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Abstract

Mitochondria serve as the primary site for metabolizing the three major nutrients, underscoring their pivotal role

in cellular energy metabolism and the regulation of signaling pathways. Mitochondrial homeostatic imbalance

is a key pathological cause of the development of many diseases. Hence, preserving mitochondrial homeostasis

is vital for the normal growth and development of cells and organisms. Living organisms have evolved intricate
regulatory mechanisms to ensure cellular mitochondrial homeostasis. This review focuses on recent advancements
in comprehending the mechanisms responsible for maintaining mitochondrial homeostasis and addresses the cur-
rent challenges in this field. We also provide an overview of the key functions of mitochondria in both physiological
and pathological conditions. Emphasizing the potential therapeutic implications, we discuss strategies for preserving
mitochondrial homeostasis, recognizing its significance in mitigating various health conditions.
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1 Introduction

Homeostasis is a dynamic self-regulating equilibrium
that enables an organism to maintain systemic stability
and conduct normal life activities (Wang 2022). When
this dedicated balance is disrupted and the regula-
tory systems governing homeostasis are perturbed, the
organism undergoes a series of functional, structural,
and metabolic changes that can lead to diseases or even
mortality (Wang 2022). Therefore, homeostatic medi-
cine, which focuses on treating disruptions to homeosta-
sis and dynamically restoring the equilibrium of various
systems, holds immense significance for health mainte-
nance as well as the diagnosis and treatment of diseases.
Intracellular homeostasis serves as the fundamental
basis for tissue and organ stability, fostering a conducive
environment for the exchange of information and real-
time responses among organs. This, in turn, establishes
a stable physiological and metabolic microenvironment

within the body. Therefore, the preservation of cellular
homeostasis emerges as the cornerstone of life, encom-
passing a multitude of regulatory mechanisms such as
intracellular molecular interactions, metabolic homeo-
stasis, and the maintenance of energy balance.

In recent years, it has become evident that the proper
performance of mitochondria, the energy center of all
eukaryotic cells, is integral to maintaining cellular home-
ostasis (Wang 2022; Wong et al. 2019). Mitochondria
not only act as a "powerhouse” to synthesize adenosine
triphosphate (ATP) through oxidative phosphorylation,
but also as an "information processor" that plays a cen-
tral role in Ca*'storage, initiation of cell differentiation
and apoptosis, and synthesis of biomolecules, including
plasma compounds, neurotransmitters, and hormones
(Picard and Shirihai 2022). Thus, there is a strong link
between mitochondrial dysfunction and the pathogen-
esis of a wide range of human diseases involving multiple
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systems, encompassing neurological disorders, cardio-
vascular diseases, liver diseases, renal dysfunction, dia-
betes mellitus, and malignancies associated with DNA
damage response (Harrington et al. 2023). In addition,
mitochondria are semi-autonomous organelles with their
own genetic material and systems, capable of independ-
ent mitochondrial DNA replication, transcription, and
translation (Wang et al. 2021). However, mitochondrial
DNA is more susceptible to oxidative damage and muta-
tions than nuclear DNA because of its proximity to the
electron transport system, which generates reactive oxy-
gen species and is unable to synthesize glutathione to
scavenge peroxides (Huang 2020). Owing to their exten-
sive involvement in numerous cellular biological pro-
cesses, such as cell fate determination and senescence,
mitochondria require fine-grained, multilayered quality
control systems to ensure their normal function, thereby
upholding cellular and organismal homeostasis.

In this review, we provide a comprehensive overview
of the mechanisms that regulate cellular mitochon-
drial homeostasis and emphasize their interplays, which
mainly include mitochondrial metabolism, quality con-
trol, inter-organelle contact, as well as communication
with the nucleus. We also explore the potential targets
of cellular mitochondrial homeostasis in disease therapy
and describe the limitations and future directions of
these innovative targets (Fig. 1).

Mitochondrial
quality control
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2 Regulation of mitochondrial metabolism

Mitochondrial metabolism plays a central role in the
intricate cellular metabolic network due to processes
such as the tricarboxylic acid (TCA) cycle, oxidative
phosphorylation (OXPHOS), fatty acid oxidation (FAO),
nucleotide synthesis, and amino acid, which all take place
within mitochondria (Anderson et al. 2019; Spinelli and
Haigis 2018). In addition to serving as an energy source,
mitochondrial metabolites also function as mediators
of mitochondrial signaling to influence cell cycle pro-
gression (Liu and Birsoy 2023). Mitochondrial energy
metabolism and reduction—oxidation (redox) signaling
interact and complement each other to maintain mito-
chondrial homeostasis. In normal epithelial cells and
endothelial cells, extracellular matrix (ECM) detachment
will destroy cell metabolic activity, increase the produc-
tion of mitochondrial reactive oxygen species (ROS),
enhance oxidative stress, and then cause anoikis (Fiocca
1988). However, this process can be delayed by restrict-
ing mitochondrial respiration, which can limit the flux of
glucose through the TCA cycle through already reduced
nutrient uptake and negative regulation of pyruvate
dehydrogenase (PDH) activity (Kamarajugadda 2012;
Grassian et al. 2011). Untransformed epithelial cells
phosphorylate and inhibit PDH by up-regulating expres-
sion of pyruvate dehydrogenase kinase 4 (PDHK4) after
matrix detachment, thereby limiting glucose flow in the
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Fig. 1 Mechanisms of mitochondrial homeostasis. Mitochondrial metabolism, quality control mechanisms, mitochondria-organelle interaction
network, and mitochondria-nucleus communication collectively play indispensable roles in maintaining mitochondrial operation. These integrated
processes collaborate to uphold mitochondrial homeostasis, thereby ensuring cellular and organismal homeostasis. Created with Biorender
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TCA cycle (Kamarajugadda 2012; Grassian et al. 2011).
Accordingly, mitochondrial metabolism can be regu-
lated through a redox signaling process that stimulates
endogenous H,O, production and leads to impaired ATP
production in mitochondria. The y subunit of the TCA
circulating enzyme isocitrate dehydrogenase 3 (IDH3y) is
a redox switch that links its modification to alterations in
mitochondrial metabolism (Nanadikar 2023). Dysregu-
lation of mitochondrial energy and redox signaling can
lead to the disruption of mitochondrial homeostasis and
promote the development, progression, and evasion of
various diseases, including cancer and immune disorders
(Aranda-Rivera 2021; Schirrmacher 2020) (Fig. 2).

2.1 Energy metabolism
ATP is mainly involved in intracellular substance trans-
port and metabolism, during cell growth and metabolic
activities. ATP can act as an important cofactor to partic-
ipate in a large number of intracellular enzyme-catalyzed
reactions, linking substance metabolic pathways in series
or in parallel to form a complex network system (Ruccolo
2022). Intracellular energy status also affects the rate of
cell growth and metabolic reactions; therefore, ATP has
an important influence on the anabolism of proteins,
lipids, nucleotides, and amino acids (Zhu and Thompson
2019). ATP also plays a key role as a signaling molecule in
post-transcriptional modification and signal transduction
systems (Vultaggio-Poma 2020).

