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Abstract

Background: Mitochondria play a crucial role in cellular metabolism and energy production. While traditionally
studied through nuclear and mitochondrial DNA regulation, recent research highlights the significance of post-
transcriptional modifications in mitochondrial RNA (mtRNA). These modifications influence mitochondrial gene
expression, energy balance, and aging. Understanding mitochondrial epitranscriptomics—specifically modifications
like N6-methyladenosine (m6A), pseudouridylation, and 5-methylcytosine (m5C)—is essential for uncovering their
impact on cellular function and disease.

Objective: This review aims to explore the emerging field of mitochondrial epitranscriptomics, analyzing key RNA
modifications, their roles in oxidative phosphorylation (OXPHOS) and reactive oxygen species (ROS) regulation, and
their implications in aging and age-related diseases. Additionally, we discuss advanced methodologies for studying
these modifications and potential therapeutic strategies for mitochondrial dysfunction.

Conclusion: Mitochondrial RNA modifications represent a critical layer of gene regulation affecting cellular energy
homeostasis and aging. Their dysregulation is associated with metabolic disorders, neurodegenerative diseases, and
cellular senescence. Advances in RNA sequencing and epitranscriptomic research highlight the potential for therapeutic
interventions targeting mitochondrial RNA modifications to mitigate mitochondrial dysfunction and promote longevity.
A deeper understanding of these modifications could pave the way for novel approaches to treating age-related diseases

and enhancing healthy aging.

Keywords: Mitochondrial Epitranscriptomics, RNA Modifications, Aging, Oxidative Phosphorylation, m6A, Pseudouridylation, m5C,

Neurodegeneration, Metabolic Disorders, Longevity

1. Introduction

Mitochondria are highly dynamic organelles that play a crucial
role in cellular energy production, metabolic regulation, and
apoptosis. They generate ATP through oxidative phosphorylation
(OXPHOS), a process that relies on the coordinated expression
of genes encoded both in the nucleus and the mitochondria [1].
While mitochondrial function has traditionally been studied from
a genetic perspective, recent findings highlight the importance
of post-transcriptional RNA modifications in fine-tuning
mitochondrial gene expression and function [2]. This emerging
field, known as mitochondrial epitranscriptomics, examines
chemical modifications in mitochondrial RNA (mtRNA) that
impact RNA stability, translation, and overall mitochondrial
efficiency [3].

RNA modifications have long been recognized as key regulators of
gene expression in the nuclear transcriptome. However, advances
in sequencing technologies have revealed that mitochondrial
RNAs also undergo extensive chemical modifications [4]. These
include N6-methyladenosine (m6A), 5-methylcytosine (m5C),
and pseudouridylation (W), all of which play essential roles in
regulating mitochondrial translation and maintaining metabolic
homeostasis [5]. Disruptions in these modifications have been
linked to aging, metabolic disorders, and neurodegenerative
diseases [6].

Aging is a complex biological process marked by a gradual
decline in cellular function, increased oxidative stress, and
mitochondrial dysfunction. Mitochondria play a central role in
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aging by regulating energy metabolism, reactive oxygen species
(ROS) production, and apoptosis [7]. Age-related mitochondrial
dysfunction has been associated with changes in mtRNA
modifications, potentially contributing to reduced ATP production,
the accumulation of mitochondrial DNA (mtDNA) mutations,
and elevated ROS levels [8]. However, the precise molecular
mechanisms linking mtRNA modifications to mitochondrial aging
remain unclear, necessitating further research [9]. Recent studies
suggest that modulating mitochondrial RNA modifications could
offer a promising therapeutic approach for combating age-related
diseases. For example, targeting m6A-modifying enzymes has
shown potential in restoring mitochondrial function in models of
metabolic dysfunction and neurodegeneration [10]. Furthermore,
mitochondrial epitranscriptomics is being explored in the context
of mitochondrial stress responses, autophagy, and cellular
senescence, shedding new light on its role in longevity [11].

This review provides a comprehensive overview of mitochondrial
epitranscriptomics, focusing on key mitochondrial RNA
modifications, their role in cellular energy homeostasis, and
their implications in aging and age-related diseases. We also

discuss recent advancements in techniques for studying mtRNA
modifications and explore emerging therapeutic strategies
targeting mitochondrial epitranscriptomic pathways. A deeper
understanding of the regulatory role of mitochondrial RNA
modifications could pave the way for novel interventions aimed at
mitigating mitochondrial dysfunction in aging and disease.

2. Major Mitochondrial RNA Modifications and their
Functions

Mitochondrial RNA undergoes various post-transcriptional
modifications that influence RNA stability, translation efficiency,
and mitochondrial function. These modifications regulate the
expression of mitochondrially encoded proteins required for
oxidative phosphorylation (OXPHOS) and cellular metabolism.
Recent advances in RNA sequencing and mass spectrometry
have identified several key epitranscriptomic modifications in
mitochondrial RNA, including N6-methyladenosine (mo6A),
pseudouridylation (¥), and 5-methylcytosine (m5C), which play
significant roles in mitochondrial gene regulation and aging, see
Table 1 [2].

