ticular, the transcriptomic data provides evidence that the
mitochondrial branch of the folate cycle, compared to
the cytosolic branch, could generate additional NADPH
during MOV (Figure 4). Ducker and co-workers propose
that the compartmentalization of the folate cycle is nec-
essary in order to uncouple one-carbon metabolism from
glycolysis in an effort to preserve NAD* and allow for the
continuation of glycolysis (Ducker & Rabinowitz, 2017).
Most recently Zhu and co-workers determined that mi-
tochondrial NADPH production was essential for the
biosynthesis of proline, which contributed to collagen for-
mation (Zhu et al., 2021). Therefore, these findings indi-
cate that compartmentalizing NADPH synthesis could be
a strategy by which the spatial production of a metabolic
product ensures specific utilization.

It is well established that NADPH can be used to re-
duce oxidative stress with aberrant levels of NADPH asso-
ciated with cancer, cardiovascular disease, and aging (Ju
et al., 2020; Xiao et al., 2018; Ying, 2008). In skeletal mus-
cle, it has been demonstrated that muscle contractions can
increase both NADPH and ROS production (Henriquez-
Olguin et al., 2019; Hoshino et al., 2020). Interestingly,
increased levels of ROS can hydroxylate guanines of mRNA
(Kasai et al., 1991; Shan et al., 2007), decreasing transla-
tional fidelity, causing ribosomal stalling and shortened
peptides (Shan et al., 2007; Simms et al., 2014; Tanaka
et al., 2007). Furthermore, oxidative modifications can
occur on ribosomal proteins and ribosome modifying en-
zymes which may interfere with translation (Shcherbik
& Pestov, 2019). NADPH production could also attenuate
errors in protein synthesis by reducing the abundance of free
radicals that would otherwise cause expression of genes
associated with DNA damage, oxidized mRNA, and pro-
teolysis (Song et al., 2021). Altogether, increasing NADPH
to reduce oxidative stress could allow for the high rate of
protein synthesis that occurs during MOV and suggests
that modulating NADPH could lead to improvements in
protein synthesis.

Metabolic pathways are complex and regulated at sev-
eral levels with microRNAs shown to be involved in the
regulation of glycolysis and the PPP (Singh et al., 2013; Xu
et al., 2017). In addition, we and others have previously
demonstrated that microRNAs play a role in skeletal mus-
cle plasticity (Bonanno et al., 2020; Hudson et al., 2014;
Kovanda et al., 2018; McCarthy & Esser, 2007; Silva et al.,
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2019). For example, myomiR-1, one of the most abundant
microRNAs in skeletal muscle, decreases during skeletal
muscle hypertrophy, suggesting this microRNA acts as a
repressor of growth (Chaillou et al., 2013; McCarthy &
Esser, 2007; Vechetti et al., 2021). Interestingly, myomiR-1
has also been shown to repress the activity of G6pdx re-
sulting in an inhibitory effect on the PPP (Singh et al.,
2013). Our results propose that the rapid downregulation
of myomiR-1 in response to MOV leads to enhanced lev-
els of G6pdx which, in turn, activates the PPP to generate
NADPH. The concomitant increase in the levels of G6pdx
with the decrease in myomiR-1 may be the impetus for the
metabolic shift observed during MOV.

It is well established that during MOV-induced mus-
cle hypertrophy, satellite cells fuse to the muscle fibers,
contributing to the increase in myonuclei and poten-
tially playing other hypertrophic supporting roles (Fry
et al., 2014; Kirby et al., 2016; Snijders et al., 2015). In
order to determine if satellite cell fusion affects the lev-
els of Gépdx, during MOV-induced muscle hypertrophy,
we queried a microarray comparing the metabolic genes
between SC+ and SC- mice. We found that Gépdx was
significantly elevated in SC- when compared to SC+mice
(Figure 5b). Previous results from our laboratory sup-
ported a mechanism in which the delivery of satellite
cell-enriched myomiR-206-induced collagen remodeling
during MOV (Fry et al., 2017). In addition, myomiR-206
has also been shown to regulate G6pdx in both C2C12
myoblasts and cancer cells (Jiang et al., 2019; Singh et al.,
2013) as it shares a near identical seed region with my-
omiR-1. The results from the current study demonstrate
that myomiR-206 expression is significantly elevated at
days 5 and 7 of MOV only in SC+mice (Figure 5d) which
coincided with the lower G6pdx expression in SC- muscle
(Figure 5b). Together, these results suggest that satellite
cell-enriched myomiR-206 also participates in the met-
abolic reprograming during MOV-induced muscle hy-
pertrophy by modulating the levels of G6pdx. Although
our results are based on changes in gene expression and
microRNA target prediction, the regulation of G6pdx ex-
pression by myomiRs has been validated in cancer and
nonneoplastic fibroblast cells (Singh et al., 2013), where
an inverse correlation between myomiR-1, —206 and PPP
gene expression was demonstrated. Thus, we propose that
myomiR-1 and myomiR-206 contribute to the metabolic
reprograming that allows for the robust skeletal muscle
growth observed in response to MOV by activating the
PPP and one-carbon pathways.

