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Key points

- Non-coding RNAs, including miRNAs, IncRNAs, and circRNAs, regulate
mitochondrial biogenesis, dynamics, and oxidative phosphorylation in skeletal
muscle.

- miRNAs such as miR-128, miR-133a, miR-696, and miR-499 play critical roles in
enhancing mitochondrial function and may serve as biomarkers for exercise
adaptations.

- Exercise modulates ncRNAs (notably miR-133a and miR-696), highlighting
potential therapeutic applications in metabolic health and mitochondrial disorders.

- IncRNAs (IncEDCHI1, IncRNA-H19) and circRNA (circ-PTPN4) influence
mitochondrial biogenesis and oxidative phosphorylation, suggesting their potential
as novel therapeutic targets.

- Further research is necessary to investigate muscle-specific and exercise-modality-

specific effects of ncRNAs to develop personalized exercise-based interventions.
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Abstract

This systematic review investigates the role of non-coding RNAs (ncRNAs), including
miRNAs, IncRNAs, circRNAs, and tRNAs, in regulating mitochondrial biogenesis,
dynamics, oxidative phosphorylation, and mitophagy in skeletal muscle and the potential
applications of these ncRNAs in exercise molecular physiology. We conducted a
comprehensive search in PubMed, Scopus, and Web of Science databases, identifying 45
relevant studies out of 2,378 records. The main findings indicate that miRNAs such as
miR-128, miR-133a, miR-696, and miR-499 are critical regulators of mitochondrial
function. Moreover, IncRNAs (IncEDCH1 and IncRNA-H19) and circRNA (circ-PTPN4)
significantly influence mitochondrial biogenesis and function. Exercise interventions were
shown to modulate the expression of these ncRNAs, particularly miR-133a and miR-696,
leading to enhanced mitochondrial biogenesis and function. The review highlights the
potential of these ncRNAs as biomarkers and therapeutic targets for improving
mitochondrial function and treating metabolic and mitochondrial disorders. Further
research is needed to explore the muscle-specific and exercise-modality-specific effects of
ncRNAs to develop personalized interventions. Understanding the complex regulatory
mechanisms of ncRNAs in mitochondrial adaptations can pave the way for innovative

therapeutic strategies in exercise molecular physiology and metabolic health.

Keywords: cell biology, epigenetics, energy metabolism, physical activity
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1. Introduction

The mitochondrion is a key cellular organelle with important functions in energy
metabolism, homeostasis, macromolecule biosynthesis, and distinct signaling pathways in
skeletal muscle (1). Indeed, it represents between 2% and 8% of the myocyte volume
density depending on age, sex, muscle fiber type, and physical fitness level (2-4). This
highly dynamic organelle undergoes repeated cycles of fission, fusion, and translocation,
thus creating complex mitochondrial networks across different cell compartments that
depend on the cell’s biological clock and its energy requirements (5, 6). In fact, damaged or
strained mitochondria are repaired or replaced in a circadian manner to adjust their

morphology and function (6).

This mitochondrial turnover occurs through the combination of mitochondrial biogenesis
and mitophagy, and their impaired regulation can lead to cardiovascular diseases and
metabolic disorders (7, 8). For instance, the accumulation of dysfunctional mitochondria in
the cardiac and skeletal muscle is related to insulin resistance and myocardial ischemia—
reperfusion injury (7, 8), showcasing the relevance of mitochondrial structure and function

to sustained health.

Distinct environmental stimuli (e.g., exercise, high-fat diet, or hypoxia) significantly alter
the mitochondrial dynamics and function in skeletal muscle (9). Actually, it is well
documented that both endurance and resistance exercise upregulate mitochondrial
biogenesis, thus enhancing mitochondrial volume density and oxidative phosphorylation
capacity (10-12). These adaptations have been mainly attributed to short-term transitions in
the activity and expression of key mitochondrial (e.g., mitochondrial transcription factor A)

and nuclear (e.g., nuclear respiratory factor 1) transcription factors that optimize the
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synthesis of several proteins involved in mitochondrial biogenesis, mitophagy, and
respiration. Moreover, these processes can also be regulated by decrease or increase of

specific microRNA (miRNA) molecules (13).

MiRNAs are a group of small non-coding RNA molecules that regulate gene expression at
the post-transcriptional level. Specifically, the binding of miRNAs to their complementary
sequence on the messenger RNA molecule induces its subsequent degradation or prevents
its translation in the ribosome (14). Some of these nuclear-encoded miRNAs can be
imported into the mitochondrial matrix to regulate the expression of different mitochondrial

DNA-encoded genes (15, 16).

According to Long et al. (13), exercise training has the capacity to modulate the expression
of several miRNAs involved in the resynthesis of adenosine triphosphate in the
mitochondria, most likely due to a stimulation of mitochondrial biogenesis and mitophagy
in skeletal muscle. To date, however, no prior studies have mapped all those miRNAs
involved in mitochondrial biogenesis and function in skeletal muscle. On the other hand,
the participation of circular RNAs (circRNA), transfer RNAs (tRNA), ribosomal RNAs
(rRNA), and long non-coding RNA molecules (IncRNA) in skeletal muscle mitochondrial
dynamics and function remains unclear at present. All these molecules also regulate gene
expression at the post-transcriptional level (17), with circRNAs acting as miRNA sponges
that repress their activity in the cytoplasm and the mitochondrion (18). Comparative
transcriptomic studies have identified long non-coding RNAs that function as competing
endogenous RNAs targeting the miR-15 family, thereby enhancing insulin-like growth
factor 1 (IGF1)—phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling

and modulating the dynamics of skeletal muscle atrophy (19).
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This work aimed to review the current knowledge regarding non-coding RNA molecules
involved in the regulation of mitochondrial biogenesis, dynamics (i.e., fusion and fission),
oxidative phosphorylation, and mitophagy in skeletal muscle. Furthermore, we also
investigated which of these RNAs can be influenced by an acute bout of exercise or a long-

term exercise intervention, improving mitochondrial density and function.
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2. Methods