Modification Function Impact on Aging
N6- One of the most prevalent RNA | Dysregulation of mitochondrial m6A
Methyladenosine modifications in both nuclear and | is associated with metabolic decline,
(m6A) mitochondrial transcripts. impaired mitochondrial function, and
age-related diseases.
Regulates mtRNA stability,
processing, and translation A decrease in m6A methylation leads
efficiency by influencing RNA- | to defective mitochondrial translation
protein interactions and and reduced ATP production,
ribosomal recruitment [13]. contributing to cellular aging [14].
mo6A-modifying enzymes such as
FTO and METTL3 are implicated in
mitochondrial metabolic regulation
and longevity [15].
Pseudouridylation | Conversion of uridine to Reduced pseudouridylation is linked
Y) pseudouridine (), enhancing to mitochondrial dysfunction,

RNA structural stability and

translation accuracy.

Catalyzed by pseudouridine
synthases, which play a crucial
role in mitochondrial ribosome

function [16].

increased oxidative stress, and
accelerated aging.

A decline in ¥ modifications leads to
defects in mitochondrial tRNA and
rRNA processing, affecting
mitochondrial translation and
OXPHOS efficiency [17].
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5-Methylcytosine
(m5C)
mRNAs.

Methylation of cytosine residues
in mitochondrial tRNAs and

Studies suggest that restoring
pseudouridylation levels may
improve mitochondrial function and
promote cellular longevity [18].
Changes in m5C levels are associated
with reduced ATP production,
mitochondrial fragmentation, and
cellular senescence.

Plays a role in RNA stability,

tRNA processing, and

mitochondrial protein synthesis,
ensuring proper translation of key
respiratory chain components

[19].

Dysregulated m5C modifications
contribute to mitochondrial stress and
are linked to neurodegenerative
diseases such as Alzheimer’s and
Parkinson’s [20].

Modulating m5C methylation levels
is considered a potential therapeutic
strategy for mitochondrial-related
disorders and aging [21].

Table 1: Mitochondrial RNA Modifications and their Impact on Aging

3. Mitochondrial Epitranscriptomics and Cellular Energy
Regulation

Mitochondrial RNA (mtRNA) modifications have emerged as key
regulators of mitochondrial gene expression, energy metabolism,
and cellular stress responses. These modifications play a crucial
role in shaping the function of the electron transport chain
(ETC), oxidative phosphorylation (OXPHOS), and mitochondrial
dynamics, ultimately influencing cellular energy production and
homeostasis. Recent studies suggest that mtRNA modifications
are highly responsive to changes in cellular metabolism and
environmental stress, allowing mitochondria to adapt to fluctuating
energy demands and oxidative challenges [22].

3.1 Regulation of Mitochondrial Gene Expression and ETC

Activity

e The ETC is composed of protein complexes encoded by both
nuclear and mitochondrial genomes, and the proper expression
of mtDNA-encoded subunits is essential for efficient ATP
synthesis and metabolic stability [23].

*  Modifications such as N6-methyladenosine (m6A) and
S5-methylcytosine (m5C) regulate mitochondrial mRNA
translation and stability, directly impacting ETC activity and
ATP production [24].

* A reduction in mtRNA modifications has been linked to
decreased expression of OXPHOS components, leading to
mitochondrial dysfunction and energy deficits commonly

associated with aging and metabolic disorders [25].

3.2 Impact of Dysregulated mtRNA Modifications on

Mitochondrial Function

*  When mtRNA modifications become dysregulated,
mitochondrial function is significantly compromised,
contributing to cellular dysfunction and disease progression.

*  Abnormal mtRNA modifications have been associated with
mitochondrial fragmentation, ATP depletion, and elevated
reactive oxygen species (ROS) production—key features of
aging and neurodegenerative diseases [26].

* Impairments in pseudouridylation (¥) and m5C methylation
have been linked to defective mitochondrial ribosomal
assembly, disrupting the translation of ETC proteins and
compromising energy metabolism [27].

»  Studies in cellular and animal models indicate that restoring
mtRNA modifications through genetic or pharmacological
interventions can enhance mitochondrial efficiency and
mitigate oxidative stress, highlighting their potential as
therapeutic targets [28].

3.3 Adaptive Role of mtRNA Modifications in Metabolic Stress

*  Mitochondria constantly adjust to changes in cellular energy
demands and metabolic stress, and mtRNA modifications play
a crucial role in this adaptive response.

* Under metabolic stress conditions, cells regulate mtRNA
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modification levels to maintain mitochondrial function and
support energy balance [29].

Dynamic fluctuations in m6A modifications enable
mitochondria to optimize the translation of key OXPHOS
components, ensuring efficient energy production during
nutrient deprivation [30].

Stress-responsive  mtRNA modifications also activate
mitochondrial quality control pathways, such as mitophagy
and the mitochondrial unfolded protein response (UPRmt),
which help protect mitochondria from damage and maintain
cellular health [31].

Given their role in metabolic adaptation, targeting mtRNA
modifications is being explored as a potential therapeutic
strategy for restoring mitochondrial function in metabolic and
age-related diseases [32].

4. Mitochondrial Epitranscriptomics and Aging

Aging is a complex, multifactorial process marked by
progressive mitochondrial dysfunction, increased oxidative
stress, and the accumulation of cellular damage. Mitochondria
play a critical role in aging by regulating energy metabolism,
reactive oxygen species (ROS) homeostasis, and apoptosis.
In recent years, research has shown that mitochondrial RNA
(mtRNA) modifications are closely involved in these aging-
related processes, influencing mitochondrial gene expression,
protein synthesis, and overall mitochondrial function [33].