The current study is not without limitations. The re-
sults rely exclusively on transcriptomic data to infer
changes in metabolic pathways in response to MOV. A
major focus of a future study will be to confirm the ob-
served changes in gene expression are reflected at the
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protein level. Previous studies have reported that changes
in metabolic gene transcript levels correspond to similar
changes at the protein level (Gupte et al., 2011; Hoshino
et al., 2020; Singh et al., 2013; Weyrauch et al., 2020). In
addition, Weyrauch and colleagues, using the same hy-
pertrophy model (i.e., MOV induced by synergist abla-
tion) as used in the current study, showed that GLUT1
and G6PDH protein abundance as well as NADPH levels
were all higher in response to 5 days of MOV (Weyrauch
et al., 2020). This gives us confidence that the changes
in gene expression observed here are also physiological
meaningful. Additionally, samples were pooled for mi-
croarray analysis which limits the amount of biological
variation in our results. This may limit the extent to which
our results may be interpreted. Nonetheless, our results
still provide novel data regarding metabolic networks
that appear to be important for skeletal muscle growth
and are not diminished by the methodology. For example,
Mendias and co-workers performed a microarray analy-
sis on rat plantaris muscle after 3, 7, and 28s of synergist
ablation (Mendias et al., 2017). RNA for this analysis was
not pooled allowing for each sample (n = 4 per group) to
be sequenced individually (Mendias et al., 2017). In line
with our results, G6pdx was significantly higher on day
3 compared to control (GSE62388), demonstrating con-
sistencies among microarray analysis strategies. Another
potential limitation of the study is the fact that our tran-
scriptomic analysis encompasses the whole muscle and
cannot distinguish the contribution of non-muscle cell
types to the observed changes in gene expression. For in-
stance, macrophage abundance has been shown be sig-
nificantly elevated after 5 days of MOV which may have
influenced the transcriptomic data given that macro-
phages undergo metabolic reprograming upon activation
(Novak et al., 2009; O'Neill et al., 2016). This concern is
tempered by the finding of Kirby and colleagues showing
that approximately 90% of nascent RNA is associated with
myonuclei during MOV induced by synergist ablation
(Kirby et al., 2016), thus providing confidence that most
of the observed changes in gene expression reflect what is
occurring within muscle fibers.

In conclusion, we provide evidence to suggest the ro-
bust muscle growth induced by MOV may rely upon met-
abolic reprogramming that involves activation of the PPP
and one-carbon metabolic pathway. Further, our data
along with studies in cancer, indicate activation of the PPP
is regulated by myomiR targeting of Gépdx (Coda et al.,
2015; Singh et al., 2013). The findings from this study pro-
vide the foundation for future studies focused on deter-
mining the role of G6pdx in skeletal muscle hypertrophy.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62388

12 of 15 . . e
;I—Physmloglcal Reports & Nt

VALENTINO ET AL.

physiclogical
Sodity.

AUTHOR CONTRIBUTIONS

Ivan J. Vechetti conceived and supervised the project.
Taylor Valentino designed and performed the research.
Vandre C Figueiredo performed the surgeries and RNA
extraction. Taylor Valentino, John J. McCarthy, and Ivan
J. Vechetti performed the data analysis. Taylor Valentino,
C. Brooks Mobley, John J. McCarthy, and Ivan J. Vechetti
interpreted the results. Taylor Valentino, John J. McCarthy,
and Ivan J. Vechetti wrote the manuscript with input from
all other authors. All authors agreed with the final version
of the manuscript.

ORCID
Taylor Valentino
Ivan J. Vechetti Jr

https://orcid.org/0000-0002-7191-1827
https://orcid.org/0000-0003-1024-1011

REFERENCES

Abasht, B., Mutryn, M. F., Michalek, R. D., & Lee, W. R. (2016).
Oxidative stress and metabolic perturbations in wooden breast
disorder in chickens. PLoS One, 11, €0153750. https://doi.
org/10.1371/journal.pone.0153750

Baar, K., & Esser, K. (1999). Phosphorylation of p70(Sé6k) correlates
with increased skeletal muscle mass following resistance exer-
cise. American Journal of Physiology, 276, C120-C127.

Bodine, S. C., Stitt, T. N., Gonzalez, M., Kline, W. O., Stover, G. L.,
Bauerlein, R., Zlotchenko, E., Scrimgeour, A., Lawrence, J. C.,
Glass, D.J., & Yancopoulos, G. D. (2001). Akt/mTOR pathway is
a crucial regulator of skeletal muscle hypertrophy and can pre-
vent muscle atrophy in vivo. Nature Cell Biology, 3, 1014-1019.
https://doi.org/10.1038/ncb1101-1014

Bonanno, S., Marcuzzo, S., Malacarne, C., Giagnorio, E., Masson,
R., Zanin, R., Arnoldi, M. T., Andreetta, F., Simoncini, O.,
Venerando, A., Gellera, C., Pantaleoni, C., Mantegazza, R.,
Bernasconi, P., Baranello, G., & Maggi, L. (2020). Circulating
MyomiRs as potential biomarkers to monitor response to
nusinersen in pediatric SMA patients. Biomedicines, 8. https://
doi.org/10.3390/biomedicines8020021

Boros, L. G., Puigjaner, J., Cascante, M., Lee, W. N., Brandes, J. L.,
Bassilian, S., Yusuf, F. 1., Williams, R. D., Muscarella, P., Melvin,
W. S., & Schirmer, W. J. (1997). Oxythiamine and dehydroepi-
androsterone inhibit the nonoxidative synthesis of ribose and
tumor cell proliferation. Cancer Research, 57, 4242-4248.