2.1 Information sources and search strategy

A systematic search was carried out between September and October 2025 in PubMed,
Scopus and Web of Science databases, introducing the following Boolean logic:
(MicroRNA OR microRNA OR miR OR "non-coding RNA" OR tRNA OR rRNA OR
snoRNAs) AND (muscle OR c2c12 OR "skeletal muscle") AND (mitochondria OR
mitochondrion OR mitochondrial) AND ("organelle biogenesis" OR PPARGCIA OR
"PGC-10" OR PGCla OR PPARGCIB OR PPRC1 OR NRF1 OR GABPA OR "GA-
binding protein" OR ESRRA OR ESRRG OR PPARA OR PPARD OR PPARG OR TFAM
OR TFBIM OR TFB2M OR POLRMT OR POLG OR POLG2 OR TWNK OR SSBP1 OR
TOMM20 OR TIMM23 OR HSPD1 OR HSPA9 OR MFN1 OR MFN2 OR citrate synthase
OR OXPHOS OR "complex I" OR NDUFA9 OR NDUFBS8 OR "NADH dehydrogenase"
OR "complex II" OR SDHB OR "succinate dehydrogenase" OR "complex II" OR
UQCRC2 OR "ubiquinol-cytochrome ¢ reductase" OR "complex IV" OR COX4I1 OR
"cytochrome ¢ oxidase"). The retrieved documents were filtered by language (i.e., English
and Spanish), type of documents (i.e., original and review articles), and publication stage
(i.e., published or in press), without any publication date restriction. The reference list of
previous review papers related to our research topic (13,19) was also screened to identify
additional studies. Then, the titles and abstracts of the retrieved documents were
independently screened by IACG and HVL, consulting a third expert author (FJAG) if
uncertainty about article eligibility was present. The full review protocol was registered in

PROSPERO prior to its initiation (CRD42023471420), following the Preferred Reporting
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Items for Systematic Reviews and Meta-Analyses (PRISMA) statement to report the

findings of the present work (20) (see Figure 1).

2.2 Eligibility criteria and selection process

All the original articles assessing the role of non-coding RNAs on skeletal muscle
mitochondrial biogenesis, mitophagy, and function were selected for review. Those studies
investigating the role of non-coding RNAs on the expression levels of transcriptional
factors related to mitochondrial dynamics and function were also considered (e.g.
peroxisome proliferator-activated receptors, nuclear respiratory factor 1 or estrogen

receptor alpha), with no restriction related to study design or experimental models.

2.3 Data collection and synthesis

During the first stage of the review protocol, we identified those non-coding RNA
molecules participating in mitochondrial biogenesis and function in skeletal muscle. For
that purpose, we summarized the following primary outcomes: (I) non-coding RNAs (e.g.,
microRNAs, trRNAs, or snoRNAs), (II) mitochondrial functional parameters (e.g., volume
density, oxidative phosphorylation, or fragmentation index), (III) mitochondrial proteins
(e.g., complex 1-4, citrate synthase, or mitofusin 1, among others), and (IV) target genes
encoding nuclear transcription factors involved in mitochondrial dynamics (e.g.,
PPARGCIA, NRF1, NRF2, or TFAM, among others). Secondary outcomes considered for
this analysis included: (I) experimental models (e.g., in vitro, in vivo, or ex vivo), (II) study
design (e.g., cross-sectional, longitudinal, or case-control), and (IIl) participants
characteristics (for studies in humans), cell lines (e.g., C2C12, or L6) or species (e.g., mice,

rats, or pigs).
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During the second stage of the review protocol, we examined whether the expression levels
of all RNA molecules identified in phase 1 may be modified by an acute bout of exercise or
a long-term exercise intervention. For that purpose, we used a cross-checking approach,
summarizing the following primary outcomes retrieved from both original studies and
previous systematic reviews: (I) RNA levels modification induced by exercise (e.g.,
increase or decrease), (II) characteristics of the exercise interventions (e.g., intensity, type
of exercise, or intervention period), and (III) analyzed species (e.g., humans, mice, or rats).
All data were recorded by HVL, LHQ, MRV, using two Microsoft Word templates

previously elaborated by IACG, BE, and FJAG (Supplementary Files 1 and 2).
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3. Results

3.1 Literature search and document selection

The search yielded 2,378 records from databases and 97 documents from two related
systematic reviews (13, 21). After removing 398 duplicates, 2,077 records remained for
screening. Upon reviewing their titles and abstracts, 2,028 documents were excluded as
irrelevant (e.g., incorrect exposure/outcome, ineligible design, insufficient data, conference
abstract only, language not available, full text unavailable) (Figure 1). Finally, the full texts
of the remaining 49 manuscripts were thoroughly examined, resulting in the exclusion of 4
papers that did not meet the predefined criteria (Figure 1). A detailed description of the 45

articles summarized in this review is provided in supplementary files 1 and 2 (22-66).

3.2 Non-coding RNAs mediating mitochondrial biogenesis and function in skeletal muscle

Non-coding RNA molecules involved in skeletal muscle’s mitochondrial biogenesis,
dynamics, and function are graphically summarized in Figure 2. More than 90% of the
analyzed studies focused on miRNAs’ relationship to mitochondrial biogenesis and/or
function (respiration, fusion, fission, oxidation, among others) (22-54, 57, 59-61, 63-66),
whilst three investigations assessed the role of IncRNAs (55, 58, 62), and one work
examined circRNA molecules (56). More than twenty miRNAs were related to biomarkers
of mitochondrial mass (reflecting an increase in mitochondrial biogenesis) such as
mitochondrial DNA copy numbers, citrate synthase activity, other enzyme activities and

methodologies related to localization and quantification such as cell fluorescence.
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Conversely, three miRNAs influenced mitochondrial fusion and fission represented by

mitochondrial fragmentation or cristae density.

3.2.1. microRNAs

The majority of experiments were conducted in C2C12 myotubes, complemented by ex
vivo skeletal muscle samples from mice (C57BL/6, transgenic lines), rats (Sprague—
Dawley; infant rats; high- vs. low-capacity runners), pigs, chickens, pacu fish, porcine
satellite cells, and primary human skeletal muscle cells. Most designs involved gain- or
loss-of-function manipulations of non-coding RNAs (ncRNAs) via transfection or in vivo
delivery, followed by downstream analyses of gene and protein expression and
mitochondrial phenotypes. Common assays included mitochondrial DNA (mtDNA) copy
number, citrate synthase (CS) activity, oxygen consumption rate (OCR), ATP content,
succinate dehydrogenase (SDH) staining or activity, and morphological assessments by

fluorescence or electron microscopy.

Frequently investigated molecular targets comprised PGC-1a and TFAM (biogenesis);
MFNI1, MFN2, OPAI, and DRP1 (dynamics); NRF1, NRF2, and SIRT1 (transcriptional
and metabolic control); and lipid-oxidation markers such as CPT1b and ACADL. Overall,
overexpression of several miRNAs (e.g., miR-27b, miR-494, miR-696, miR-761, miR-
130b, in specific contexts) was associated with downregulation of PGC-1a, TFAM, or
related axes, resulting in reduced mitochondrial biogenesis and function (lower mtDNA,
OCR, or ATP). In contrast, silencing inhibitory miRNAs (e.g., miR-106b, miR-204-5p,
miR-183/96) or overexpressing others (e.g., miR-1, miR-149, miR-181a, miR-208b) tended

to enhance biogenesis and oxidative phosphorylation.
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Mitochondrial dynamics were consistently modulated across studies. miR-106b exerted
bidirectional effects—its overexpression reduced MFN2 and PGC-la and increased
fragmentation, whereas silencing restored fusion and mitochondrial content—while miR-
128 overexpression suppressed PGC-1a, NRFs, and OPA1, leading to fragmentation and
lower OCR. Other miRNAs affected respiratory and energetic performance: for instance,
miR-208b increased PGC-1a, mtDNA content, and ATP levels, whereas miR-1 enhanced
OCR without altering CS activity. Fatty acid oxidation was also prominently represented,
with miR-27a/b acting on PPARy pathways, miR-29a influencing ACADL and PPARGY,

and several studies monitoring CPT1b expression.