Elevated mitochondrial oxidative metabolism is a well-
established metabolic hallmark of leukemia (Chen et al.
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2020). Leukemia cells exhibit heterogeneity in energy and
substance metabolism. In acute myeloid and lymphoblas-
tic leukemia, the inhibition of mitochondrial respiration
disarms resistance to chemotherapeutic agents (Carter
2020). The phosphatidylinositol 4-kinase alpha (PI4KA)
inhibitor cefadroxil (CEP) destabilizes the PI4KA /tetratri-
copeptide repeat domain 7 (TTC7)/family with sequence
similarity 126 (FAM126) complex and inhibits ATP pro-
duction by modulating the extracellular signal-regulated
kinase (ERK)/adenosine monophosphate-activated pro-
tein kinase (AMPK)/OXPHOS axis, thus enhancing
chemotherapeutic drug resistance in drug-resistant leu-
kemia cells in vitro and in vivo, thereby providing a new
therapeutic strategy for the treatment of refractory leu-
kemia (Jiang 2022). In addition, the alteration of glucose
metabolic flux from mitochondrial OXPHOS to aerobic
glycolysis is considered to be one of the essential features
of cancer cells (Martinez-Reyes and Chandel 2021). In
this regard, mammalian target of rapamycin (mTOR)-
mediated M2 isoform of pyruvate kinase (PKM2), a rate-
limiting enzyme in glycolysis, interacts with mitofusin 2
(MEN2), a key regulator of mitochondrial fusion, to pro-
mote mitochondrial fusion, OXPHOS, and ATP produc-
tion, while inhibiting glycolysis, thus playing a key role in
regulating cancer cell proliferation (Li 2019). Moreover,
under cold conditions and stimulation by B-adrenergic
receptors, white adipose tissue can transform into beige
adipocytes rich in uncoupling protein 1 (UCP1) (Raz-
zoli et al. 2018). UCP1 eliminates the proton gradient
across the inner mitochondrial membrane, uncouples
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Fig. 2 Regulation of mitochondrial metabolism. Mitochondrial metabolism is a complex cellular metabolic network because processes such

as the tricarboxylic acid cycle, oxidative phosphorylation, fatty acid oxidation, etc. all occur within mitochondria. In addition to serving as an energy
source, mitochondrial metabolites like reactive oxygen species also act as mediators of mitochondrial signaling to influence cell cycle progression.
Balance of both energy metabolism and redox signaling is crucial for the maintenance of mitochondrial metabolism. ATP adenosine triphosphate;
ADP adenosine diphosphate; DHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phosphate; TCA, tricarboxylic acid; a-KG, a-ketoglutarate;
Succinyl-CoA, succinyl coenzyme A; Acetyl-CoA, acetyl coenzyme A; GSH, glutathione; GSSG, glutathione (oxidized); NADPH, the reduced form

of nicotinamide adenine dinucleotide phosphate; NADP*, nicotinamide adenine dinucleotide phosphate. Created with Biorender
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the respiratory chain via OXPHOS, reduces ATP synthe-
sis, and releases energy in the form of heat (Cohen and
Kajimura 2021). Recent studies have shown that white
adipose tissue induces local thermogenesis through heat
shock transcription factor 1(HSF1) activation and pro-
motes browning, resulting in significant heat produc-
tion and energy expenditure (Li 2022). These findings
demonstrate that thermal therapy can prevent and treat
obesity, while improving metabolic disorders through the
regulation of mitochondrial energy metabolism homeo-
stasis, providing new insights for addressing obesity and
metabolic disorders (Li 2022). Moreover, mitochondrial
dysfunction is thought to be one of the causes of type 2
diabetes mellitus (T2DM). Studies have found that after
the specific knockout of TFAM in mouse islet beta cells,
ATP production was reduced, insulin secretion was
decreased, and mice showed T2DM symptoms. Further-
more, energy metabolism is closely associated with aging.
Cytoplasmic polyadenylation element binding protein 4
(CPEB4), an RNA-binding protein, may target impaired
mitochondrial energy metabolism in senescent muscle
stem cells by controlling mitochondrial translation to
improve the function of senescent muscle stem cells, thus
providing new theoretical evidence for the possibility of
controlling cellular senescence by regulating mitochon-
drial energy metabolism (Zeng 2023).

In conclusion, mitochondrial energy metabolism is
a complex and important field that requires in-depth
research in several aspects in the future. By delving into
the regulatory mechanisms of mitochondrial energy
metabolism (focusing on the maintenance of mitochon-
drial homeostasis), its relationship with cellular func-
tions (the interplay between cell growth, differentiation,
and apoptosis) and human health (its role in the onset
and progression of human diseases), and its engineering
applications (to better utilize the mechanisms of mito-
chondrial energy metabolism), we can better make use
of mitochondrial functions and provide new insights into
future disease treatments and health management by
providing new ideas and approaches.

2.2 Redox signaling

In organisms, redox metabolism and the maintenance of
its homeostasis is one of the most fundamental cellular
activities of life. In the electron transport chain (ETC),
about 2% of O,binds to electrons that are not transmit-
ted to terminal oxidases but "leak” out of the respiratory
chain, resulting in the production of ROS, which is also
the predominant oxidant within the mitochondrial redox
signaling (Handy and Loscalzo 2012). Among them,
nuclear respiratory factors (NRF)I and NRF2 regulate
each other and send multilevel signaling integration and
local fine-tuning to the gene expression network through
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the function of their transcription factors, thus main-
taining cellular and mitochondrial redox homeostasis
and energy metabolism homeostasis (Cui 2021; Esteras
and Abramov 2022). Recent studies have found that the
deletion of NRF1 led to a substantial increase in ROS
levels and indicators of oxidative stress (including lipid
peroxidation) in cells. Although NRF2 was significantly
upregulated, the increase in ROS and oxidative damage
persisted, suggesting NRF1 knockdown did not prevent
a significant increase in intracellular and mitochondrial
ROS. Furthermore, when NRF2 was knocked down, ROS
levels increased significantly; however, no compensa-
tory changes in NRF1 expression were observed (Hu
2022). Thus, when redox signaling is altered beyond the
physiological threshold, mitochondrial homeostasis is
disrupted, resulting in the inability of cells to respond
adaptively to changes in the internal and external envi-
ronments, which leads to the development of potential
diseases, such as inflammatory aging and tumors.