Brothers, B., Zhuo, Z., Papah, M. B., & Abasht, B. (2019). RNA-Seq
analysis reveals spatial and sex differences in pectoralis major
muscle of broiler chickens contributing to difference in suscep-
tibility to wooden breast disease. Frontiers in Physiology, 10,
764. https://doi.org/10.3389/fphys.2019.00764

Carvalho, B. S., & Irizarry, R. A. (2010). A framework for oligonucle-
otide microarray preprocessing. Bioinformatics, 26, 2363-2367.
https://doi.org/10.1093/bioinformatics/btq431

Chaillou, T., Lee, J. D., England, J. H., Esser, K. A., & McCarthy, J. J.
(2013). Time course of gene expression during mouse skeletal
muscle hypertrophy. Journal of Applied Physiology, 1985(115),
1065-1074. https://doi.org/10.1152/japplphysiol.00611.2013

Coda, D. M., Lingua, M. F., Morena, D., Foglizzo, V., Bersani, F., Ala,
U., Ponzetto, C., & Taulli, R. (2015). SMYD1 and G6PD modu-
lation are critical events for miR-206-mediated differentiation

of rhabdomyosarcoma. Cell Cycle, 14, 1389-1402. https://doi.
0rg/10.1080/15384101.2015.1005993

Davis, S., & Meltzer, P. S. (2007). GEOquery: A bridge between
the Gene Expression Omnibus (GEO) and BioConductor.
Bioinformatics, 23, 1846-1847. https://doi.org/10.1093/bioin
formatics/btm254

DeVol, D. L., Rotwein, P., Sadow, J. L., Novakofski, J., & Bechtel, P.
J. (1990). Activation of insulin-like growth factor gene expres-
sion during work-induced skeletal muscle growth. American
Journal of Physiology, 259, E89-E95. https://doi.org/10.1152/
ajpendo.1990.259.1.E89

Diehl, K. L., & Muir, T. W. (2020). Chromatin as a key consumer in
the metabolite economy. Nature Chemical Biology, 16, 620-629.
https://doi.org/10.1038/s41589-020-0517-x

Ducker, G. S., & Rabinowitz, J. D. (2017). One-carbon metabolism
in health and disease. Cell Metabolism, 25, 27-42. https://doi.
org/10.1016/j.cmet.2016.08.009

Egan, B., & Zierath, J. R. (2013). Exercise metabolism and the molec-
ular regulation of skeletal muscle adaptation. Cell Metabolism,
17,162-184. https://doi.org/10.1016/j.cmet.2012.12.012

Enright, A. J., John, B., Gaul, U., Tuschl, T., Sander, C., & Marks, D. S.
(2003). MicroRNA targets in Drosophila. Genome Biology, 5, R1.

Fan, J., Ye, J., Kamphorst, J. J., Shlomi, T., Thompson, C. B., &
Rabinowitz, J. D. (2014). Quantitative flux analysis reveals
folate-dependent NADPH production. Nature, 510, 298-302.
https://doi.org/10.1038/nature13236

Fan, T. W. M., Bruntz, R. C., Yang, Y., Song, H., Chernyavskaya, Y.,
Deng, P., Zhang, Y., Shah, P. P, Beverly, L. J., Qi, Z., Mahan, A.
L., Higashi, R. M., Dang, C. V,, & Lane, A. N. (2019). De novo
synthesis of serine and glycine fuels purine nucleotide bio-
synthesis in human lung cancer tissues. Journal of Biological
Chemistry, 294, 13464-13477. https://doi.org/10.1074/jbc.
RA119.008743

Figueiredo, V. C., Englund, D. A., Vechetti, I. J. Jr, Alimov, A.,
Peterson, C. A., & McCarthy, J. J. (2019). Phosphorylation of eu-
karyotic initiation factor 4E is dispensable for skeletal muscle
hypertrophy. American Journal of Physiology. Cell Physiology,
317, C1247-C1255. https://doi.org/10.1152/ajpcell.00380.2019

Fry, C. S., Kirby, T. J., Kosmac, K., McCarthy, J. J., & Peterson, C.
A. (2017). Myogenic progenitor cells control extracellular
matrix production by fibroblasts during skeletal muscle hy-
pertrophy. Cell Stem Cell, 20, 56-69. https://doi.org/10.1016/j.
stem.2016.09.010

Fry, C. S., Lee, J. D., Jackson, J. R., Kirby, T. J., Stasko, S. A., Liu,
H., Dupont-Versteegden, E. E., McCarthy, J. J., & Peterson, C.
A. (2014). Regulation of the muscle fiber microenvironment by
activated satellite cells during hypertrophy. The FASEB Journal,
28, 1654-1665. https://doi.org/10.1096/1j.13-239426

Geeraerts, S. L., Heylen, E., De Keersmaecker, K., & Kampen, K. R.
(2021). The ins and outs of serine and glycine metabolism in
cancer. Nat Metab, 3, 131-141. https://doi.org/10.1038/s4225
5-020-00329-9

Goldberg, A. L., Etlinger, J. D., Goldspink, D. F., & Jablecki, C.
(1975). Mechanism of work-induced hypertrophy of skeletal
muscle. Med Sci Sports, 7, 185-198.