Collectively, the most recurrent miRNAs—including the miR-27 family (miR-27a/b), miR-
494, miR-696, miR-23a, miR-29a, and miR-106b—emerged as central regulators of
mitochondrial biogenesis, oxidative phosphorylation, and network dynamics (fission and

fusion) in skeletal muscle.

3.2.2. Long non-coding and circular RNAs

Beyond microRNAs, long non-coding RNAs (IncRNAs) generally displayed pro-
mitochondrial activity in skeletal muscle. LncEDCH1 and H19 promoted PGC-1a, CPT1,
SIRT1, and TFAM expression, accompanied by increased respiratory performance,
including enhanced oxygen consumption rate (OCR), succinate dehydrogenase (SDH)
activity, and fatty acid oxidation. In contrast, the single circular RNA entry (circPTPN4)
exhibited reduced PGC-1a but increased mitochondrial DNA (mtDNA) content and SDH
activity following overexpression. Species- and model-dependent nuances were observed—
for instance, sodium butyrate—fed pigs showed higher miR-208b expression together with

upregulated biogenesis markers, whereas exercise-mimicking stimulation in mice and
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human myotubes elicited comparable mitochondrial outcomes. Nevertheless, the principal
biogenesis and oxidative phosphorylation (OXPHOS) endpoints remained largely
consistent across experimental systems. Detailed per-study protocols, targets, and

regulatory directions are provided in Supplementary Table 1.

Integrative mapping revealed that six ncRNAs—miR-128, miR-133a, miR-149, miR-208b,
miR-499, and IncRNA HI19—exhibited the widest regulatory spectrum across
mitochondrial pathways. These molecules collectively targeted major transcriptional and
coactivator hubs (PPARGCI1A/PGC-1a, NRFI, NRF2), genome maintenance and
biogenesis factors (TFAM, OPA1), mitochondrial dynamics proteins (DRP1, MFN1), and
multiple OXPHOS components (e.g., ATP synthase subunits, cytochrome c, cytochrome ¢

oxidase, and selected Complex I subunits).

In contrast, miR-27b, IncEDCHI1, and circPTPN4 were associated with a more limited set
of mitochondrial targets, typically fewer than five. Collectively, these findings identify
miR-128, miR-133a, miR-149, miR-208b, miR-499, and H19 as central ncRNA regulators
orchestrating mitochondrial biogenesis, dynamics, and respiration in skeletal muscle.

Comprehensive interactions are illustrated in Figure 2.

3.3 Acute and chronic effects of exercise on non-coding RNAs mediating mitochondrial

biogenesis and function in skeletal muscle.

The effects of distinct exercise interventions on non-coding RNA expression are illustrated
in Figure 3. Most of the studies examined the acute and chronic effect of aerobic exercise
on miRNA molecules and biomarkers of mitochondrial biogenesis and/or function (53, 54,

57, 59-62, 64, 66), with only one study focused on the acute modification of IncRNA Tugl
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after a single session of aerobic exercise (i.e., cycling for 60 min at 70% VOapeax) (58). Of
those studies assessing the acute effects of aerobic exercise on non-coding RNA molecules,
two were carried out in mice and four were conducted in humans (mostly young men).
Regarding the type of exercise, stationary cycling was mainly used in human studies whilst
treadmill running was the only exercise modality used in mice. Mitochondrial and nuclear
genes targeted by each non-coding RNA are summarized in detail in the supplementary file
3. Over 12 miRNAs were found to regulate the expression levels of PPARGCI1A, the
master co-transcriptional regulator that targets downstream genes involved in mitochondrial
biogenesis, mitophagy, and oxidative phosphorylation. Additionally, seven miRNAs were
found to regulate the expression of NRF1 and TFAM, key transcriptional regulators that

mediate mitochondrial DNA transcription and replication.

Across human and rodent studies, experimental protocols ranged from acute aerobic
exercise bouts (e.g., 60—90 min of cycling or treadmill running) to multi-week endurance
training interventions (treadmill, swimming, or voluntary wheel running). Muscle biopsies
were most frequently obtained from the vastus lateralis or gastrocnemius, complemented by

mechanistic studies in C2C12 and electrical pulse stimulation (EPS) models.

Outcome measures typically included ncRNA expression profiling (RT-qPCR or RNA-
seq), evaluation of transcriptional regulators of mitochondrial biogenesis (PGC-
1o/PPARGCI1A, TFAM, NRF1), assessment of mitochondrial dynamics (MFN1, MFN2),
and quantification of OXPHOS gene expression. Functional and structural endpoints
encompassed mtDNA content, CS activity, cytochrome ¢ abundance, and respiratory flux

(O2 consumption).

3.3.1. Acute exercise
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In humans, a single 60-min cycling session upregulated IncRNA Tugl, whereas
PPARGCI1A, TFAM, and NRF1 remained unchanged in the vastus lateralis. In parallel EPS
experiments, PPARGCIA and TFAM expression increased, supporting an early
mitochondrial biogenesis response. In mice, 90-min treadmill running decreased miR-23
while concomitantly elevating PPARGCIA, CS activity, and cytochrome ¢ content. Other
acute human exercise responses included downregulation of miR-9, miR-23a, and miR-31,
together with upregulation of miR-181a, consistent with NRF1 activation. Short-term
interval swimming (7 days) lowered miR-494 expression and was accompanied by

increased TFAM levels and mtDNA content.

Although not all molecular targets changed uniformly at the protein level, the
overall pattern indicates a transcriptional activation of mitochondrial biogenic and

respiratory programs following an acute exercise stimulus.