As organisms age, a decline in mtRNA modifications has
been linked to impaired mitochondrial translation, reduced
ATP production, and elevated ROS levels—factors that
contribute to cellular senescence and age-related diseases
[34]. Additionally, mtRNA modifications are implicated in
pathways related to autophagy, apoptosis, and cellular stress
responses, reinforcing their central role in the aging process
[35].

4.1 Mitochondrial RNA Modifications and Cellular Aging

Studies have shown that aging is associated with alterations
in key mtRNA modifications, including N6-methyladenosine
(m6A), 5S-methylcytosine (m5C), and pseudouridylation (‘).
These modifications regulate mitochondrial transcript stability
and translation efficiency, ensuring proper mitochondrial
function [36].

Reduced m6A methylation in aged cells has been linked
to impaired oxidative phosphorylation (OXPHOS), ATP
depletion, and mitochondrial fragmentation, all of which
contribute to cellular senescence [37].

Dysregulation of pseudouridylation (W) in mitochondrial
tRNAs negatively affects ribosomal function, leading
to disruptions in mitochondrial proteostasis and further
exacerbating age-related mitochondrial decline [38].

mtRNA  Modifications
Senescence

Autophagy plays a crucial role in clearing damaged
mitochondria through mitophagy, a process essential for
maintaining mitochondrial quality. Age-related declines in
mtRNA modifications have been associated with reduced
mitophagy efficiency, leading to the accumulation of
dysfunctional mitochondria and cellular decline [39].
Apoptosis, or programmed cell death, is tightly controlled
by mitochondrial signaling pathways. Aberrant mtRNA
modifications have been linked to dysregulated apoptosis,
increasing susceptibility to age-related neurodegenerative and
metabolic disorders [40].

Cellular senescence, a state of irreversible cell cycle arrest, is
influenced by changes in mitochondrial metabolism driven by
mtRNA modifications. Research suggests that alterations in
m6A and m5C levels contribute to mitochondrial dysfunction
and the activation of the senescence-associated secretory
phenotype (SASP) [41].

in Autophagy, Apoptosis, and

Disorder Mitochondrial Epitranscriptomic Implications
Alzheimer’s Reduced mitochondrial function and alterations in mtRNA modifications
Disease (AD) have been implicated in synaptic dysfunction and neuroinflammation, key
hallmarks of AD [42].
Parkinson’s Dysregulated mtRNA methylation affects mitochondrial complex I activity,
Disease (PD) contributing to dopaminergic neuron loss and the progression of PD [43].
Metabolic Impaired m5C and pseudouridylation modifications in mitochondrial tRNAs
Disorders have been linked to insulin resistance, diabetes, and obesity; conditions that

share common mitochondrial dysfunction features with aging [44].

4.3 Mitochondrial Epitranscriptomics in Neurodegenerative and Metabolic Disorders, as shown in Table 2.
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4.4 Therapeutic Potential of Targeting mtRNA Modifications

in Aging

*  Restoring mitochondrial RNA modifications is being actively
explored as a potential therapeutic approach for treating age-
related diseases and promoting longevity [45].

* Pharmacological interventions targeting m6A- and m5C-
modifying enzymes have shown promise in improving
mitochondrial function in aging models, highlighting their
potential as anti-aging strategies [46].

*  Future research should focus on developing precision
epitranscriptomic therapies that leverage RNA-modifying
enzymes as therapeutic targets to enhance mitochondrial

function and slow age-related decline [47].

5. Techniques for Studying Mitochondrial RNA Modifications
Advancements in RNA modification detection technologies
have significantly improved our understanding of mitochondrial
epitranscriptomics. These techniques enable researchers to
identify, quantify, and map specific RNA modifications within
mitochondrial transcripts, providing critical insights into their
regulatory roles in mitochondrial function and aging. Below are
the key methodologies used to study mtRNA modifications [48],
see Table 3.

Technique Purpose Methodology Application
LC-MS/MS (Liquid | Quantifies RNA is enzymatically LC-MS/MS has been
Chromatography- specific RNA | digested into nucleosides, instrumental in
Mass Spectrometry) | modifications | which are analyzed using identifying age-related

at the liquid chromatography changes in
nucleotide coupled with mass mitochondrial RNA
level. spectrometry (LC-MS/MS) | modifications,
to detect and quantify providing insights into
modifications such as m6A, | their role in metabolic
m5C, and pseudouridylation | regulation [50].
(‘P) [49].
MeRIP-Seq Maps m6A Uses m6A-specific MeRIP-Seq has
(Methylated RNA modifications | antibodies to revealed that m6A
Immunoprecipitation  in mtRNA at = immunoprecipitate methylation plays a
Sequencing) a methylated mtRNAs, critical role in
transcriptome- = followed by high-throughput = mitochondrial gene
wide scale. sequencing (RNA-Seq) to expression, particularly
determine the distribution under conditions of
and abundance of m6A sites | oxidative stress and
[51]. aging [52].
Ribo-Seq (Ribosome | Analyzes Deep sequencing of Ribo-Seq has
Profiling) mitochondrial | ribosome-protected mRNA | demonstrated that
translation fragments (RPFs) provides a | dysregulated mtRNA
dynamics and | high-resolution view of modifications alter
ribosome active translation sites and mitochondrial ribosome
occupancy on | reveals how mtRNA activity, contributing to
mtRNAsS. modifications impact age-related

mitochondrial protein
synthesis [53].

mitochondrial
dysfunction [54].