Gupte, R. S., Ata, H., Rawat, D., Abe, M., Taylor, M. S., Ochi, R., &
Gupte, S. A. (2011). Glucose-6-phosphate dehydrogenase is a
regulator of vascular smooth muscle contraction. Antioxidants
& Redox Signaling, 14, 543-558. https://doi.org/10.1089/
ars.2010.3207


https://orcid.org/0000-0002-7191-1827
https://orcid.org/0000-0002-7191-1827
https://orcid.org/0000-0003-1024-1011
https://orcid.org/0000-0003-1024-1011
https://doi.org/10.1371/journal.pone.0153750
https://doi.org/10.1371/journal.pone.0153750
https://doi.org/10.1038/ncb1101-1014
https://doi.org/10.3390/biomedicines8020021
https://doi.org/10.3390/biomedicines8020021
https://doi.org/10.3389/fphys.2019.00764
https://doi.org/10.1093/bioinformatics/btq431
https://doi.org/10.1152/japplphysiol.00611.2013
https://doi.org/10.1080/15384101.2015.1005993
https://doi.org/10.1080/15384101.2015.1005993
https://doi.org/10.1093/bioinformatics/btm254
https://doi.org/10.1093/bioinformatics/btm254
https://doi.org/10.1152/ajpendo.1990.259.1.E89
https://doi.org/10.1152/ajpendo.1990.259.1.E89
https://doi.org/10.1038/s41589-020-0517-x
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1038/nature13236
https://doi.org/10.1074/jbc.RA119.008743
https://doi.org/10.1074/jbc.RA119.008743
https://doi.org/10.1152/ajpcell.00380.2019
https://doi.org/10.1016/j.stem.2016.09.010
https://doi.org/10.1016/j.stem.2016.09.010
https://doi.org/10.1096/fj.13-239426
https://doi.org/10.1038/s42255-020-00329-9
https://doi.org/10.1038/s42255-020-00329-9
https://doi.org/10.1089/ars.2010.3207
https://doi.org/10.1089/ars.2010.3207

VALENTINO ET AL.

Nihsongea ) Physiological Repor‘ch—BOfls

Hamilton, D. L., Philp, A., MacKenzie, M. G., Patton, A., Towler, M.
C., Gallagher, I. J., Bodine, S. C., & Baar, K. (2014). Molecular
brakes regulating mTORC1 activation in skeletal muscle fol-
lowing synergist ablation. American Journal of Physiology
Endocrinology and Metabolism, 307, E365-E373. https://doi.
org/10.1152/ajpendo.00674.2013

Hargreaves, M., & Spriet, L. L. (2020). Skeletal muscle energy me-
tabolism during exercise. Nat Metab, 2, 817-828. https://doi.
org/10.1038/s42255-020-0251-4

Henriquez-Olguin, C., Knudsen, J. R., Raun, S. H., Li, Z., Dalbram,
E., Treebak, J. T., Sylow, L., Holmdahl, R., Richter, E. A.,
Jaimovich, E., & Jensen, T. E. (2019). Cytosolic ROS produc-
tion by NADPH oxidase 2 regulates muscle glucose uptake
during exercise. Nature Communications, 10, 4623. https://doi.
0rg/10.1038/s41467-019-12523-9

Hornberger, T. A., Chu, W. K., Mak, Y. W,, Hsiung, J. W., Huang, S.
A., & Chien, S. (2006). The role of phospholipase D and phos-
phatidic acid in the mechanical activation of mTOR signaling in
skeletal muscle. Proceedings of the National Academy of Sciences
USA, 103, 4741-4746. https://doi.org/10.1073/pnas.0600678103

Hoshino, D., Kawata, K., Kunida, K., Hatano, A., Yugi, K., Wada, T,
Fujii, M., Sano, T, Ito, Y., Furuichi, Y., Manabe, Y., Suzuki, Y.,
Fujii, N. L., Soga, T., & Kuroda, S. (2020). Trans-omic analysis
reveals ROS-dependent pentose phosphate pathway activation
after high-frequency electrical stimulation in C2C12 myo-
tubes, iScience 23, 23(10), 101558. https://doi.org/10.1016/].
is¢i.2020.101558

Hsu, P. P., & Sabatini, D. M. (2008). Cancer cell metabolism: Warburg
and beyond. Cell, 134, 703-707. https://doi.org/10.1016/j.
cell.2008.08.021

Hudson, M. B., Woodworth-Hobbs, M. E., Zheng, B., Rahnert, J. A.,
Blount, M. A., Gooch, J. L., Searles, C. D., & Price, S. R. (2014).
miR-23a is decreased during muscle atrophy by a mechanism
that includes calcineurin signaling and exosome-mediated
export. American Journal of Physiology. Cell Physiology, 306,
C551-C558. https://doi.org/10.1152/ajpcell.00266.2013

Jiang, A., Dong, C., Li, B., Zhang, Z., Chen, Y., Ning, C., Wu, W.,
& Liu, H. (2019). MicroRNA-206 regulates cell proliferation
by targeting G6PD in skeletal muscle. The FASEB Journal, 33,
14083-14094. https://doi.org/10.1096/1j.201900502RRRR

Ju, H. Q., Lin, J. F,, Tian, T., Xie, D., & Xu, R. H. (2020). NADPH ho-
meostasis in cancer: Functions, mechanisms and therapeutic
implications. Signal Transduction and Targeted Therapy, 5, 231.