3.3.2. Endurance training

Multi-week endurance training protocols generally shifted ncRNA expression
toward a pro-mitochondrial regulatory profile. Six weeks of treadmill running increased
PGC-1a, NRF1, TFAM, and COX1 expression, accompanied by higher mtDNA content,
while miR-133a levels rose and CS activity remained unchanged. Eight weeks of voluntary
wheel running reduced miR-494 and miR-696 expression and elevated PGC-1a, although
NRF1, TFAM, and mtDNA levels were unaltered. Four-week treadmill protocols produced
similar effects: one study reported lower miR-696 with higher PGC-1a, whereas another
observed decreased miR-10b-5p and increased miR-148a-3p, together with OXPHOS gene

upregulation and elevated mtDNA (CS and HADH unchanged). Swimming-based
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endurance training reduced miR-17-1-3p expression and enhanced MFN1 and MFN2

levels, indicative of increased mitochondrial fusion.

In a miR-23a transgenic model subjected to voluntary running, the plantaris muscle
showed elevated PGC-1a and cytochrome c oxidase subunits, whereas wild-type runners
exhibited miR-23a downregulation with comparable protein increases; the soleus muscle

remained unchanged, underscoring fiber-type—specific regulation.

Collectively, these findings demonstrate that sustained endurance training promotes
a coordinated shift in ncRNA expression patterns favoring mitochondrial biogenesis,

fusion, and respiratory competence, with distinct adaptations across muscle phenotypes.

3.3.3. Population/muscle-specific nuances

In rats, twelve weeks of swimming exercise increased miR-128a expression in the
extensor digitorum longus without changes in PPARGC1A, whereas in the soleus, miR-451
and miR-15b decreased concomitantly with elevated PPARGCI1A levels. In humans, eight
weeks of cycling training—mirrored by a comparable mouse treadmill model—reduced let-
7b-5p expression while upregulating PPARGCIA. A twelve-week supervised intervention
in sedentary adults with pre-obesity or obesity resulted in lower miR-494 levels and
increased OXPHOS gene expression, accompanied by higher mtDNA content and
enhanced mitochondrial O: flux. Conversely, a high-intensity program in physically active
men increased miR-494, suggesting a training-status—dependent regulation of this
molecule. In women completing a twelve-week concurrent training protocol, miR-3713
decreased in parallel with elevated AK3 protein, a factor associated with mitochondrial

energetic homeostasis.
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Collectively, these findings highlight the importance of muscle type, sex, and
training status as modulators of ncRNA-mitochondrial interactions, underscoring the
context-dependent plasticity of mitochondrial regulatory networks in response to endurance

exercise. 3.3.4. Overall pattern

Collectively, endurance-type exercise—both acute and chronic—tends to downregulate
inhibitory miRNAs (e.g., miR-23/23a, miR-494, miR-696, miR-761, miR-3713, let-7b-5p,
miR-17-1-3p) and/or upregulate pro-mitochondrial regulators, including IncRNA Tugl and
context-dependent increases in miR-133a, miR-148a-3p, and miR-181a. These molecular
adaptations are consistently associated with enhanced expression of PPARGCIA, TFAM,
and NRFI1, together with upregulation of OXPHOS genes and improved indices of

mitochondrial biogenesis and fusion (e.g., mtDNA content, MFN1/2 expression).

Notably, substantial heterogeneity was observed across muscle types, species, training
volumes, and health status. In several studies, mitochondrial implications were inferred
from canonical roles of transcriptional targets rather than directly assessed through

functional assays.

A comprehensive summary of experimental protocols, sampling times, muscle-specific
findings, and regulatory directionality is provided in Supplementary Table 2. Overall, the
evidence supports a conserved ncRNA-mediated mechanism by which endurance exercise
promotes transcriptional activation of mitochondrial biogenesis and remodeling programs

in skeletal muscle.
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4. Discussion

This review comprehensively analyzes the role of non-coding RNAs, particularly miRNAs,
in regulating skeletal muscle mitochondrial biogenesis and function. Major findings
indicate that miR-128, miR-133a, miR-499, and miR-696 alongside IncEDCHI1 and
IncRNA-H19 are critical regulators of mitochondrial biogenesis, oxidative phosphorylation,
and mitochondrial dynamics. The review also highlights that several miRNAs target the
same genes and modulate similar molecular processes, suggesting a robust regulatory
mechanism in which different miRNAs can compensate for one another, helping to
maintain optimal mitochondrial function and cellular performance. Many of these miRNAs
were upregulated or downregulated after a single bout of exercise or a long-term exercise
intervention, suggesting that such miRNAs may simultaneously optimize mitochondrial
function and overall metabolic health. Whether such miRNAs interact with IncRNA Tugl,
IncEDCHI1, IncRNA-H19, and circ-PTPN4 to induce mitochondrial adaptations to exercise
warrants further study. Moreover, microarrays or next-generation sequencing techniques
should be applied to define non-coding RNA networks that regulate mitochondrial

biogenesis and function.

To date, most of the studies analyzed have validated the role of non-coding RNA molecules
in mitochondrial biogenesis or function through transfection assays in cultured C2C12
cells. However, whether the expression levels of these RNAs are altered in patients with
type 2 diabetes or metabolic syndrome — conditions in which mitochondrial dysfunction is a
common feature (7, 8) - requires further investigation, especially considering C2C12 is an
immortalized myoblast cell line derived from adult mouse satellite cells. Demonstrating

that the levels of these RNAs differ between healthy individuals and patients with
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metabolic disorders would help establish molecular targets that could be modified through
exercise interventions. Additionally, investigating the up- or down-regulation of these
RNAs in patients with mitochondrial myopathies may contribute to the development of
novel therapeutic strategies to alleviate muscle weakness, reduce muscle atrophy, and

improve exercise intolerance (67).

In principle, these miRNAs or their corresponding inhibitors could be delivered to skeletal
muscle, mimicking mitochondrial biogenesis and bioenergetic adaptations stimulated by
exercise. This approach would require the development of synthetic vehicles (e.g.,
biodegradable 3D matrices or nanocarriers) that overcome the limitations associated with
miRNA therapies, ensuring stable and efficient delivery to target tissues, minimizing oft-
target effects, and reducing immune responses (68, 69). That strategy may open new
possibilities for personalized medicine approaches to the treatment of metabolic and

muscular disorders.

It should be acknowledged that exercise epigenetics is still in its infancy. Indeed, the
influence of various exercise modalities on the RNA molecules reported here warrants
further investigation. Egan and Sharples (70) also highlighted that exercise-induced
changes in miRNAs may depend on factors such as sex, age, and fitness level, adding
another layer of complexity to our understanding of the potential molecular adaptations;
this is especially relevant given that most studies focused on male mice or humans, with

few studies including females.

Whether miRNA adaptations in response to exercise depend on the structure of the biopsied
or dissected muscle also warrants investigation. Gaal et al. (57) reported that miR-128a was

increased after 12-week endurance training (swimming for 200 min; 5 days/week) in the
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extensor digitorum longus muscle of rats, whereas miR-451b and miR-15b were
downregulated in the soleus muscle. Wada et al. (50) also noted that miR-23a increased in
fast plantaris after 4-week voluntary running in mice, while the same RNA remained
unchanged in the soleus muscle. However, the opposite effect was found when
overexpressing miR-23a in that same study since biomarkers of mitochondrial biogenesis
decreased in the soleus muscle of mir-23a transgenic mice while no changes were observed

in the fast plantaris muscles.