Table 3: Techniques for Analyzing Mitochondrial RNA Modifications

5.4 Additional Techniques for Studying mtRNA Modifications
Advancements in sequencing technologies and biochemical
methods have significantly improved our ability to detect and
analyze mitochondrial RNA (mtRNA) modifications. Several
specialized techniques have been developed to map these
modifications with high precision, shedding light on their roles in
mitochondrial function and disease.

5.4.1 Nanopore Direct RNA Sequencing

*  Provides real-time detection of RNA modifications without
the need for chemical conversion.

* Enables the identification of modifications in full-length
mitochondrial transcripts at single-molecule resolution,
offering a comprehensive view of mtRNA modifications [55].
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5.4.2 Bisulfite Sequencing (BS-Seq) for m5C Detection

* A widely used method for detecting and quantifying
5-methylcytosine (m5C) in mitochondrial RNA.

*  Provides base-resolution mapping of m5C modifications,
particularly in mitochondrial tRNAs and mRNAs, helping to
understand their functional significance [56].

5.4.3 Pseudo-Seq for Pseudouridylation Mapping

o Utilizes chemical treatments (CMCT modification followed
by reverse transcription stops) to precisely map pseudouridine
(P) residues in mtRNA.

*  Enables high-resolution profiling of ¥ modifications, linking
them to mitochondrial translation efficiency and overall gene
regulation [57].

5.5 Future Perspectives in mtRNA Modification Detection

*  The development of single-cell RNA modification profiling
techniques will provide insights into mtRNA heterogeneity,
revealing cell-type-specific differences in mitochondrial
epitranscriptomics.

e  Multi-omics  integration (combining  transcriptomics,
proteomics, and metabolomics) will help uncover how mtRNA
modifications regulate mitochondrial function in aging and
disease, providing a more comprehensive understanding of
their biological impact [58].

*  Machine learning-based models are being explored to predict
novel mitochondrial epitranscriptomic markers, offering
potential applications in disease diagnostics and targeted
therapies [59].

6. Therapeutic Implications and Future Directions

The recognition of mitochondrial RNA (mtRNA) modifications as

critical regulators of energy metabolism, oxidative stress, and aging

has opened exciting new possibilities for therapeutic interventions
targeting mitochondrial dysfunction. Emerging research suggests
that modulating mtRNA modifications could offer novel
strategies for treating age-related diseases, neurodegenerative
disorders, and metabolic syndromes [60]. Future directions in
mitochondrial epitranscriptomics focus on developing small-
molecule modulators, exploring the interplay between nuclear
and mitochondrial RNA modifications, and identifying potential

biomarkers for disease diagnosis and targeted therapy [61].

6.1 Targeting Mitochondrial RNA Modifications for

Therapeutic Strategies

*  Small-molecule inhibitors and activators of RNA-modifying
enzymes, such as m6A demethylases FTO and ALKBHS,
are being explored as potential therapeutic agents for
mitochondrial disorders and aging-related diseases [62].

* CRISPR-based RNA editing technologies are being
investigated for their ability to precisely correct mtRNA
modifications, paving the way for gene therapy approaches to
treat mitochondrial diseases [63].

* Nutritional and pharmacological interventions that
influence mitochondrial epitranscriptomics—such as NAD+

supplementation, calorie restriction, and mitochondrial-
targeted antioxidants—are being studied for their potential to
enhance mitochondrial function and promote healthy aging
[64].

6.2 Development of Small-Molecule

Modulators

e The identification of mtRNA-modifying enzymes has created
opportunities for targeted drug development. Recent studies
have shown that:

*  m6A-modulating compounds can restore mitochondrial
function in models of metabolic syndrome and
neurodegeneration, suggesting their potential as therapeutic
agents [65].

*  m5C and pseudouridine analogs are being investigated for
their ability to stabilize mitochondrial transcripts and enhance
cellular energy production [66].

*  Mitochondria-targeted RNA-binding proteins could be
engineered to selectively regulate mitochondrial transcript
stability and translation, offering new approaches for
mitochondrial disease treatment [67].

Epitranscriptomic

6.3 Investigating the Interplay Between Nuclear and

Mitochondrial Epitranscriptomes

¢ Since nuclear and mitochondrial genomes are highly
interdependent, coordinated regulation of gene expression
is essential for maintaining mitochondrial function. Future
research should:

e Examine how nuclear RNA modifications, such as m6A in
nuclear-encoded mitochondrial genes, impact mitochondrial
activity and energy metabolism [68].

* Investigate the role of nuclear-encoded RNA-modifying
enzymes (e.g., METTL3, TRMTI0C) in modifying
mitochondrial transcripts and influencing longevity pathways
[69].

* Develop systems biology approaches integrating
transcriptomics, proteomics, and metabolomics to better
understand how mitochondrial epitranscriptomics contribute
to age-related diseases [70].