Upon sustained antioxidant signaling or mitochon-
drial inactivation, CUL2FEMI1B and folliculin interact-
ing protein 1 (FNIP1) form a ubiquitin-dependent stress
combination that regulates mitochondrial ROS produc-
tion and maintains redox signaling homeostasis during
myoblast metabolism by degrading or controlling FNIP1
(Manford 2020). Mitochondrial dysfunction may contrib-
ute to rheumatoid arthritis by modulating innate immu-
nity through redox-sensitive inflammatory pathways
or by directly activating inflammasomes. Suppression
of the ROS-nuclear factor (NF)-kB-nucleotide-binding
domain leucine-rich repeat-containing family pyrin
domain containing 3 (NLRP3) axis has demonstrated
efficacy in alleviating symptoms and attenuating inflam-
mation associated with rheumatoid arthritis, providing
evidence for targeting mitochondrial redox signaling
against inflammation (Jing 2021). Furthermore, meta-
static breast cancer cells preferentially metastasize to
organs characterized by a soft microenvironment and a
pliable extracellular matrix, which facilitates the mainte-
nance of redox signaling homeostasis (Gensbittel 2021).
Paradoxically, this compensatory mechanism increases
resistance to oxidative stress and to chemotherapeutic
drugs that rely on ROS. Targeting the key oxidative stress
factors Dynamin-related protein 1 (DRP1) and NREF2,
in thoracic cancer cells can restore cisplatin sensitivity
while preventing the reactivation of metastasized can-
cer cells (Romani 2022). A suitable redox environment
is essential for normal neuronal function. The increase
in lactate intake by neurons leads to the enhancement
of mitochondrial energy metabolism and the produc-
tion of more ROS, resulting in oxidative stress in neu-
rons. Even worse, damage to mitochondria and ATP
synthesis produces more reactive oxygen species. This
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vicious cycle eventually leads to axonal degeneration in
the peripheral nervous system (Jia 2021). Moreover, in
proliferating and differentiated neuroblastoma Neuro
2a (N2a) cells, sulforaphane-mediated NRF2 activa-
tion leads to reductive stress that blocks neurogenesis
through glycogen synthase kinase 3 beta(GSK3p)/tubu-
lin associated unit (TAU) signaling and protein toxic-
ity (KK 2020). If the ROS concentration easily reaches a
threshold, it causes oxidative damage and leads to aging.
A study has utilized Caenorhabditis elegans which has
been used as a model organism to elucidate and quantify
the threshold of ROS by examining the effects of vary-
ing concentrations of paraquat-induced ROS on lifespan.
Its findings suggest that various stimuli early in life, such
as starvation, exercise, and heat exposure, can enhance
the redox stress responsiveness of cells and individuals,
thereby promoting healthy aging (Miranda-Vizuete and
Veal 2017). Therefore, optimizing the plasticity of mito-
chondrial redox ability may have significant implications
for maintaining a stable state of mitochondrial redox
signaling.

ROS has long been recognized as an undesirable
byproduct of mitochondrial metabolism. Elevated lev-
els of ROS may lead to nonspecific oxidation of targets,
resulting in damage to macromolecules and impair-
ing their function, while also triggering stress response
mechanisms, such as inflammation, tumor growth, nerve
injury, and impaired stem cell differentiation. However, it
is now increasingly acknowledged that ROS are beneficial
to cells in most states and serve as important signaling
molecules in addition to their involvement in maintain-
ing the mitochondrial redox signaling balance. In the
future, the generation and regulation mechanisms of
ROS signaling in mitochondria (localization and regula-
tion of ROS-generating sites), the interactions between
ROS signaling and cellular signaling, and the interactions
between ROS signaling and other organelles should be
thoroughly investigated. It is necessary to consider the
biphasic and dose-dependent roles of ROS, as well as the
different functions of mitochondrial ROS in different cell
types, to provide the basis for a more precise targeted
disease therapy by providing new strategies.

3 Mitochondrial quality control

Mitochondrial quality control (MQC) is an integrated
network for monitoring mitochondrial quality and is an
endogenous cellular protective program that is critical
for maintaining mitochondrial homeostasis and func-
tion (Ni et al. 2015). MQC co-regulates the maintenance
of mitochondrial homeostasis by orchestrating a wide
range of processes such as biogenesis, mitochondrial
autophagic degradation, mitochondrial fission, fusion,
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and mitochondrial proteostasis (Roca-Portoles and Tait
2021). At the cellular level, mitochondrial biogenesis and
autophagy facilitate mitochondrial renewal by eliminat-
ing damaged mitochondria and synthesizing healthy
replacements. At the organelle level, mitochondria
dynamically alter their shape, size, and position through
division and fusion events to maximize their utilization
efficiency. From a molecular perspective, mitochondria
maintain protein homeostasis and perform normal physi-
ological functions via proteolysis in response to oxidative
stress, misfolding events, impaired proteins, or damage
arising from defects in the ETC. Overall, mitochondrial
quality control ensures normal mitochondrial quantity,
quality, and function through a variety of biological pro-
cesses and signaling regulatory mechanisms (Fig. 3).

3.1 Mitochondrial biogenesis and mitophagy
Mitochondrial mass and quantity are precisely regulated
by two fundamental and opposing mechanisms, mito-
chondrial biogenesis and mitophagy, in response to the
cell's energy demands and other cellular and environ-
mental cues. There is close coordination between mito-
chondrial biogenesis and mitophagy, and impairment of
either process can cause an imbalance in mitochondrial
homeostasis, which in turn leads to disease.
Mitochondrial biogenesis is a regenerative program
that maintains mitochondrial populations by replacing
old and damaged mitochondria with new and healthy
ones and is co-regulated by a variety of transcription fac-
tors in both mitochondrial DNA (mtDNA) and nuclear
DNA (nDNA) (Zhou et al. 2021). The generation of new
mitochondria through mitochondrial biogenesis pro-
motes ATP production to meet the metabolic demands
in physiological and pathological states. Current theo-
ries concur that the peroxisome proliferator-activated
receptor gamma (PPARG) coactivator (CoA) 1 alpha
(PGCla)/NRFs pathway serves as the pivotal link in gov-
erning mitochondrial biosynthesis regulation (Ventura-
Clapier et al. 2008). Zinc finger 281 (ZNF281), a member
of the ZNF family of transcription factors, negatively
regulates mitochondrial biogenesis in hepatocytes by
targeting the NRF1/PGCla- mitochondrial transcrip-
tion factor A (TFAM) axis and is a potential therapeutic
agent for hepatocellular carcinoma (Zhao 2023). Moreo-
ver, other molecules such as mitochondrial metabolites
are involved in the regulation of biogenesis. Fumarate
is the product of succinate which is catalyzed by succi-
nate dehydrogenase (SDH) in the tricarboxylic acid cycle,
called "carcinogenic metabolite" due to its promotion
of cancer development (Jardim-Messeder 2017). Stud-
ies have shown that fumarate upregulates mitochondrial
DNA levels in multiple solid tumor cell lines through a
mechanism dependent on the mitochondrial metabolic



Li et al. Current Medicine (2024) 3:5

Biogenesis and Mitophagy

2

Biogenesis Mitophagy
PGCTat
NNLUN FUNDC'I

@
NRF1/21 o
\4
C_ TFAM
% Ub- dependent

¥ Degradation
mtDNA
transcription and replication

Ub mdependem

CN Import
N7 L~ ¢ /\
TOM
Precursor proteins
TIM

\ Unfolded —— Misfolded Proteases

A

N /

Page 7 of 17

Fusion and fission

2

Fusion

BN

Fission

Opa1

did @ @

Protein homeostasis

Turn on
UPR™

¢ "3,

Degraded
\ \ A
YN

Fig. 3 Mitochondrial quality control. Mitochondrial quality control ensures normal mitochondrial quantity, quality, and function through a variety
of biological processes and signaling regulatory mechanisms, including biogenesis and mitophagy, fission and fusion, as well as mitochondrial
proteostasis. Mfn1/2, mitochondrial fusion protein 1/2; Opa 1, optic atrophy 1; Drp-1, dynamin-related protein 1; PGC1aq, peroxisome
proliferator-activated receptor y coactivator 1-alpha; LC3Il, microtubule-associated proteins light chain 3 IIl; FUNDC1, FUN14 domain-containing 1;
PINK1; PTEN-induced kinase 1; TOM, translocator of the outer mitochondrial membrane; TIM, translocator of the inner mitochondrial membrane;