This leads us to ask whether miRNAs governing mitochondrial biogenesis and function are
muscle specific, considering that mitochondrial volume density is higher in oxidative
muscles where oxidative phosphorylation are commonly observed (71). In support of this
hypothesis, Howald et al. (72) reported that miRNA expression differed between type I and
type II muscle fibers in response to muscle damage. However, we may also argue that
miRNAs related to mitochondrial biogenesis may change predominantly in type II muscle
fibers given that the increase in mitochondrial volume density after endurance training is
more pronounced in these muscle fibers than in highly oxidative type I muscle fibers (55%
vs. 35%) (72). A comprehensive approach that includes samples from both oxidative and
glycolytic muscles may provide a more comprehensive understanding of exercise-induced

mitochondrial biogenesis and function.

Reproducibility remains an outstanding issue, since most RNAs have been examined in
only one study. Only few miRNAs were assessed by two independent studies in mice,
which reported similar changes of mitochondrial oxidative phosphorylation and respiration

after the suppression or overexpression of these miRNAs.
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Finally, while the current review has focused extensively on miRNAs, it is equally
important to study the role of other non-coding RNAs (i.e., IncRNAs, circRNAs, tRNAs,
and snRNAs/ snoRNAs) in mitochondrial biogenesis and function. Our analysis revealed
that IncEDCH1 and IncRNA-H19 were increased after acute aerobic exercise and after
intramuscular injection in human and chicken muscle, respectively, thereby augmenting
expression levels of PPARGCIA. These findings suggest that these IncRNAs may
influence mitochondrial dynamics and oxidative phosphorylation. Nevertheless, circRNAs,
tRNAs, and sn/snoRNAs also play crucial roles in the regulation of mitochondrial gene
expression and energy metabolism. For instance, emerging evidence suggests that
circRNAs bind to complementary sequences of microRNAs, preventing their coupling to
mRNAs; this, in turn, may alter the expression of enzymes and proteins involved in
mitochondrial function (18). Similarly, tRNAs and sn/snoRNAs have been implicated in

mitochondrial protein synthesis and in maintaining mitochondrial integrity (17).

The exploration of these non-coding RNAs in the context of exercise-induced
mitochondrial adaptations could uncover novel regulatory mechanisms and therapeutic
targets. Indeed, understanding how these RNAs interact with mitochondrial biogenesis
pathways could lead to the development of innovative interventions to enhance
mitochondrial mass and function in patients with metabolic and mitochondrial disorders.
This is particularly important since endurance exercise has shown benefits in both mouse
models and patients with mitochondrial myopathies (73-75). Future research should aim to
elucidate the specific roles of IncRNAs, circRNAs, tRNAs, and sn/snoRNAs in
mitochondrial biogenesis, particularly in response to different exercise modalities (acute

and chronic effects) and physiological conditions. This comprehensive approach will not
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only expand our knowledge of mitochondrial biology but also pave the way for

personalized medicine strategies to improve metabolic health and exercise performance.

5. Conclusion

miR-128, miR-133a, miR-696, and miR-494, alongside IncEDCH1 and IncRNAH19 seem
to be critical modulators of muscle mitochondrial health. Collectively, these RNAs regulate
the expression of more than ten genes encoding important proteins involved in muscle
mitochondrial biogenesis, oxidative phosphorylation, and mitochondrial dynamics. The
expression of miR-133a and miR-696 change in response to endurance exercise, suggesting
novel epigenetic mechanisms that govern skeletal muscle remodeling. Additional RNAs
such as miR-let-7b-5p, miR-17-1-3p, miR-15b, and the IncRNATugl were also affected by
an exercise intervention, however, their precise molecular mechanisms require further

analysis.

The small number of studies reporting each miRNA and the limited evidence validating the
action of these miRNAs in human muscle, highlight the need for future investigations.
Understanding muscle-specific adaptations to different training modalities in populations
with cardiometabolic diseases or mitochondrial myopathies will shed light on how non-

coding RNA modulate of mitochondrial function and gene expression.

CRediT authorship contribution statement

Investigation, IACG, HVL, LHQ, MRV; Conceptualization and Methodology: IACG, BE,
HVL, FJAG; Resources and data curation: IACG, HVL, LHQ, MRV, JPD; Formal

analysis: IACG, BE, FJAG; Supervision and project administration, IACG, FJAG. All the

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



455

456

457

458

459

460

461

462

463

464

465

authors have read, edited and approved the final version of the manuscript and agreed with

the order of presentation of the authors.

Acknowledgements:

Declaration of interest statement: The authors report there are no competing interests to

declare.

Funding information: There is no source of funding to declare

Data availability: The datasets supporting the findings reported have been provided as

supplementary material.

Supplementary Table 1. Doi: 10.6084/m9.figshare.30438728

Supplementary Table 2. Doi: 10.6084/m9.figshare.30438740

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



466

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



467

468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515

References

1. Chakrabarty RP, and Chandel NS. Beyond ATP, new roles of mitochondria. Biochem
(Lond) 44: 2-8, 2022.
2. Crane JD, Devries MC, Safdar A, Hamadeh MJ, and Tarnopolsky MA. The effect of

aging on human skeletal muscle mitochondrial and intramyocellular lipid ultrastructure. J Gerontol
ABiol Sci Med Sci 65:119-128, 2010.

3. Dandanell S, Meinild-Lundby AK, Andersen AB, Lang PF, Oberholzer L, Keiser S,
Robach P, Larsen S, Ronnestad BR, and Lundby C. Determinants of maximal whole-body fat
oxidation in elite cross-country skiers: Role of skeletal muscle mitochondria. Scand J Med Sci
Soorts 28: 2494-2504, 2018.

4, Junker A, Wang J, Gouspillou G, Ehinger JK, Elmer E, Sjovall F, Fisher-Wellman
KH, Neufer PD, Molina AJA, Ferrucci L, and Picard M. Human studies of mitochondrial
biology demonstrate an overall lack of binary sex differences: A multivariate meta-analysis. FASEB
J 36: 22146, 2022.

5. Castro-Sepulveda M, Fernandez-Verdejo R, Zbinden-Foncea H, and Rieusset J.
Mitochondria-SR interaction and mitochondrial fusion/fission in the regulation of skeletal muscle
metabolism. Metabolism 144: 155578, 2023.

6. Ezagouri S, and Asher G. Circadian control of mitochondrial dynamics and functions.
Current Opinion in Physiology 5: 25-29, 2018.