Kasai, H., Chung, M. H., Jones, D. S., Inoue, H., Ishikawa, H., Kamiya,
H., Ohtsuka, E., & Nishimura, S. (1991). 8-Hydroxyguanine, a
DNA adduct formed by oxygen radicals: Its implication on ox-
ygen radical-involved mutagenesis/carcinogenesis. Journal of
Toxicological Sciences, 16(Suppl 1), 95-105.

Kirby, T. J., Patel, R. M., McClintock, T. S., Dupont-Versteegden, E.
E., Peterson, C. A., & McCarthy, J. J. (2016). Myonuclear tran-
scription is responsive to mechanical load and DNA content
but uncoupled from cell size during hypertrophy. Molecular
Biology of the Cell, 27, 788-798. https://doi.org/10.1091/mbc.
E15-08-0585

Kjobsted, R., Hingst, J. R., Fentz, J., Foretz, M., Sanz, M. N,
Pehmoller, C., Shum, M., Marette, A., Mounier, R., Treebak,
J. T., Wojtaszewski, J. F. P., Viollet, B., & Lantier, L. (2018).
AMPK in skeletal muscle function and metabolism. The FASEB
Journal, 32,1741-1777. https://doi.org/10.1096/£j.201700442R

Kovanda, A., Leonardis, L., Zidar, J., Koritnik, B., Dolenc-Groselj,
L., Ristic Kovacic, S., Curk, T., & Rogelj, B. (2018). Differential
expression of microRNAs and other small RNAs in muscle tis-
sue of patients with ALS and healthy age-matched controls.
Scientific Reports, 8, 5609. https://doi.org/10.1038/s41598-018-
23139-2

Kruger, J., & Rehmsmeier, M. (2006). RNAhybrid: microRNA tar-
get prediction easy, fast and flexible. Nucleic Acids Research, 34,
W451-W454. https://doi.org/10.1093/nar/gkl243

Lambert, M., Bastide, B., & Cieniewski-Bernard, C. (2018).
Involvement of O-GlcNAcylation in the skeletal muscle phys-
iology and physiopathology: Focus on muscle metabolism.
Frontiers in Endocrinology (Lausanne), 9, 578. https://doi.
org/10.3389/fendo.2018.00578

Li, L., Liang, Y., Kang, L., Liu, Y., Gao, S., Chen, S,, Li, Y., You,
W., Dong, Q., Hong, T., Yan, Z., Jin, S., Wang, T., Zhao, W,
Mai, H., Huang, J., Han, X,, Ji, Q., Song, Q., ... Ye, Q. (2018).
Transcriptional regulation of the Warburg effect in cancer by
SIX1. Cancer Cell, 33, 368-385, €367. https://doi.org/10.1016/].
ccell.2018.01.010

Liberti, M. V., & Locasale, J. W. (2016). The Warburg effect: How
does it benefit cancer cells? Trends in Biochemical Sciences, 41,
211-218. https://doi.org/10.1016/j.tibs.2015.12.001

Lu, H., Forbes, R. A., & Verma, A. (2002). Hypoxia-inducible factor
1 activation by aerobic glycolysis implicates the Warburg effect
in carcinogenesis. Journal of Biological Chemistry, 277, 23111-
23115. https://doi.org/10.1074/jbc.M202487200

Maguire, O. A., Ackerman, S. E., Szwed, S. K., Maganti, A. V,
Marchildon, F., Huang, X., Kramer, D. J., Rosas-Villegas, A.,
Gelfer, R. G., Turner, L. E., Ceballos, V., Hejazi, A., Samborska,
B., Rahbani, J. F., Dykstra, C. B., Annis, M. G., Luo, J. D., Carroll,
T.S., Jiang, C. S,, ... Cohen, P. (2021). Creatine-mediated cross-
talk between adipocytes and cancer cells regulates obesity-
driven breast cancer. Cell Metabolism, 33(3), 499-512 e496.
https://doi.org/10.1016/j.cmet.2021.01.018

McCarthy, J. J., & Esser, K. A. (2007). MicroRNA-1 and microRNA-
133a expression are decreased during skeletal muscle hypertro-
phy. Journal of Applied Physiology, 102(1), 306-313. https://doi.
org/10.1152/japplphysiol.00932.2006

McCarthy, J. J., Mula, J., Miyazaki, M., Erfani, R., Garrison, K.,
Farooqui, A. B., Srikuea, R., Lawson, B. A., Grimes, B., Keller, C.,
Van Zant, G., Campbell, K. S., Esser, K. A., Dupont-Versteegden,
E. E., & Peterson, C. A. (2011). Effective fiber hypertrophy in
satellite cell-depleted skeletal muscle. Development, 138, 3657—
3666. https://doi.org/10.1242/dev.068858