6.4 Future Directions in Mitochondrial Epitranscriptomics

* Expanding RNA modification databases to include
mitochondrial-specific =~ modifications, improving  our
understanding of their physiological roles.

* Leveraging single-cell and spatial transcriptomics to study
heterogeneity in mitochondrial RNA modifications across
different tissues and aging models.

e Utilizing machine learning and Al-driven predictive
models to identify novel therapeutic targets within the
mitochondrial epitranscriptome.

e Advancing personalized medicine approaches to target
mtRNA modifications for precision treatment of age-related
metabolic and neurodegenerative disorders.
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7. Conclusion

Mitochondrial epitranscriptomics is an emerging field that has
transformed our understanding of mitochondrial gene regulation,
energy metabolism, and aging-related diseases. The discovery
of key RNA modifications in mitochondrial transcripts—such
as N6-methyladenosine (m6A), pseudouridylation (¥), and
5-methylcytosine (m5C)—has provided new insights into how
mitochondria respond to metabolic stress, regulate oxidative
phosphorylation (OXPHOS), and influence cellular lifespan.
These modifications are not merely passive chemical markers but
actively contribute to maintaining mitochondrial homeostasis and
cellular function.

Aging is closely linked to progressive mitochondrial dysfunction,
with alterations in mtRNA modifications playing a critical role
in this decline. Changes in these modifications contribute to
ATP depletion, elevated reactive oxygen species (ROS) levels,
impaired mitophagy, and metabolic imbalances—hallmarks
of age-related neurodegenerative and metabolic disorders. A
deeper understanding of the molecular mechanisms underlying
mitochondrial RNA modifications presents new opportunities
for therapeutic interventions in aging-associated diseases such
as Alzheimer’s disease, Parkinson’s disease, type 2 diabetes, and
cardiovascular disorders.

Recent advances in RNA modification detection techniques,
including LC-MS/MS, MeRIP-Seq, and Ribo-Seq, have enabled
high-resolution mapping of mtRNA modifications, shedding light
on their physiological roles. However, despite these breakthroughs,
several critical gaps remain. Future research should prioritize:

*  Deciphering the functional interplay between nuclear
and mitochondrial epitranscriptomes, as their coordinated
regulation is essential for maintaining cellular energy balance.

*  Developing precise RNA modification-targeting therapies,
such as small-molecule modulators and CRISPR-based RNA-
editing technologies, to correct mitochondrial dysfunction.

* Exploring tissue-specific and single-cell epitranscriptomic
landscapes to understand how mtRNA modifications vary
across different organs and aging models.

* Leveraging Al-driven predictive models to identify novel
biomarkers and therapeutic targets within the mitochondrial
epitranscriptome.With growing evidence supporting the
role of mtRNA modifications in mitochondrial homeostasis,
longevity, and age-related diseases, targeting mitochondrial
epitranscriptomics represents a promising avenue in
precision medicine. Continued research in this field could
lead to innovative mitochondria-based anti-aging therapies,
ultimately improving healthspan and quality of life in aging
populations.

Conflict of Interest Statement

The authors declare no conflicts of interest related to this study. No
competing financial interests or personal relationships could have
influenced the content of this research review.

Acknowledgments

The authors express their gratitude to the researchers, clinicians,
and data scientists whose contributions in artificial intelligence
and radiology have paved the way for advancements in Al-driven
diagnostics. Special thanks to our colleagues for their insightful
discussions and valuable feedback in the preparation of this review.

Al Declaration

No artificial intelligence (Al) tools or automated writing assistants
were used in the research, drafting, or editing of this manuscript.
The content, including the literature review, analysis, and writing,
was entirely produced by the authors. All conclusions and
interpretations are based on human expertise, critical evaluation of
the literature, and independent scholarly work.

Funding Statement
This research received no specific grant from any funding agency
in the public, commercial, or not-for-profit sectors.

Ethical Approval Statement
As this is a review article, no new human or animal data were
collected, and thus, ethical approval was not required.

Data Availability Statement

No new datasets were generated or analyzed during this study. All
data supporting this review are derived from previously published
sources, which have been appropriately cited.

References

1. Wallace DC. Mitochondria and bioenergetics in the regulation
of cell fate. Mol Cell Biol. 2022;42(1):e00425-21.

2. Mercer, T. R., Neph, S., Dinger, M. E., Crawford, J., Smith,
M. A., Shearwood, A. M. J,, ... & Mattick, J. S. (2011). The
human mitochondrial transcriptome. Cell, 146(4), 645-658.

3. Jourdain, A. A., Koppen, M., Wydro, M., Rodley, C. D.,
Lightowlers, R. N., Chrzanowska-Lightowlers, Z. M., &
Martinou, J. C. (2013). GRSF1 regulates RNA processing in
mitochondrial RNA granules. Cell metabolism, 17(3), 399-
410.

4. Boczonadi V, Jennings MJ, Horvath R. The role of
mitochondrial translation in human disease. Int J Biochem
Cell Biol. 2018;106:136-144.

5. Barbieri, I, & Kouzarides, T. (2020). Role of RNA
modifications in cancer. Nature Reviews Cancer, 20(6), 303-
322.

6. Rebelo-Guiomar, P., Powell, C. A., Van Haute, L., & Minczuk,
M. (2019). The mammalian mitochondrial epitranscriptome.
Biochimica et Biophysica Acta (BBA)-Gene Regulatory
Mechanisms, 1862(3), 429-446.