UPRmt, mitochondrial unfolded protein response. Created with Biorender

enzyme malic enzyme (ME2). These findings highlight
that the suppression of cancer cell mitochondrial biogen-
esis can exert control over the initiation and progression
of cancer (Wang 2021). Neurodegenerative diseases, such
as Parkinson’s disease and Alzheimer’s disease, are also
strongly associated with dysfunctional mitochondrial

biogenesis. Parkin protects midbrain neurons from neu-
roinflammation and degeneration by regulating mito-
chondrial autophagy, mitochondrial biogenesis, and
mtDNA maintenance pathways (Wasner 2022). Trans-
ferring mitochondria from stem cells to targeting cells is
a novel approach to target mitochondrial biosynthesis.



Li et al. Current Medicine (2024) 3:5

Transplantation of mitochondria derived from bone
marrow stromal cells (BMSCs) was found to ameliorate
knee osteoarthritis by enhancing chondrocyte mitochon-
drial function and promoting mitochondrial biogenesis
through activation of PGCla signaling (Yu et al. 2022).

Mitophagy, on the other hand, is selective autophagy
that maintains mitochondrial functional integrity and
cellular homeostasis by specifically removing dysfunc-
tional mitochondria from the cytoplasm. The mecha-
nisms of mitophagy can be broadly categorized into
ubiquitin-dependent and non-ubiquitin-dependent
pathways. The former is predominantly dependent on
the phosphatase and tensin homolog (PTEN) induced
kinase 1 (PINK1)/Parkin pathway (Eiyama and Okamoto
2015). In normal mitochondria, PINK1 is constantly
translocated to the inner mitochondrial membrane, fol-
lowed by clearance. However, when the mitochondrial
membrane potential is impaired, the entry of PINK1
into the inner mitochondrial membrane is obstructed,
leading to the stable accumulation of PINK1 in the
outer membrane and initiation of mitophagy through
a cascade of reactions (Wang 2020). Unlike ubiqui-
tin-dependent mitophagy, non-ubiquitin-dependent
mitophagy relies primarily on mitophagy receptors con-
taining microtubule-associated protein 1 light chain
3 (LC3) interaction domains that directly bind to LC3
to initiate mitophagy (Li 2022). Studies have shown
that Rosi (rosiglitazone) can affect the transcription of
PINK1 by inhibiting inflammation and reducing fork-
head box O1 (FOXOL1) expression, thereby inhibiting
mitophagy and promoting neural stem cell (NSC) pro-
liferation, enhancing motor function recovery in rats
with spinal cord injury (Meng 2022). However, stem
cell therapy prevents aging by stimulating mitophagy.
Anti-aging therapy using adipose mesenchymal stem
cells interaction with senescent cells and animal mod-
els of premature aging has been shown to accelerate
mitophagy, thereby eliminating intracellular ROS and
improving mitochondrial quality (Lv 2021). In addition,
a lack of mitophagy can lead to kidney disease. PINK1 or
PARK2-mediated mitophagy loss significantly increases
the production of mitochondrial reactive oxygen species
(mROS) and amplifies the transforming growth factor
(TGF)-f1/Smad2/3 cascade, thereby accelerating renal
fibrosis (Li 2020). Meanwhile, mitophagy inducer signifi-
cantly delayed renal fibrosis in mice (Jin 2022).

Similarly, the precise regulation of the coordination
between mitochondrial biogenesis and mitophagy is
essential for maintaining optimal mitochondrial content
and function. Activation of FUN14 domain containing 1
(FUNDC1)-mediated mitophagy in brown adipose tissue
(BAT) under cold conditions. However, when FUNDC1
is specifically absent from BAT, it significantly inhibits
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cold-induced mitochondrial biogenesis, leading to the
accumulation of damaged mitochondria, mitochondrial
dysfunction, and reduced tolerance to cold tempera-
tures (Liu 2021). This mechanism facilitates mitochon-
drial turnover and maintains functional mitochondrial
networks by simultaneously activating the two oppos-
ing processes. Meanwhile, there was an upsurge in
mitophagy during the initial stage of differentiation of
induced pluripotent stem cells into vascular endothe-
lial cells (Krantz 2021). The expression of PPARGC1A/
PGCla, a regulator involved in mitochondrial biogen-
esis, was also significantly increased with further cell
differentiation, which may be related to the cleavage of
PGAMS5 during differentiation and the enhancement of
the transcriptional activity of B-catenin 1 (CTNNBI) in
endothelial progenitor cells (Gajwani and Rehman 2022).
This finding supports the interaction between mitophagy
and mitochondrial compensatory reprogramming dur-
ing stem cell differentiation. Furthermore, deletion of
Park2 (encoding Parkin) in white adipocytes enhances
mitochondrial biogenesis through increasing the stabil-
ity of PGCla protein with activation of mitochondrial
superoxide nicotinamide adenine dinucleotide phos-
phate quinone dehydrogenase (Nqol) (Moore 2022),
which provided a potential therapeutic target to combat
obesity and obesity-associated disorders. In bone mar-
row mesenchymal stem cells from ovariectomized mice,
enhanced mitochondrial biogenesis and mitophagy can
be mediated via estrogen-related receptor alpha (ERR«),
which delays premature cellular senescence, reduces ROS
levels, and restores impaired mitochondrial function (Li
2023), suggesting a molecular basis for advancement and
development of therapeutic strategies against postmeno-
pausal osteoporosis (PMOP).

In summary, a complex interaction exists between
mitochondrial biogenesis and mitophagy to maintain cel-
lular mitochondrial homeostasis. It has been found that
regulating mitochondrial biogenesis and mitophagy may
become a new direction for the treatment of some dis-
eases, but there are still questions about the mechanism
of action of the two, as well as the regulation and feed-
back loops of their balance. Therefore, further elucidation
of how cells maintain optimal mitochondrial populations
according to different environmental and developmental
conditions, and dissection of the molecular mechanisms
of mitochondrial biogenesis or mitophagy for the devel-
opment of small-molecule drugs targeting both are now
urgent questions.

3.2 Mitochondrial dynamics——fission and fusion
Mitochondria are highly dynamic organelles that influ-
ence cellular functions by constantly undergoing fusion
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and fission. Changes in mitochondrial morphology are
synergistically regulated by mitochondrial fusion genes
(optic atrophy gene 1 (OPAI), MFNI1, and MFN2) and
mitochondrial fission genes (DRPI) and are involved in
a variety of biological processes, including embryonic
development, metabolism, apoptosis, and autophagy
(Zacharioudakis and Gavathiotis 2023). Mitochondrial
fusion replenishes mt DNA loss and equalizes energy
utilization, whereas mitochondrial fission removes aged
or damaged mitochondria and distributes the normal
mitochondrial population (Luan et al. 2021). Therefore,
homeostasis of mitochondrial fission and fusion is crucial
for mitochondrial quality control and functional main-
tenance. Excessive mitochondrial fission and fusion can
lead to mitochondrial dysfunction and can trigger mito-
chondria-associated diseases.