Mendias, C. L., Schwartz, A. J., Grekin, J. A., Gumucio, J. P., & Sugg,
K. B. (2017). Changes in muscle fiber contractility and extra-
cellular matrix production during skeletal muscle hypertrophy.
Journal of Applied Physiology, 122(3), 571-579. https://doi.
org/10.1152/japplphysiol.00719.2016

Miyazaki, M., & Esser, K. A. (2009). Cellular mechanisms regulating
protein synthesis and skeletal muscle hypertrophy in animals.
Journal of Applied Physiology, 106(4), 1367-1373. https://doi.
org/10.1152/japplphysiol.91355.2008

Murphy, M. M., Lawson, J. A., Mathew, S. J., Hutcheson, D. A,,
& Kardon, G. (2011). Satellite cells, connective tissue fibro-
blasts and their interactions are crucial for muscle regenera-
tion. Development, 138, 3625-3637. https://doi.org/10.1242/
dev.064162


https://doi.org/10.1152/ajpendo.00674.2013
https://doi.org/10.1152/ajpendo.00674.2013
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.1038/s41467-019-12523-9
https://doi.org/10.1038/s41467-019-12523-9
https://doi.org/10.1073/pnas.0600678103
https://doi.org/10.1016/j.isci.2020.101558
https://doi.org/10.1016/j.isci.2020.101558
https://doi.org/10.1016/j.cell.2008.08.021
https://doi.org/10.1016/j.cell.2008.08.021
https://doi.org/10.1152/ajpcell.00266.2013
https://doi.org/10.1096/fj.201900502RRRR
https://doi.org/10.1091/mbc.E15-08-0585
https://doi.org/10.1091/mbc.E15-08-0585
https://doi.org/10.1096/fj.201700442R
https://doi.org/10.1038/s41598-018-23139-2
https://doi.org/10.1038/s41598-018-23139-2
https://doi.org/10.1093/nar/gkl243
https://doi.org/10.3389/fendo.2018.00578
https://doi.org/10.3389/fendo.2018.00578
https://doi.org/10.1016/j.ccell.2018.01.010
https://doi.org/10.1016/j.ccell.2018.01.010
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1074/jbc.M202487200
https://doi.org/10.1016/j.cmet.2021.01.018
https://doi.org/10.1152/japplphysiol.00932.2006
https://doi.org/10.1152/japplphysiol.00932.2006
https://doi.org/10.1242/dev.068858
https://doi.org/10.1152/japplphysiol.00719.2016
https://doi.org/10.1152/japplphysiol.00719.2016
https://doi.org/10.1152/japplphysiol.91355.2008
https://doi.org/10.1152/japplphysiol.91355.2008
https://doi.org/10.1242/dev.064162
https://doi.org/10.1242/dev.064162

14 0f15 . . .
;I—Physwloglcal Reports & Nt

VALENTINO ET AL.

physiclogical
Sodity.

Netto, L. E., & Antunes, F. (2016). The roles of peroxiredoxin and
thioredoxin in hydrogen peroxide sensing and in signal trans-
duction. Molecules and Cells, 39, 65-71.

Newman, A. C., & Maddocks, O. D. K. (2017). One-carbon metab-
olism in cancer. British Journal of Cancer, 116, 1499-1504.
https://doi.org/10.1038/bjc.2017.118

Novak, M. L., Billich, W., Smith, S. M., Sukhija, K. B., McLoughlin,
T.J., Hornberger, T. A., & Koh, T. J. (2009). COX-2 inhibitor re-
duces skeletal muscle hypertrophy in mice. American Journal of
Physiology: Regulatory, Integrative and Comparative Physiology,
296, R1132-R1139. https://doi.org/10.1152/ajpregu.90874.2008

O'Neill, L. A., Kishton, R. J., & Rathmell, J. (2016). A guide to immu-
nometabolism for immunologists. Nature Reviews Immunology,
16, 553-565. https://doi.org/10.1038/nri.2016.70

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., &
Smyth, G. K. (2015). limma powers differential expression anal-
yses for RNA-sequencing and microarray studies. Nucleic Acids
Research, 43, e47. https://doi.org/10.1093/nar/gkv007

Roberts, M. D., Mobley, C. B., Vann, C. G., Haun, C. T., Schoenfeld,
B. J,, Young, K. C., & Kavazis, A. N. (2020). Synergist ablation-
induced hypertrophy occurs more rapidly in the plantaris
than soleus muscle in rats due to different molecular mecha-
nisms. American Journal of Physiology: Regulatory, Integrative
and Comparative Physiology, 318, R360-R368. https://doi.
org/10.1152/ajpregu.00304.2019

Rosenzweig, A., Blenis, J., & Gomes, A. P. (2018). Beyond the
Warburg effect: How do cancer cells regulate one-carbon me-
tabolism? Frontiers in Cell and Developmental Biology, 6, 90.
https://doi.org/10.3389/fcell.2018.00090

Ruijter, J. M., Ramakers, C., Hoogaars, W. M., Karlen, Y., Bakker, O.,
van den Hoff, M. J., & Moorman, A. F. (2009). Amplification
efficiency: Linking baseline and bias in the analysis of quan-
titative PCR data. Nucleic Acids Research, 37, e45. https://doi.
org/10.1093/nar/gkp045