7. Huang Y, and Zhou B. Mitochondrial Dysfunction in Cardiac Diseases and Therapeutic
Strategies. Biomedicines 11: 2023.

8. Montgomery MK, and Turner N. Mitochondrial dysfunction and insulin resistance: an
update. Endocr Connect 4: R1-R15, 2015.

9. Hoppeler H, and Fluck M. Plasticity of skeletal muscle mitochondria: structure and

function. Med Sci Sports Exerc 35: 95-104, 2003.

10. Bishop DJ, Botella J, Genders AJ, Lee MJ, Saner NJ, Kuang J, Yan X, and Granata
C. High-Intensity Exercise and Mitochondrial Biogenesis: Current Controversies and Future
Research Directions. Physiology (Bethesda) 34: 56-70, 2019.

11. Groennebaek T, and Vissing K. Impact of Resistance Training on Skeletal Muscle
Mitochondrial Biogenesis, Content, and Function. Front Physiol 8: 713, 2017.

12. Oliveira AN, and Hood DA. Exercise is mitochondrial medicine for muscle. Sports Med
Health Sci 1: 11-18, 2019.

13. Long YF, Chow SK, Cui C, Wong RMY, Zhang N, Qin L, Law SW, and Cheung WH.
Does exercise influence skeletal muscle by modulating mitochondrial functions via regulating
MicroRNAs? A systematic review. Ageing Res Rev 91: 102048, 2023.

14. Tafrihi M, and Hasheminasab E. MiRNAs: Biology, Biogenesis, their Web-based Tools,
and Databases. Microrna 8: 4-27, 2019.

15. Duarte FV, Palmeira CM, and Rolo AP. The Role of microRNAs in Mitochondria: Small
Players Acting Wide. Genes (Basel) 5: 865-886, 2014.

16. Macgregor-Das AM, and Das S. A microRNA's journey to the center of the mitochondria.
AmJ Physiol Heart Circ Physiol 315: H206-H215, 2018.

17. Hombach S, and Kretz M. Non-coding RNAs: Classification, Biology and Functioning.
Adv Exp Med Biol 937: 3-17, 2016.

18. Panda AC. Circular RNAs Act as miRNA Sponges. Adv Exp Med Biol 1087: 67-79, 2018.
19. Li Z, Cai B, Abdalla BA, Zhu X, Zheng M, Han P, Nie Q, and Zhang X. LncIRS1
controls muscle atrophy via sponging miR-15 family to activate IGF1-PI3K/AKT pathway. J
Cachexia Sarcopenia Muscle 10: 391-410, 2019.

20. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD,
Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM,

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565

Hrobjartsson A, Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuinness LA,
Stewart LA, Thomas J, Tricco AC, Welch VA, Whiting P, and Moher D. The PRISMA 2020
statement: an updated guideline for reporting systematic reviews. BMJ 372: n71, 2021.

21. Ren B, Guan MX, Zhou T, Cai X, and Shan G. Emerging functions of mitochondria-
encoded noncoding RNAs. Trends Genet 39: 125-139, 2023.

22. Aoi W, Naito Y, Mizushima K, Takanami Y, Kawai Y, Ichikawa H, and Yoshikawa T.
The microRNA miR-696 regulates PGC-1alpha in mouse skeletal muscle in response to physical
activity. AmJ Physiol Endocrinol Metab 298: E799-806, 2010.

23. Dahlmans D, Houzelle A, Andreux P, Wang X, Jorgensen JA, Moullan N, Daemen S,
Kersten S, Auwerx J, and Hoeks J. MicroRNA-382 silencing induces a mitonuclear protein
imbalance and activates the mitochondrial unfolded protein response in muscle cells. J Cell Physiol
234: 6601-6610, 2019.

24. Houzelle A, Dahlmans D, Nascimento EBM, Schaart G, Jorgensen JA, Moonen-
Kornips E, Kersten S, Wang X, and Hoeks J. MicroRNA-204-5p modulates mitochondrial
biogenesis in C2C12 myotubes and associates with oxidative capacity in humans. J Cell Physiol
235:9851-9863, 2020.

25. Rodrigues AC, Spagnol AR, Frias FT, de Mendonca M, Araujo HN, Guimaraes D,
Silva WJ, Bolin AP, Murata GM, and Silveira L. Intramuscular Injection of miR-1 Reduces
Insulin Resistance in Obese Mice. Front Physiol 12: 676265, 2021.

26. Russell AP, Lamon S, Boon H, Wada S, Guller I, Brown EL, Chibalin AV, Zierath JR,
Snow RJ, Stepto N, Wadley GD, and Akimoto T. Regulation of miRNAs in human skeletal
muscle following acute endurance exercise and short-term endurance training. J Physiol 591: 4637-
4653, 2013.

27. Shen L, Chen L, Zhang S, Du J, Bai L, Zhang Y, Jiang Y, Li X, Wang J, and Zhu L.
MicroRNA-27b Regulates Mitochondria Biogenesis in Myocytes. PLOSOne 11: e0148532, 2016.
28. Xu Y, Zhao C, Sun X, Liu Z, and Zhang J. MicroRNA-761 regulates mitochondrial
biogenesis in mouse skeletal muscle in response to exercise. Biochem Biophys Res Commun 467:
103-108, 2015.

29. Yamamoto H, Morino K, Nishio Y, Ugi S, Yoshizaki T, Kashiwagi A, and Maegawa H.
MicroRNA-494 regulates mitochondrial biogenesis in skeletal muscle through mitochondrial
transcription factor A and Forkhead box j3. AmJ Physiol Endocrinol Metab 303: E1419-1427,
2012.

30. YuY, Du H, Wei S, Feng L, Li J, Yao F, Zhang M, Hatch GM, and Chen L.
Adipocyte-Derived Exosomal MiR-27a Induces Insulin Resistance in Skeletal Muscle Through
Repression of PPARgamma. Theranostics 8: 2171-2188, 2018.

31. Zhang Y, Yang L, Gao YF, Fan ZM, Cai XY, Liu MY, Guo XR, Gao CL, and Xia ZK.
MicroRNA-106b induces mitochondrial dysfunction and insulin resistance in C2C12 myotubes by
targeting mitofusin-2. Mol Cell Endocrinol 381: 230-240, 2013.

32. Zhang Y, Zhao YP, Gao YF, Fan ZM, Liu MY, Cai XY, Xia ZK, and Gao CL.
Silencing miR-106b improves palmitic acid-induced mitochondrial dysfunction and insulin
resistance in skeletal myocytes. Mol Med Rep 11: 3834-3841, 2015.