7. Sun, N., Youle, R. J., & Finkel, T. (2016). The mitochondrial
basis of aging. Molecular cell, 61(5), 654-666.

8. Sun, N., Youle, R. J., & Finkel, T. (2016). The mitochondrial
basis of aging. Molecular cell, 61(5), 654-666.

9. Gagliardi D, Gautier V, Ergiiden A, et al. The importance
of RNA modifications in mitochondrial diseases. Front Mol

Int Internal Med J, 2025

Volume 3 | Issue 4 | 7


https://www.cell.com/cell/fulltext/S0092-8674(11)00767-7
https://www.cell.com/cell/fulltext/S0092-8674(11)00767-7
https://www.cell.com/cell/fulltext/S0092-8674(11)00767-7
https://www.cell.com/cell-metabolism/fulltext/S1550-4131(13)00053-3
https://www.cell.com/cell-metabolism/fulltext/S1550-4131(13)00053-3
https://www.cell.com/cell-metabolism/fulltext/S1550-4131(13)00053-3
https://www.cell.com/cell-metabolism/fulltext/S1550-4131(13)00053-3
https://www.cell.com/cell-metabolism/fulltext/S1550-4131(13)00053-3
https://www.nature.com/articles/s41568-020-0253-2
https://www.nature.com/articles/s41568-020-0253-2
https://www.nature.com/articles/s41568-020-0253-2
https://www.sciencedirect.com/science/article/pii/S1874939918300786
https://www.sciencedirect.com/science/article/pii/S1874939918300786
https://www.sciencedirect.com/science/article/pii/S1874939918300786
https://www.sciencedirect.com/science/article/pii/S1874939918300786
https://www.cell.com/molecular-cell/fulltext/S1097-2765(16)00081-2
https://www.cell.com/molecular-cell/fulltext/S1097-2765(16)00081-2
https://www.cell.com/molecular-cell/fulltext/S1097-2765(16)00081-2
https://www.cell.com/molecular-cell/fulltext/S1097-2765(16)00081-2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Biosci. 2021;8:715293.

Choudhury A, Singh S, Jones AR, et al. Targeting
mitochondrial m6A RNA methylation in metabolic disorders.
Trends Endocrinol Metab. 2022;33(8):594-608.

SuY, Li X, Ma L, et al. Mitochondrial epitranscriptomics in
stress responses and aging. J Mol Biol. 2022;434(5):167385.
Shi H, Wei J, He C. Where epitranscriptomics meets
mitochondria: regulation of mitochondrial RN A modifications.
Trends Cell Biol. 2019;29(6):463-472.

Li, X., Xiong, X., & Yi, C. (2017). Epitranscriptome
sequencing technologies: decoding RNA modifications.
Nature methods, 14(1), 23-31.

Wang X, Lu Z, Gomez A, et al. m6A-dependent regulation
of mitochondrial RNA stability and translation. Cell Res.
2020;30(6):593-607.

Shafik AM, Zhang F, Guo Z, et al. m6A RNA methylation
controls PGC-1la expression and mitochondrial function
during cellular stress. Cell Metab. 2021;33(11):2353-2368.¢7.
Carlile, T. M., Rojas-Duran, M. F., Zinshteyn, B., Shin,
H., Bartoli, K. M., & Gilbert, W. V. (2014). Pseudouridine
profiling reveals regulated mRNA pseudouridylation in yeast
and human cells. Nature, 515(7525), 143-146.

Dassi E. Handing over control: mRNA pseudouridylation and
translational regulation. FEBS Lett. 2017;591(17):2439-2451.
Zhang Y, Zhang Y, Liu Z, et al. Pseudouridine in tRNA and
rRNA: an indicator of mitochondrial function and aging.
Biochem Biophys Res Commun. 2022;589:21-27.

Haag S, Sloan KE, Ranjan N, et al. Insights into mitochondrial
5-methylcytosine function in RNA processing and translation.
Nucleic Acids Res. 2016;44(14):6795-6806.

Blanco S, Dietmann S, Flores JV, et al. Aberrant m5C
methylation in mitochondrial RNA contributes to oxidative
stress-induced neuronal dysfunction. Nat Commun.
2014;5:4283.

Cheng Y, Luo H, Xie Z, et al. Targeting m5C RNA
modifications to regulate mitochondrial function and aging.
Aging Cell. 2023;22(3):e13799.

Helm, M., & Motorin, Y. (2017). Detecting RNA modifications
in the epitranscriptome: predict and validate. Nature Reviews
Genetics, 18(5), 275-291.

Richter-Dennerlein R, Oecljeklaus S, Lorenzi I, et al.(2016).
Mitochondrial ribosome assembly and its impact on OXPHOS
complex formation. Nat Commun. 7:12097.

Chujo T, Suzuki T. (2012). Molecular basis of mitochondrial
RNA modifications and their functional implications
in mitochondrial translation. Biochem Biophys Res
Commun.417(1):39-44.

Zheng G, Dahl JA, Niu Y, et al. (2013). ALKBHS5-mediated
m6A demethylation controls energy metabolism and survival
in response to stress. Cell Metab, 18(6):611-622.