Shan, X., Chang, Y., & Lin, C. L. (2007). Messenger RNA oxidation
is an early event preceding cell death and causes reduced pro-
tein expression. The FASEB Journal, 21, 2753-2764. https://doi.
0rg/10.1096/£j.07-8200com

Shcherbik, N., & Pestov, D. G. (2019). The impact of oxidative stress
on ribosomes: From injury to regulation. Cells, 8. https://doi.
0rg/10.3390/cells8111379

Silva, W.J.,, Graca, F. A., Cruz, A., Silvestre, J. G., Labeit, S., Miyabara,
E. H,, Yan, C. Y. I, Wang, D. Z., & Moriscot, A. S. (2019). miR-
29c¢ improves skeletal muscle mass and function throughout
myocyte proliferation and differentiation and by repressing
atrophy-related genes. Acta Psychologica, 226, e13278. https://
doi.org/10.1111/apha.13278

Simms, C. L., Hudson, B. H., Mosior, J. W., Rangwala, A. S., & Zaher,
H. S. (2014). An active role for the ribosome in determining the
fate of oxidized mRNA. Cell Reports, 9, 1256-1264. https://doi.
0rg/10.1016/j.celrep.2014.10.042

Singh, A., Happel, C., Manna, S. K., Acquaah-Mensah, G., Carrerero,
J., Kumar, S., Nasipuri, P., Krausz, K. W., Wakabayashi, N.,
Dewi, R., Boros, L. G., Gonzalez, F. I., Gabrielson, E., Wong, K.
K., Girnun, G., & Biswal, S. (2013). Transcription factor NRF2
regulates miR-1 and miR-206 to drive tumorigenesis. Journal of
Clinical Investigation, 123, 2921-2934. https://doi.org/10.1172/
JCI66353

Snijders, T., Nederveen, J. P., McKay, B. R., Joanisse, S., Verdijk, L.
B., van Loon, L. J., & Parise, G. (2015). Satellite cells in human

skeletal muscle plasticity. Frontiers in Physiology, 6, 283. https://
doi.org/10.3389/fphys.2015.00283

Song, L., Shi, J. Y., Duan, S. F.,, Han, D. Y., Li, K., Zhang, R. P, He, P.
Y., Han, P. J.,, Wang, Q. M., & Bai, F. Y. (2021). Improved redox
homeostasis owing to the up-regulation of one-carbon metab-
olism and related pathways is crucial for yeast heterosis at high
temperature. Genome Research, 31(4), 622-634. https://doi.
org/10.1101/gr.262055.120

Stadhouders, L. E. M., Verbrugge, S. A. J., Smith, J. A. B., Gabriel, B.
M., Hammersen, T. D., Kolijn, D., Vogel, I. S. P., Mohamed, A.
D., de Wit, G. M. J,, Offringa, C., Hoogaars, W. M., Gehlert, S.,
Wackerhage, H., & Jaspers, R. T. (2020). Myotube hypertrophy
is associated with cancer-like metabolic reprogramming and
limited by PHGDH. bioRxiv.

Sun, L., Suo, C., Li, S. T., Zhang, H., & Gao, P. (2018). Metabolic repro-
gramming for cancer cells and their microenvironment: Beyond
the Warburg effect. Biochimica et Biophysica Acta - Reviews on
Cancer, 1870, 51-66. https://doi.org/10.1016/j.bbcan.2018.06.005

Tabbaa, M., Ruz Gomez, T., Campelj, D. G., Gregorevic, P., Hayes, A.,
& Goodman, C. A. (2021). The regulation of polyamine pathway
proteins in models of skeletal muscle hypertrophy and atrophy:
A potential role for mTORC1. American Journal of Physiology
Cell Physiology, 320, C987-C999. https://doi.org/10.1152/ajpce
11.00078.2021

Tanaka, M., Chock, P. B., & Stadtman, E. R. (2007). Oxidized messen-
ger RNA induces translation errors. Proceedings of the National
Academy of Sciences, 104, 66-71. https://doi.org/10.1073/
pnas.0609737104

Terena, S. M., Fernandes, K. P., Bussadori, S. K., Deana, A. M., &
Mesquita-Ferrari, R. A. (2017). Systematic review of the syn-
ergist muscle ablation model for compensatory hypertrophy.
Revista Da Associacao Medica Brasileira, 1992(63), 164-172.
https://doi.org/10.1590/1806-9282.63.02.164

Tian, W. N., Braunstein, L. D., Pang, J., Stuhlmeier, K. M., Xi, Q.
C., Tian, X., & Stanton, R. C. (1998). Importance of glucose-
6-phosphate dehydrogenase activity for cell growth. Journal
of Biological Chemistry, 273, 10609-10617. https://doi.
0rg/10.1074/jbc.273.17.10609

Vander Heiden, M. G., Cantley, L. C., & Thompson, C. B. (2009).
Understanding the Warburg effect: The metabolic require-
ments of cell proliferation. Science, 324, 1029-1033. https://doi.
org/10.1126/science.1160809

Vechetti, I. J. Jr, Peck, B. D., Wen, Y., Walton, R. G., Valentino, T. R.,
Alimov, A. P., Dungan, C. M., Van Pelt, D. W., von Walden, F.,
Alkner, B., Peterson, C. A., & McCarthy, J. J. (2021). Mechanical
overload-induced muscle-derived extracellular vesicles pro-
mote adipose tissue lipolysis. The FASEB Journal, 35, €21644.
https://doi.org/10.1096/fj.202100242R