33, Beleza J, Stevanovic-Silva J, Coxito P, Rocha H, Santos P, Ascensao A, Ramon
Torrella J, and Magalhaes J. Gestational Exercise Increases Male Offspring's Maximal Workload
Capacity Early in Life. Int J Mol Sci 23: 2022.

34, Fu L, Wang H, Liao Y, Zhou P, Xu Y, Zhao Y, Xie S, Zhao S, and Li X. miR-208b
modulating skeletal muscle development and energy homoeostasis through targeting distinct
targets. RNA Biol 17: 743-754, 2020.

35. Gan M, Shen L, Liu L, Guo Z, Wang S, Chen L, Zheng T, Fan Y, Tan Y, Jiang D, Li
X, Zhang S, and Zhu L. miR-222 is involved in the regulation of genistein on skeletal muscle fiber
type. J Nutr Biochem 80: 108320, 2020.

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

36. Goljanek-Whysall K, Soriano-Arroquia A, McCormick R, Chinda C, and McDonagh
B. miR-181a regulates p62/SQSTMI, parkin, and protein DJ-1 promoting mitochondrial dynamics
in skeletal muscle aging. Aging Cell 19: ¢13140, 2020.

37. Machado IF, Teodoro JS, Castela AC, Palmeira CM, and Rolo AP. miR-378a-3p
Participates in Metformin's Mechanism of Action on C2C12 Cells under Hyperglycemia. Int J Mol
i 22: 2021.

38. Mohamed JS, Hajira A, Pardo PS, and Boriek AM. MicroRNA-149 inhibits PARP-2
and promotes mitochondrial biogenesis via SIRT-1/PGC-1alpha network in skeletal muscle.
Diabetes 63: 1546-1559, 2014.

39. Nie Y, Sato Y, Wang C, Yue F, Kuang S, and Gavin TP. Impaired exercise tolerance,
mitochondrial biogenesis, and muscle fiber maintenance in miR-133a-deficient mice. FASEB J 30:
3745-3758, 2016.

40. Queiroz AL, Lessard SJ, Ouchida AT, Araujo HN, Goncalves DA, Simoes Froes
Guimaraes DSP, Teodoro BG, So K, Espreafico EM, Hirshman MF, Alberici LC, Kettelhut
IDC, Goodyear LJ, and Silveira LR. The MicroRNA miR-696 is regulated by SNARK and
reduces mitochondrial activity in mouse skeletal muscle through Pgclalpha inhibition. Mol Metab
51: 101226, 2021.

41. Sharma K, Chandra A, Hasija Y, and Saini N. MicroRNA-128 inhibits mitochondrial
biogenesis and function via targeting PGClalpha and NDUFS4. Mitochondrion 60: 160-169, 2021.
42. Wang L, Xie Y, Chen W, Zhang Y, and Zeng Y. miR-34a Regulates Lipid Droplet
Deposition in 3T3-L1 and C2C12 Cells by Targeting LEF1. Cells 12: 2022.

43, Wang YC, Li Y, Wang XY, Zhang D, Zhang H, Wu Q, He YQ, Wang JY, Zhang L,
Xia H, Yan J, Li X, and Ying H. Circulating miR-130b mediates metabolic crosstalk between fat
and muscle in overweight/obesity. Diabetologia 56: 2275-2285, 2013.

44, Wu P, Wang Q, Jiang C, Chen C, Liu Y, Chen Y, and Zeng Y. MicroRNA-29a is
involved lipid metabolism dysfunction and insulin resistance in C2C12 myotubes by targeting
PPARGdelta. Mol Med Rep 17: 8493-8501, 2018.

45. Zhang J, Hua C, Zhang Y, Wei P, Tu Y, and Wei T. KAP1-associated transcriptional
inhibitory complex regulates C2C12 myoblasts differentiation and mitochondrial biogenesis via
miR-133a repression. Cell Death Dis 11: 732, 2020.

46. Zhou Y, Gu P, Shi W, Li J, Hao Q, Cao X, Lu Q, and Zeng Y. MicroRNA-29a induces
insulin resistance by targeting PPARdelta in skeletal muscle cells. Int J Mol Med 37: 931-938,
2016.

47. Liu J, Liang X, Zhou D, Lai L, Xiao L, Liu L, Fu T, Kong Y, Zhou Q, Vega RB, Zhu
MS, Kelly DP, Gao X, and Gan Z. Coupling of mitochondrial function and skeletal muscle fiber
type by a miR-499/Fnip1/AMPK circuit. EMBO Mol Med 8: 1212-1228, 2016.

48. Ma M, Cai B, Kong S, Zhou Z, Zhang J, Zhang X, and Nie Q. PPARGCl1A Is a
Moderator of Skeletal Muscle Development Regulated by miR-193b-3p. Int J Mol Sci 23: 2022.
49. Paula TG, Zanella BTT, Fantinatti BEA, Moraes LN, Duran B, Oliveira CB, Salomao
RAS, Silva RND, Padovani CR, Santos VBD, Mareco EA, Carvalho RF, and Dal-Pai-Silva M.
Food restriction increase the expression of mMTORC1 complex genes in the skeletal muscle of
juvenile pacu (Piaractus mesopotamicus). PLoSOne 12: ¢0177679, 2017.

50. Wada S, Kato Y, Sawada S, Aizawa K, Park JH, Russell AP, Ushida T, and Akimoto
T. MicroRNA-23a has minimal effect on endurance exercise-induced adaptation of mouse skeletal
muscle. Pflugers Arch 467: 389-398, 2015.

51. Wang H,Ma M, Li Y, LiuJ, Sun C, Liu S, Ma Y, Yan Y, Tang Z, Shen S, Yu J, Wu Y,
Jiang J, Wang L, Jin ZB, Ying H, and Li Y. miR-183 and miR-96 orchestrate both glucose and
fat utilization in skeletal muscle. EMBO Rep 22: €52247, 2021.

52. Zhang Y, Yu B, Yu J, Zheng P, Huang Z, Luo Y, Luo J, Mao X, Yan H, He J, and
Chen D. Butyrate promotes slow-twitch myofiber formation and mitochondrial biogenesis in

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666

finishing pigs via inducing specific microRNAs and PGC-1alpha expressionl. J Anim Sci 97: 3180-
3192, 2019.

53. Araujo HN, Lima TI, Guimaraes D, Oliveira AG, Favero-Santos BC, Branco RCS, da
Silva Araujo RM, Dantas AFB, Castro A, Chacon-Mikahil MPT, Minatel E, Geraldo MV,
Carneiro EM, Rodrigues AC, Narkar VA, and Silveira LR. Regulation of Lin28a-miRNA let-
7b-5p pathway in skeletal muscle cells by peroxisome proliferator-activated receptor delta. AmJ
Physiol Cell Physiol 319: C541-C551, 2020.