Cardiomyocytes exhibit reduced mitochondrial fusion
due to excessive mitochondrial division during oxy-
gen-glucose deprivation/reoxygenation (OGD/R) (Guo
2022). The dysregulation of mitochondrial dynamics
exacerbates mitochondrial dysfunction and may lead to
cardiomyocyte apoptosis, which is a significant risk fac-
tor for ischemic heart disease. Recent studies revealed
the existence of bidirectional regulatory mechanisms.
C-Phycocyanin (C-Pc), an active ingredient extracted
from blue-green algae, inhibits the OGD/R-induced
overexpression of DRP1, thereby enhancing the expres-
sion of MFN1/2 and OPA1l and effectively protecting
cardiomyocytes from ischemic injury (Gao 2019). This
suggests that mitochondrial kinetic homeostasis has
great potential for regulating mitochondrial remodeling
and treating mitochondrial disorder-related diseases.
In addition, an increase in the ratio of Drpl and MFN2
protein was found in lung cancer cell lines and samples
from lung cancer patients (Fu 2017). Meanwhile, overex-
pression of MFN2, knockdown of Drpl, or use of Drpl
inhibitors inhibited the proliferation and increased apop-
tosis of lung cancer cells in vivo and in vitro (Fu 2017).
This suggests an imbalance of mitochondrial dynam-
ics in lung cancer. Moreover, excessive mitochondrial
fusion and the absence of mitochondrial division have
been observed in various cellular senescence models. A
recent study showed that cycles of mitochondrial fission
and fusion are synchronized with cycles of fatigue and
physical recovery induced by a single training session.
However, aging reduces the extent to which these param-
eters change during the exercise/recovery cycle, leading
to a decline in fitness, which explains why most anti-
aging interventions impair health during aging (Campos
2023). Altered mitochondrial dynamics may not simply
be a passive consequence of aging but rather an adap-
tive mechanism designed to mitigate cellular damage
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associated with aging, which could serve as a poten-
tial target for extending lifespan and promoting healthy
aging.

In addition, mitochondria can adapt to different envi-
ronmental conditions by adjusting their fission/fusion
bias. Notably, this bias does not indicate an imbalance
but rather maintains a dynamic balance through the
regular adaptation of mitochondria to specific condi-
tions. In human white adipocytes (converted to the beige
phenotype), DRP1 promotes mitochondrial fission and
enhances uncoupled respiration. However, BAT-specific
knockout of OPA1 in mice results in mitochondrial dys-
function and loss of BAT thermogenesis (Pisani 2018).
This suggests that, despite the tendency of mitochon-
dria to split during thermogenic activity, mitochondrial
fusion remains critical for thermogenic function. Mito-
chondrial carrier 2 (MTCH2)-mediated regulation of
mitochondrial elongation is an early driving force in the
transition from naive to primed pluripotency in mouse
embryonic stem cells (ESCs) (Bahat 2018). In addition,
the transformation of NSCs into neurons is closely linked
to mitochondrial dynamics. After mitosis, increased
mitochondrial fission promotes neuronal differentiation,
whereas the induction of mitochondrial fusion redirects
subcellularity toward self-renewal, highlighting the intri-
cate relationship between cellular fate and mitochondrial
dynamics (Iwata et al. 2020).

Mitochondrial dynamics play a crucial role in main-
taining mitochondrial homeostasis, and any disruption
in their balance or impairment of their plasticity may
lead to adverse consequences. On the one hand, given
the dynamic nature of the fission and fusion processes,
enhancing the plasticity of mitochondrial dynamics
rather than inhibiting the crosstalk between mitochon-
drial fusion and fission is a safe and effective strategy for
future interventions. However, studies on the mecha-
nisms of bidirectional regulation between division and
fusion, and the mechanisms by which they maintain
dynamic homeostasis, are limited. On the other hand,
some key protein structures have not yet been resolved,
and in addition to traditional means of structure reso-
lution, biophysical techniques such as cryo-electron
tomography (cryo-ET) and Forster resonance energy
transfer (FRET) will also play an important role in mito-
chondrial fusion studies. In addition, how mitochondrial
fusion and splitter protein-mediated fusion of the inner
and outer membranes occur in a coordinated manner has
also been a focus of attention in the field. The realization
of in vitro co-reorganization of the inner and outer mem-
brane fusion machinery, that is, the in vitro reorganiza-
tion of bilayer membranes, is key to mitochondrial fusion
studies. Finally, the study of mitochondrial dynamics
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should not only focus on the effect of drugs on one of the
components but also integrate the concept of "balance”
to avoid overly tilting toward one component in practical
applications.

3.3 Mitochondrial protein homeostasis

Mitochondria rely on a rigorous system of protein
quantity control to accurately perform a range of bio-
logical functions. Maintaining the functional integrity
of the mitochondrial proteome is also referred to as
dynamic protein homeostasis, a specific protein quan-
tity control process that avoids the accumulation of
damaged or excess polypeptides. The dynamic equilib-
rium of mitochondrial proteins is based on endogenous
enzyme components, including interrelated chaperone
proteins and protein hydrolases, which tightly regulate
all stages of import, processing, folding, and assembly
of nuclear-encoded mitochondrial proteins, accounting
for approximately 99% of total mitochondrial proteins
(Kummer and Ban 2021; Song et al. 2021). However,
under stressful conditions, many misfolded and dena-
tured peptides may exceed the capacity for cellular
regenerative repair. The stress induced by misfolded
proteins alters mitochondrial protein translation and
proteasome activation. It also initiates the mitochon-
drial unfolded protein response (UPR™), which upreg-
ulates the expression levels of molecular chaperones,
proteases, and other proteases to help proteins return to
their normal conformation and reestablish mitochon-
drial protein homeostasis (Sutandy et al. 2023).