Vechetti, I. J. Jr, Wen, Y., Chaillou, T., Murach, K. A., Alimov, A. P.,
Figueiredo, V. C., Dal-Pai-Silva, M., & McCarthy, J. J. (2019).
Life-long reduction in myomiR expression does not adversely
affect skeletal muscle morphology. Scientific Reports, 9, 5483.
https://doi.org/10.1038/s41598-019-41476-8

Wagner, K. R., Kauffman, F. C., & Max, S. R. (1978). The pentose
phosphate pathway in regenerating skeletal muscle. The
Biochemical Journal, 170, 17-22. https://doi.org/10.1042/bj170
0017

Warburg, O., Wind, F., & Negelein, E. (1927). The metabolism of
tumors in the body. Journal of General Physiology, 8, 519-530.
https://doi.org/10.1085/jgp.8.6.519


https://doi.org/10.1038/bjc.2017.118
https://doi.org/10.1152/ajpregu.90874.2008
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1152/ajpregu.00304.2019
https://doi.org/10.1152/ajpregu.00304.2019
https://doi.org/10.3389/fcell.2018.00090
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1096/fj.07-8200com
https://doi.org/10.1096/fj.07-8200com
https://doi.org/10.3390/cells8111379
https://doi.org/10.3390/cells8111379
https://doi.org/10.1111/apha.13278
https://doi.org/10.1111/apha.13278
https://doi.org/10.1016/j.celrep.2014.10.042
https://doi.org/10.1016/j.celrep.2014.10.042
https://doi.org/10.1172/JCI66353
https://doi.org/10.1172/JCI66353
https://doi.org/10.3389/fphys.2015.00283
https://doi.org/10.3389/fphys.2015.00283
https://doi.org/10.1101/gr.262055.120
https://doi.org/10.1101/gr.262055.120
https://doi.org/10.1016/j.bbcan.2018.06.005
https://doi.org/10.1152/ajpcell.00078.2021
https://doi.org/10.1152/ajpcell.00078.2021
https://doi.org/10.1073/pnas.0609737104
https://doi.org/10.1073/pnas.0609737104
https://doi.org/10.1590/1806-9282.63.02.164
https://doi.org/10.1074/jbc.273.17.10609
https://doi.org/10.1074/jbc.273.17.10609
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.1160809
https://doi.org/10.1096/fj.202100242R
https://doi.org/10.1038/s41598-019-41476-8
https://doi.org/10.1042/bj1700017
https://doi.org/10.1042/bj1700017
https://doi.org/10.1085/jgp.8.6.519

VALENTINO ET AL.

e . . 15 of 15
Jysooged ) Physiological ReportsJ—o

4

Weyrauch, L. A., McMillin, S. L., & Witczak, C. A. (2020). Insulin
resistance does not impair mechanical overload-stimulated glu-
cose uptake, but does alter the metabolic fate of glucose in mouse
muscle. International Journal of Molecular Sciences, 21(13), 4715.

Xiao, W., Wang, R. S., Handy, D. E., & Loscalzo, J. (2018). NAD(H)
and NADP(H) redox couples and cellular energy metabolism.
Antioxidants & Redox Signaling, 28, 251-272. https://doi.
org/10.1089/ars.2017.7216

Xu, W., Zhang, Z., Zou, K., Cheng, Y., Yang, M., Chen, H., Wang, H.,
Zhao, J., Chen, P., He, L., Chen, X., Geng, L., & Gong, S. (2017).
MiR-1 suppresses tumor cell proliferation in colorectal cancer
by inhibition of Smad3-mediated tumor glycolysis. Cell Death
& Disease, 8, €2761. https://doi.org/10.1038/cddis.2017.60

Ying, W. (2008). NAD+/NADH and NADP+/NADPH in cellular
functions and cell death: Regulation and biological conse-
quences. Antioxidants & Redox Signaling, 10, 179-206.

Zhu, J., Schworer, S., Berisa, M., Kyung, Y. J., Ryu, K. W,, Yi, J,
Jiang, X., Cross, J. R., & Thompson, C. B. (2021). Mitochondrial
NADP(H) generation is essential for proline biosynthesis.
Science, 372(6545), 968-972.

AW ogic
\Z Society Sysojogical

Zhu, J., & Thompson, C. B. (2019). Metabolic regulation of cell
growth and proliferation. Nature Reviews Molecular Cell Biology,
20, 436-450. https://doi.org/10.1038/s41580-019-0123-5

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Valentino, T.,
Figueiredo, V. C., Mobley, C. B., McCarthy, J.J., &
Vechetti, I. J. Jr (2021). Evidence of myomiR
regulation of the pentose phosphate pathway
during mechanical load-induced hypertrophy.
Physiological Reports, 9, €15137. https://doi.
org/10.14814/phy2.15137



https://doi.org/10.1089/ars.2017.7216
https://doi.org/10.1089/ars.2017.7216
https://doi.org/10.1038/cddis.2017.60
https://doi.org/10.1038/s41580-019-0123-5
https://doi.org/10.14814/phy2.15137
https://doi.org/10.14814/phy2.15137