Zhao X, Yang Y, Sun BF, et al. (2014). FTO-mediated m6A
modifications regulate mitochondrial bioenergetics and stress
adaptation. Proc Natl Acad Sci USA;111(27):9935-9940.

Liu X, Hao J, Lu Q, et al. (2022). Emerging role of
mitochondrial RNA modifications in age-related diseases:

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

From molecular mechanisms to therapeutic perspectives.
Trends Pharmacol Sci. 43(12):1037-1054.

Workman RE, Tang AD, Tang PS, et al. (2019). Nanopore
direct RNA sequencing detects m6 A and other modifications in
full-length RNA molecules. Nat Methods;16(12):1297-1300.
Shukla S, Adhikari S, Sheikh F, et al. (2023). CRISPR-
mediated epitranscriptome engineering for mitochondrial
RNA modifications. Nat Biotechnol; 41(2):132-145.

Zhang X, Liu Z, Li J, et al. (2023). RNA methylation-based
therapeutics: Targeting m6A modifications in mitochondrial
function. Trends Pharmacol Sci;44(1):14-26.

YuF, Wang Z, Tanaka T, et al. (2023). Restoring mitochondrial
RNA methylation improves energy metabolism in aging cells.
Nat Aging;3(4):276-289.

Sinclair DA, LaPlante MD. (2022). Mitochondrial epigenetics
and longevity: A new perspective on age-related interventions.
Cell Metab;34(3):352-366.

Greer, E. L., & Shi, Y. (2012). Histone methylation: a dynamic
mark in health, disease and inheritance. Nature Reviews
Genetics, 13(5), 343-357.

Zhang C, Samanta D, Lu H. (2021). Aging and mitochondrial
epitranscriptomics: A new layer of regulation in metabolic
homeostasis. Trends Cell Biol;31(7):506-518.

Di Nottia M, Masala A, Copetti M, et al. (2022). Mitochondrial
tRNA modifications and their impact on mitochondrial
function in aging. Aging Cell;21(5):e13574.

Li J, Han Y, Zhang Y, et al. (2022). Mitochondrial RNA
modifications in aging and disease: Emerging mechanisms
and therapeutic potential. Cell Metab;34(9):1326-1343.
Uddin MS, Kabir MT, Rahman MS, et al. m6A RNA
methylation: A potential regulatory mechanism in aging and
neurodegeneration. J Mol Neurosci. 2020;70(3):430-448.
Barbieri, 1., & Kouzarides, T. (2020). Role of RNA
modifications in cancer. Nature Reviews Cancer, 20(6), 303-
322.

Wu Z, Wang J, Song H, et al. Mitophagy and aging: Recent
insights into molecular mechanisms and physiological
functions. Aging Cell. 2021;20(1):e13384.

Vafabakhsh R, Mootha VK. (2023). Mitochondrial RNA
modifications and cell fate decisions in apoptosis and
senescence. Trends Biochem Sci.48(2):171-185.

Trifunovic, A., & Larsson, N. G. (2008). Mitochondrial
dysfunction as a cause of ageing. Journal of internal medicine,
263(2), 167-178.

Yao, J., Irwin, R. W., Zhao, L., Nilsen, J., Hamilton, R. T,
& Brinton, R. D. (2009). Mitochondrial bioenergetic deficit
precedes Alzheimer's pathology in female mouse model of
Alzheimer's disease. Proceedings of the National Academy of
Sciences, 106(34), 14670-14675.

Wang W, Wang X, Fujioka H, et al. (2020). Mitochondrial
dysfunction and Parkinson’s disease: Emerging role of
mitochondrial RNA modifications. Neurosci Biobehav
Rev.;121:657-669.

Houtkooper RH, Argmann C, Houten SM, et al. ( 2021).
The role of mitochondrial RNA modifications in metabolic

Int Internal Med J, 2025

Volume 3 | Issue 4 | 8


https://www.nature.com/articles/nmeth.4110
https://www.nature.com/articles/nmeth.4110
https://www.nature.com/articles/nmeth.4110
https://www.nature.com/articles/nature13802
https://www.nature.com/articles/nature13802
https://www.nature.com/articles/nature13802
https://www.nature.com/articles/nature13802
https://www.nature.com/articles/nrg.2016.169
https://www.nature.com/articles/nrg.2016.169
https://www.nature.com/articles/nrg.2016.169
https://www.nature.com/articles/nrg3173
https://www.nature.com/articles/nrg3173
https://www.nature.com/articles/nrg3173
https://www.nature.com/articles/s41568-020-0253-2
https://www.nature.com/articles/s41568-020-0253-2
https://www.nature.com/articles/s41568-020-0253-2
https://www.pnas.org/doi/abs/10.1073/pnas.0903563106
https://www.pnas.org/doi/abs/10.1073/pnas.0903563106
https://www.pnas.org/doi/abs/10.1073/pnas.0903563106
https://www.pnas.org/doi/abs/10.1073/pnas.0903563106
https://www.pnas.org/doi/abs/10.1073/pnas.0903563106

45.

46.

47,

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

disorders. Cell Metab;33(4):732-748.

YuF, Wang Z, Tanaka T, et al. (2023). Restoring mitochondrial
RNA methylation improves energy metabolism in aging cells.
Nat Aging;3(4):276-289.