The mitochondrial autophagy receptor protein
FUNDCI, localized in the mitochondrial outer mem-
brane, is able to interact with the molecular chaperone
protein heat shock cognate70(HSC70), which is local-
ized in the cytosol (Liu 2012). Damaged or misfolded
proteins in the cytoplasm can be recruited to the mito-
chondria through this interaction and later enter the
mitochondrial matrix through the translocase of the
outer membrane-translocase of the inner membrane
complex and are degraded by the matrix-localized mito-
chondrial protease lon peptidase 1 (LONP1) to help cells
maintain protein homeostasis (Li et al. 2019). However,
when proteasome activity is inhibited in cells, unfolded
proteins accumulate excessively in the mitochondria,
compromising mitochondrial integrity, which activates
AMPK and leads to the onset of cellular senescence (Li
2019). Neutrophils are particularly sensitive to distur-
bances in mitochondrial protein homeostasis. The func-
tional caseinolytic peptidase B protein homolog (CLPB)/
HS1-associated protein X-1 (HAX1)/ protein kinase D2
(PRKD2)/heat shock protein 27 (HSP27) axis plays a cru-
cial role in mitochondrial protein homeostasis during
human neutrophil differentiation and is a key molecular
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and metabolic mechanism controlling neutrophil dif-
ferentiation and function, highlighting a new direc-
tion in the development and function of the intrinsic
immune system (Fan 2022). It was also found that ther-
mal stimulation enhanced LONPI1-mediated succinate
dehydrogenase complex iron sulfur subunit B (SDHB)
degradation-dependent protein degradation, ensuring
adequate intracellular succinate levels and promoting
the browning of white adipocytes. Reactivation of the
LONPI1-succinate pathway in senescent mouse adipo-
cytes restored their conversion to beige adipocytes and
improved their adaptive thermogenesis (Fu 2023). In
addition, the caseinolytic protease proteolytic subunit
(ClpP) facilitates the hydrolysis of misfolded proteins
and potentially regulates the UPR™. The current study
identified a novel small-molecule ClpP activator named
ZG111 that effectively stimulates the proteolytic function
of the ClIpP protein, thereby intervening in the UPR™,
and provides a novel approach for combating pancreatic
cancer by modulating mitochondrial protein homeostasis
(Wang 2020). Moreover, Mitochondrial Misfolded Pro-
tein Stress (MMS) transmits signals to the cell nucleus
through mtROS and mitochondrial protein precursors,
thereby activating the UPR™!. This elucidates a highly
regulated surveillance mechanism in the cytoplasm that
integrates distinct mitochondrial stress signals to initiate
UPR™, highlighting the interplay between mitochondrial
and cytoplasmic protein homeostasis.

In summary, the maintenance of cellular mitochon-
drial protein homeostasis is expected to play a pivotal
role in regulating the aging and regenerative capacity of
an organism, and in combating diseases. In recent years,
advances in genomic and proteomic technologies have
provided new insights into the various mechanisms that
maintain mitochondrial protein homeostasis. Mitochon-
drial protein homeostasis is governed not only by mito-
chondrial protein quality control but also by cytoplasmic
protein quality control; however, how these two systems
are coordinated remains unclear. Furthermore, there is
a need to distinguish damaged and functional proteins,
particularly in the absence of covalent labeling systems.
More information on the range of endogenous substrates
is required to establish substrate selection mechanisms
and identify protein species that are prone to misfolding.

4 Mitochondria-organelle interaction network

With the emergence of cutting-edge technologies, such
as electron cryotomography and real-time super-resolu-
tion microscopy, the intricate interactions between mito-
chondria and many organelles, such as the endoplasmic
reticulum (ER), endosomes, lysosomes, and peroxisomes,
are gradually being discovered. Mitochondria receive
direct support from neighboring organelles that not only
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provide substrates for reactions but also convey informa-
tion about the overall cellular state. Therefore, in addi-
tion to its function as a "power plant" supplying energy,
mitochondria can also act as a cellular signaling station,
regulating cell differentiation, apoptosis, and cell cycle at
the cellular level through the processes of sensing, inte-
gration, and signal modulation (Fig. 4).

The most studied mitochondrial-organelle interactions
occur with the ER. There is a direct interaction between
mitochondria and the ER, and the membrane structures
that mediate mitochondria-ER interactions are called
mitochondria-associated membranes (MAMs). Their
significance in maintaining mitochondrial homeosta-
sis and determining cell fate has been increasingly rec-
ognized (Jiang et al. 2023). MAMs have been found to
exist in large numbers in different tissues and cell types
and play a considerable role in regulating the transport
of calcium ions (Ca?") between the mitochondria and
ER, the maintenance of mitochondrial morphology, the
production of cellular bioenergy, lipid metabolism and
transport, and ER stress (Ji 2022). In the tumor-infiltrat-
ing cluster of differentiation 8 (CD8)* T cells, mitofusin
2 (MFN2) enhances mitochondrial-endoplasmic reticu-
lum contact by interacting with the ER-embedded sar-
coplasmic/ER Ca®t ATP hydrolase 2 (SERCA2), which
promotes efficient mitochondrial Ca?" influx required by
the mitochondria. Enhancing the mitochondria-ER con-
tact by increasing MFN2 level in CD8' T cells improves
the efficacy of cancer immunotherapy, reveals a buffer-
ing mechanism that regulates metabolic adaptations

Mitochondria-peroxisome

o Redox signaling
o Mitochondrial apoptosis

Mitochondria-endoplasmic reticulum

o Ca?/Zn? flux regulation
e Mitochondrial biogenesis » Maintenance of mitochondrial morphology
¢ Lipid metabolism and transport
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in tumor-infiltrating CD8" T cells, and highlights the
therapeutic potential of optimizing T cell function by
increasing MFN2 expression (Yang 2023). The crosstalk
between zinc ion (Zn®**) in the ER and mitochondria
maintains mitochondrial homeostasis. The ER harbors a
pool of Zn?* for mitochondrial uptake. A novel autoso-
mal recessive cerebro-renal syndrome was identified in
consanguineous Bedouin kindred and its pathogenesis is
related to SLC30A9 (an exon with properties that affect
intracellular zinc homeostasis) mutation. The current
study demonstrated that reducing the solute carrier fam-
ily 30 member (SLC30A)5-mediated import of Zn?*" into
the ER can ameliorate structural and functional defects
in mitochondria by inhibiting the accumulation of mito-
chondrial Zn?* mediated by SLC30A9 mutants (Perez
2017). Moreover, alterations in Ca*" flux mediated by
MAM proteins due to MAM formation impede tumor
and stromal cell mitochondrial metabolism within the
tumor microenvironment. Thioredoxin-related trans-
membrane protein 1 (TMX1) interacts with SERCA2b
to enhance ATP production in mitochondria through the
regulation of ER-mitochondrial contacts and Ca*" flux
at MAMs, providing a foundation for combating tumors
via mitochondria-ER crosstalk (Raturi 2016). Addition-
ally, the ER’s involvement in mitochondria extends to
organelle division. Mitochondrial division takes place
at locations where ER tubules make contact with mito-
chondria, orchestrating constriction before the recruit-
ment of Drpl (Friedman 2011), demonstrating that ER
tubules actively contribute to determining the positions

o0 o ©
e

Mitochondria-endolysosome

e Material exchange
o Membrane fusion

» Mitophagy

e Mitochondrial fission

¢ Unfolded protein response
¢ Mitochondrial fission and fusion

Fig. 4 Mitochondria-organelle interaction network. Mitochondria receive direct support from neighboring organelles, such as endoplasmic
reticulum, endosomes, lysosomes, and peroxisomes, that not only provide substrates for reactions but also convey information about the overall
cellular state. Mitochondrial and cellular homeostasis are regulated by the mitochondria-organelle interaction network. Created with Biorender
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of mitochondrial division sites. Finally, ABHD16A, an ER
phospholipid hydrolase, functions by altering phospho-
lipid composition at ER-mitochondria membrane con-
tacting sites (MSCs), regulating the recruitment of both
fission and fusion machinery to mitochondria, indicating
the role of ER in both mitochondrial fission and fusion
(Nguyen 2022). Moreover, dysfunction of MAM func-
tion is associated with non-alcoholic fatty liver disease.
Mitofusion2 (Mfn2), in addition to being a key protein in
regulating mitochondrial dynamics, is one of the proteins
that physically link the structure of MAMs. The specific
deletion of Mfn2 in mouse liver will lead to liver inflam-
mation and lipid metabolism disorders. Additionally,
Mfn2 deletion leads to increased apoptosis, accelerated
cell proliferation of mice liver cells, and even fibrosis and
cancer of the whole liver (Barbier-Torres 2020). Collec-
tively, these studies underscore the intricate and indis-
pensable nature of the ER-mitochondria relationship,
demonstrating its broad impact on cellular homeostasis
and functionality.