54. Boehler JF, Hogarth MW, Barberio MD, Novak JS, Ghimbovschi S, Brown KJ,
Alemo Munters L, Loell I, Chen YW, Gordish-Dressman H, Alexanderson H, Lundberg IE,
and Nagaraju K. Effect of endurance exercise on microRNAs in myositis skeletal muscle-A
randomized controlled study. PLOSOne 12: ¢0183292, 2017.

55. Cai B, Ma M, Zhang J, Wang Z, Kong S, Zhou Z, Lian L, Zhang J, Li J, Wang Y, Li
H, Zhang X, and Nie Q. LncEDCH1 improves mitochondrial function to reduce muscle atrophy by
interacting with SERCA2. Mol Ther Nucleic Acids27: 319-334, 2022.

56. Cai B, Ma M, Zhou Z, Kong S, Zhang J, Zhang X, and Nie Q. circPTPN4 regulates
myogenesis via the miR-499-3p/NAMPT axis. J Anim Sci Biotechnol 13: 2, 2022.

57. Gaal Z, Fodor J, Olah A, Radovits T, Merkely B, Magyar J, and Csernoch L.
Evaluation of muscle-specific and metabolism regulating microRNAs in a chronic swimming rat
model. J Muscle Res Cell Motil 43: 21-33, 2022.

58. Gui W, Zhu WF, Zhu Y, Tang S, Zheng F, Yin X, Lin X, and Li H. LncRNAH19
improves insulin resistance in skeletal muscle by regulating heterogeneous nuclear
ribonucleoprotein Al. Cell Commun Signal 18: 173, 2020.

59. Karaman M, Tektemur A, Perihan M, Arslan C, and Gursu O. The role of miR-17-1-
3p in mitochondrial fusion gene expressions and muscle biogenesis with swimming exercise
intervention in metabolic syndrome rat model. Progressin Nutrition 25: 2023.

60. Safdar A, Abadi A, Akhtar M, Hettinga BP, and Tarnopolsky MA. miRNA in the
regulation of skeletal muscle adaptation to acute endurance exercise in C57Bl/6J male mice. PL0S
One4: 5610, 2009.

61. Sun Y, Cui D, Zhang Z, Zhang Q, Ji L, and Ding S. Voluntary wheel exercise alters the
levels of miR-494 and miR-696 in the skeletal muscle of C57BL/6 mice. Compar ative Biochemistry
and Physiology Part B: Biochemistry and Molecular Biology 202: 16-22, 2016.

62. Trewin AJ, Silver J, Dillon HT, Della Gatta PA, Parker L, Hiam DS, Lee YP,
Richardson M, Wadley GD, and Lamon S. Long non-coding RNA Tugl modulates
mitochondrial and myogenic responses to exercise in skeletal muscle. BMC Biol 20: 164, 2022.

63. Wang W, Yu Q, Cao Q, Ye H, Zhang C, Dong Z, Feng D, and Zuo J. MicroRNA-27a
inhibits porcine type I muscle fibre gene expression by directly targeting peroxisome proliferator-
activated receptor-gamma coactivator-1alpha. J Anim Physiol Anim Nutr (Berl) 107: 1054-1064,
2023.

64. Palesova N, Gabrisova K, Babulicova J, Krumpolec P, Kovanicova Z, Kurdiova T,
Modica S, Wolfrum C, Ukropec J, Ukropcova B, and Balaz M. Downregulation of microRNA-
494 drives mitochondrial biogenesis and function in trained muscle. Exp Physiol 2025.

65. Pinto SK, Lamon S, Stephenson EJ, Kalanon M, Mikovic J, Koch LG, Britton SL,
Hawley JA, and Camera DM. Expression of microRNAs and target proteins in skeletal muscle of
rats selectively bred for high and low running capacity. Am J Physiol Endocrinol Metab 313: E335-
E343, 2017.

66. Silver JL, Lamon S, Loke S, Mazzarino G, Croft L, Ziemann M, Soria M, Wadley
GD, and Trewin AJ. Skeletal Muscle Mitochondria Contain Nuclear-Encoded RNA Species Prior
to and Following Adaptation to Exercise Training in Rats. FASEB J 39: 70702, 2025.

67. Tarnopolsky MA, and Raha S. Mitochondrial myopathies: diagnosis, exercise
intolerance, and treatment options. Med Sci Sports Exerc 37: 2086-2093, 2005.

68. Ahuja AS. Understanding mitochondrial myopathies: a review. PeerJ 6: e4790, 2018.

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685

686

69. Seyhan AA. Trials and Tribulations of MicroRNA Therapeutics. Int J Mol Sci 25: 2024.

70. Egan B, and Sharples AP. Molecular responses to acute exercise and their relevance for
adaptations in skeletal muscle to exercise training. Physiol Rev 103: 2057-2170, 2023.
71. Lundby C, and Jacobs RA. Adaptations of skeletal muscle mitochondria to exercise

training. Exp Physiol 101: 17-22, 2016.

72. Howald H, Hoppeler H, Claassen H, Mathieu O, and Straub R. Influences of endurance
training on the ultrastructural composition of the different muscle fiber types in humans. Pflugers
Arch 403: 369-376, 1985.

73. Fiuza-Luces C, Valenzuela PL, Laine-Menendez S, Fernandez-de la Torre M,
Bermejo-Gomez V, Rufian-Vazquez L, Arenas J, Martin MA, Lucia A, and Moran M.
Physical Exercise and Mitochondrial Disease: Insights From a Mouse Model. Front Neurol 10: 790,
2019.

74. Safdar A, Bourgeois JM, Ogborn DI, Little JP, Hettinga BP, Akhtar M, Thompson
JE, Melov S, Mocellin NJ, Kujoth GC, Prolla TA, and Tarnopolsky MA. Endurance exercise
rescues progeroid aging and induces systemic mitochondrial rejuvenation in mtDNA mutator mice.
Proc Natl Acad Sci U SA 108: 4135-4140, 2011.

75. Taivassalo T, Gardner JL, Taylor RW, Schaefer AM, Newman J, Barron MJ, Haller
RG, and Turnbull DM. Endurance training and detraining in mitochondrial myopathies due to
single large-scale mtDNA deletions. Brain 129: 3391-3401, 2006.

Downloaded from journals.physiology.org/journal/gjpcell (087.125.037.000) on November 25, 2025.



687

688

689

690

691

692

693

694

Figure legends

Figure 1. Flowchart of the literature search and study selection process. RNA ribonucleic acid.

Figure 2. Non-coding RNA molecules involved in skeletal muscle’s mitochondrial biogenesis, dynamics, and

function. microRNA (miR), circular RNA (circ), long non-coding RNA (IncRNA/IncEDCH).

Figure 3. Effects of different exercise interventions on non-coding RNAs expression.
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