Wilkinson M, Greaves LC, Rygiel KA, et al. (2019)
.Pharmacological interventions targeting mitochondrial
RNA modifications in aging. J Gerontol A Biol Sci Med
Sci;74(8):1120-1130.

Liu X, Hao J, Lu Q, et al. (2022). Emerging role of
mitochondrial RNA modifications in age-related diseases:
From molecular mechanisms to therapeutic perspectives.
Trends Pharmacol Sci;43(12):1037-1054.

YuG, WangJ, XuY,etal.(2021). Advancesin RNA modification
detection technologies: Implications for mitochondrial
epitranscriptomics. Trends Biotechnol;39(7):744-759.

Chen X, Yu B, Yang H, et al. (2020). Quantitative profiling
of RNA modifications by LC-MS/MS: Applications in
epitranscriptomics. RNA Biol;17(11):1605-1617.

Metodiev MD, Spahr H, Loguercio Polosa P, et al. (2019).
m6A RNA methylation impacts mitochondrial function and
bioenergetics in aging. Nat Commun.;10(1):4175.

Li X, Xiong X, Wang K, et al. (2017). MeRIP-Seq uncovers
widespread m6A methylation in mitochondrial RNA. Nat
Chem Biol;13(9):723-729.

Sun L, Fazal FM, Li P, et al. (2020). RNA methylation
dynamics modulate mitochondrial gene expression during
stress responses. Mol Cell Biol;40(4):¢00520-19.

Sharma V, Zhelkovsky AM, Helms TL, et al. (2022). Ribo-
Seq uncovers mitochondrial translation defects in age-related
diseases. Cell Rep;38(6):110370.

Ma'Y, Shi H, Rycaj K, et al. (2023). Decoding mitochondrial
ribosome dynamics with Ribo-Seq: Implications for aging.
Trends Mol Med;29(1):15-27.

Workman RE, Tang AD, Tang PS, et al. (2019). Nanopore
direct RNA sequencing detects m6A and other modifications in
full-length RNA molecules. Nat Methods;16(12):1297-1300.

Cui L, Xie W, Cai Y, et al. (2021). Bisulfite sequencing
analysis of mitochondrial RNA reveals age-related changes in
m5C modifications. Genome Res;31(9):1566-1578.

Carlile TM, Rojas-Duran MF, Zinshteyn B, et al. (2014).
Pseudo-Seq reveals widespread pseudouridylation in

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

mitochondrial RNA. Nat Chem Biol;10(2):150-152.

Frye M, Haruehanroengra P, Cianciulli A, et al. (2022).
RNA modifications and mitochondrial function in aging and
disease. Nat Rev Mol Cell Biol;23(8):503-520.

Helm M, Motorin Y. (2021). Detecting RNA modifications
in mitochondria: Current technologies and emerging
opportunities. Nat Rev Genet;22(10):673-689.

Zhang X, Liu Z, Li J, et al. (2023). RNA methylation-based
therapeutics: Targeting m6A modifications in mitochondrial
function. Trends Pharmacol Sci;44(1):14-26.

Shukla S, Adhikari S, Sheikh F, et al. (2023). CRISPR-
mediated epitranscriptome engineering for mitochondrial
RNA modifications. Nat Biotechnol;41(2):132-145.

Sinclair DA, LaPlante MD. (2022). Mitochondrial epigenetics
and longevity: A new perspective on age-related interventions.
Cell Metab;34(3):352-366.

Zheng G, Dahl JA, Niu Y, et al. (2023). Small-molecule m6A
modulators rescue mitochondrial dysfunction in aging cells.
Mol Cell;83(5):938-951.e5.

Jones JD, White KA, Morscher RJ, etal. (2022). Pseudouridine
analogs as RNA stabilizers: Implications for mitochondrial
bioenergetics. RNA Biol;19(9):1165-1178.

Gagliardi D, Gautier V, Ergiiden A, et al. (2022). Engineering
RNA-binding proteins to modulate mitochondrial transcript
stability. Nucleic Acids Res;50(4):2087-2101.

Kim H, Kim HJ, Lee Y, et al. (2023). Epitranscriptomic
modifications in nuclear-mitochondrial crosstalk: Implications
for aging and disease. Trends Genet;39(5):425-439.

Liu J, Xu Y, Stoleru D, et al. (2022). Targeting RNA
modifications in mitochondrial dysfunction: A therapeutic
frontier. Nat Metab,;4(6):481-497.

ShiL, TuBP. (2015). Signal transduction pathways connecting
mitochondrial function to the nuclear epigenome regulate
cellular metabolic homeostasis. Curr Opin Cell Biol.;33:41-
46.

Rolland SG, Motori E, Memar N, et al. (2019). Mitochondrial
quality control in aging and neurodegeneration. Mol Cell
Neurosci;98:81-93.

Liu X, Hao J, Lu Q, et al. (2022). Emerging role of
mitochondrial RNA modifications in age-related diseases.
Trends Pharmacol Sci;43(12):1037-1054.

Copyright: ©2025 Mohammad Ahmad Ahmad Odah.This is an open-access
article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original author and source are credited.

Int Internal Med J, 2025

https://opastpublishers.com/

Volume 3 | Issue 4 | 9