In endocytosis, extracellular macromolecules form
endosomes that fuse with lysosomes for degradation.
Mitochondria interplay with the endocytic system, and
specific extracellular proteins like anti-angiogenic Angio-
statin (Lee 2009)and Isthmin (Chen 2014), Helicobacter
pylori VacA toxin (Calore 2010), and cell surface recep-
tors such as Epidermal Growth Factor Receptor (EGFR)
(Demory 2009; Yao 2010; Cao et al. 2011)and Glucose-
Regulated Protein 78 kDa (GRP78) (Moser 1999; Chi
and Pizzo 2006)can be transported to mitochondria via
endocytosis. Moreover, conventional mitochondrial
proteins like ATP Synthase (Moser 1999; Chi and Pizzo
2006)and Voltage-Dependent Anion-Selective Chan-
nel (VDAC) can translocate to the cell surface, acting as
receptors (De Pinto et al. 2010). These findings suggest
a protein transport mechanism linking extracellular ele-
ments with mitochondria through the endocytic route.
Indeed, Mitochondria directly interact with endosomes,
likely through membrane fusion, engaging in lipid, pro-
tein, and ion exchange (Calore 2010; Charman et al
2010; Das et al. 2016; Chen 2018). Investigations into the
machinery at the mitochondria-endosome membrane
contact site are ongoing, aiming to elucidate the mecha-
nism of mitochondria and endosome interaction and the
role of the endocytic system in sustaining mitochondrial
homeostasis.

Aligned with the link to endosomes, there are also
well-coordinated interactions between lysosomes and
mitochondria that ensure the stability of the intracellu-
lar environment and help maintain normal physiologi-
cal cellular functions (Deus et al. 2020). Mitochondria

Page 12 of 17

and lysosomes often establish transient and continuous
contacts, also known as mitochondria-lysosome contact
under physiological and pathological conditions, allowing
the exchange of lipids, proteins, ions, and other molecules
between them and triggering mitochondrial division via
lysosomes (Khaddaj and Kukulski 2023). These interac-
tions are important for the regulation of mitochondrial
function, autophagy, and cell signaling pathways. Aber-
rant organelle interactions are closely associated with
cell death and various diseases. RAB7-guanosine triphos-
phate (GTP) on lysosomes promotes contact formation
and stabilization, and the two are then dissociated by fis-
sion 1 (FIS1), which recruits TBC1 domain family mem-
ber 15 (TBC1D15) to the mitochondria to exert Rab7
GTP hydrolase activity. Hydrolysis of Rab7-GTP is regu-
lated by TBC1D15 in the mitochondria, which provides
a mechanism by which mitochondria regulate lysosomal
dynamics by turning off RAB7 activity. Overexpression
of TBC1D15 alleviated the accumulation of damaged
mitochondria in cells after myocardial infarction, which
was associated with impaired mitochondrial clearance
due to defective lysosomal enlargement and the subse-
quent disruption of autophagic flow (Wong et al. 2018).
Furthermore, lysosomes play a crucial role in support-
ing mitochondrial function by providing essential amino
acids (Nowosad 2022). However, in specific forms of Par-
kinson’s disease, the interaction between lysosomes and
mitochondria is disrupted, impairing their normal func-
tion, leading to mitochondrial dysfunction and ultimately
resulting in the degeneration of vulnerable neurons asso-
ciated with Parkinson’s disease (Peng 2023). Restoring
the contact between the mitochondria and lysosomes has
emerged as a potential therapeutic strategy for treating
this condition. Undergoing morphological changes into
giant structures facilitates mitochondrial self-digestion
through enhanced interaction between lysosomes and
mitochondria as well as megamitochondria engulfing
lysosome (Hao 2023). This sheds light on a novel mode
and mechanism of communication between mitochon-
dria and endolysosomes while uncovering an alternative
pathway for maintaining cellular homeostasis.
Peroxisomes play crucial roles in scavenging ROS and
maintaining cellular homeostasis. Functionally, peroxi-
somes are interconnected with mitochondria, forming
the so-called "peroxisome-mitochondria connection"
(Fransen 2017). Peroxisomes and mitochondria coop-
erate to perform basic metabolic functions in the cell,
including fatty acid oxidation and maintenance of the
redox homeostasis (Jiang and Okazaki 2022). In particu-
lar, peroxisomal biogenesis factor (Pex)3 and Pex5 play
key roles in peroxisome biogenesis, and inhibition of gene
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expression induces mitochondrial fragmentation medi-
ated by DRP1 in mouse embryonic fibroblasts (Tanaka
2019). In addition, peroxisomes significantly enhanced
etoposide-triggered caspase activation and apoptosis,
thereby enhancing the cellular susceptibility to death
signals, suggesting a regulatory role for peroxisomes in
mitochondrial dynamics and mitochondria-dependent
apoptosis (Tanaka 2019). The regulatory role of peroxi-
somes in mitochondrial function during myogenesis has
also been confirmed. The regulatory role of peroxisomes
in mitochondrial function was also confirmed during
myogenesis. Knockdown of Pex3 not only hinders the
density and function of peroxisomes but also inhibits the
expression and activity of mitochondrial genes, suggest-
ing a close interaction between peroxisome biogenesis
and mitochondrial function (Wu 2023).

The signaling role of mitochondria is increasingly being
recognized; thus, it is important to study the interrela-
tionships between mitochondria and other organelles
in depth. This will not only help to reveal the specific
mechanisms of disease development but will also further
accelerate the emergence of new approaches to treating
diseases by explicitly regulating mitochondrial homeo-
stasis. However, the complete network of interactions
between mitochondria and other organelles remains
unclear. Therefore, elucidating a comprehensive map of
these interactions should be a focus of future biological
research, not only for mitochondrial homeostasis but
also for cellular and organismal stability.
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5 Mitochondria-nucleus communication
Mitochondria possess their own genome, which encodes
13 proteins, whereas the majority (approximately 1,200)
of proteins are encoded by nuclear genes (Soledad et al.
2019). Consequently, close coordination and communi-
cation between the nuclear and mitochondrial genomes
are essential to effectively regulate their activities, ensur-
ing adaptive mitochondrial function in response to
dynamic cellular environments and maintaining mito-
chondrial homeostasis (Quiros et al. 2016). Mitochon-
drial dysfunction leads to the accumulation of unfolded
or misfolded proteins, which can be recognized by
molecular chaperones and transported to the nucleus to
induce the activation of the corresponding transcription
factors and repair mitochondrial damage (Sutandy et al.
2023). Moreover, mitochondrial metabolites can partici-
pate directly or indirectly in epigenetic modifications,
thereby regulating mitochondrial protein expression.
Recent research has revealed that early in mammalian
development, cell lineage-specific mitochondrial gene
expression is manifested. Distinct mtDNA mutations can
disrupt intramitochondrial protein synthesis, thereby
triggering specific compensatory responses within the
affected cell lineages (Burr 2023). This evidence supports
the establishment of mitochondria-nucleus crosstalk
long before organ maturation (Fig. 5).

In mammals, the integrated stress response (ISR) and
UPR™are primary examples of nuclear-mitochondrial
crosstalk mechanisms that promote mitochondrial

TCA ~ a-KG

Epigenetic modifications

Fig. 5 Mitochondria-nucleus communication. Mitochondrial dysfunction can trigger the activation of corresponding transcription factors
through ISR-UPR, facilitating the repair of mitochondrial damage. Moreover, mitochondrial metabolites can directly or indirectly participate

in epigenetic modifications, thereby regulating the expression of mitochondrial proteins. The close coordination and communication

between the nucleus and mitochondria play a crucial role in effectively regulating mitochondrial function and maintaining its normal operation.
ISR, integrated stress response; UPRmt, mitochondrial unfolded protein response; Ac, Acetoxy; Ub, ubiquitin; Me, methyl; TF, transcription factors;

ROS, reactive oxygen species. Created with Biorender
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homeostasis. Kinases such as general control nondere-
pressible 2 (GCN2), protein kinase R (PKR)-like endo-
plasmic reticulum kinase (PERK), heme-regulated
inhibitor (HRI), and PKR could phosphorylate serine
residues on the a subunit of eukaryotic initiation fac-
tor 2 (elF-2) by activation of mitochondrial dysfunction
(Hamada 2020). This activation subsequently triggers
ISR and counteracts the inhibitory effect of upstream
open reading frames on downstream molecules C/EBP
homologous protein (CHOP), activating transcription
factor (ATF)4, and ATF5 (Melber and Haynes 2018).
Consequently, the UPR™is activated, leading to a reduc-
tion in total protein translation and an increase in the
synthesis of proteins involved in environmental adapta-
tion, to achieve functional mitochondrial homeostasis
(Read 2021). In addition, mitochondrial stress activates
OMA1-mediated cleavage of the death-associated pro-
tein 3 (DAP3) binding cell death enhancer 1 (DELE1)
protein, in turn, activates HRI, leading to increased
expression of ATF4. Mitochondria appear to send dis-
tress signals to the nucleus through the OMA1-DELE1-
HRI pathway, which activates a series of mechanisms to
counteract stress and improve mitochondrial function
(Guo 2020).

Moreover, a variety of metabolites of the TCA cycle
have been demonstrated to regulate epigenetic modi-
fications. For instance, acetyl-CoA serves as a substrate
for protein acetylation modification, S-adenosylmethio-
nine (SAM) influences histone and DNA methylation,
and a-ketoglutarate (a-KG) acts as a crucial regulator of
histone and DNA demethylation(Tran et al. 2019; Ouy-
ang et al. 2020; Shvedunova and Akhtar 2022). Pyruvate
dehydrogenase E1 subunit alpha 1 (Pdhal) promotes
the transformation of ESCs into two-cell-like embryonic
cells through a mechanism whereby the nuclear import
of Pdhal facilitates the direct synthesis of acetyl-CoA
in the nucleus, providing a reaction substrate for his-
tone acetylation modification and promoting histone
H3 acetylation(Li 2022). Nuclear localization of Pdhal
enhances binding between P300 and the pluripotency
core regulators SRY-box transcription factor 2 (Sox2)/
Kriippel-like factor 4 (KIf4)/ octamer-binding transcrip-
tion factor 4 (Oct4) at transcriptional start sites and
enhancer regions of pluripotency genes by elevating
the levels of H3K9ac and H3K27ac modifications, thus
facilitating the establishment of the pluripotency gene
network(Li 2022).

In addition to the metabolites of the TCA cycle,
ROS also promotes mitochondria-nucleus crosstalk.
In cancer chemotherapy, certain broad-spectrum
anticancer drugs exploit the cytotoxicity of ROS to
induce cancer cell apoptosis by upregulating intracel-
lular ROS levels(Perillo 2020). The nuclear sensor of
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ROS, checkpoint kinase 1 (CHK1)-C408, which refers
to the oxidative modification of the CHK1 protein at
position C408, modulates the expression of single-
stranded DNA binding protein 1 (SSBP1), an active
mtDNA-binding protein in the mitochondria, and reg-
ulates nuclear H,O, levels by controlling mitochondrial
translation(Zhang 2023). Therefore, the combination of
CHKT1 inhibitors and platinum-based drugs is a prom-
ising therapeutic approach for overcoming platinum-
based drug resistance.

Accumulating evidence supports the important role
of mitochondria-nucleus communication in the regu-
lation of mitochondrial homeostasis. However, several
questions remain unanswered. What are the specific
epigenetic factors involved in mitochondrial-nucleus
communication? How do these factors cooperate with
transcription factors in response to various external
and internal stimuli? What are the downstream regu-
latory pathways of CHOP, ATF4, and ATF5? How do
they regulate the UPR™? It is unclear whether and how
the key proteins involved in mitochondrion-nucleus
communication cooperate to regulate mitochondrial
homeostasis. Further in-depth studies are required to
provide reliable theoretical support for new targeted
therapies for mitochondrial disorder-related diseases.

6 Conclusion and prospects
Mitochondria are important cellular organelles, with
the preservation of mitochondrial homeostasis proving
indispensable for regular cell function and overall sur-
vival. Delving into the regulatory mechanisms governing
mitochondrial homeostasis not only unveils the inher-
ent biological properties and functions of mitochondria
but also furnishes a theoretical foundation and guidance
for manipulating cell growth and cycle regulation in the
realm of cell biology research. Moreover, this exploration
deepens our comprehension of the pathogenesis underly-
ing mitochondria-related diseases, thereby contributing
to advancements in biomedicine.

However, numerous aspects remain elusive, prompting
the need for future research in the following directions:

1. The intricate and sophisticated network of mitochon-
drial molecular mechanisms necessitates the integra-
tion of sequencing, omics, and artificial intelligence
to construct a comprehensive mitochondrial molec-
ular regulatory network, thereby enabling a more
intuitive and comprehensive understanding of the
regulatory mechanisms underlying mitochondrial
homeostasis.

2. The mitochondria undergo constant changes. There-
fore, the focus of mitochondrial targeting should
be on maintaining homeostasis rather than solely
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regulating independent mitochondrial processes.
Similarly, future research on mitochondrial regula-
tion should prioritize the investigation of molecular
mechanisms responsible for sustaining mitochon-
drial homeostasis.

3. Mitochondria possess autonomous quality con-
trol systems that enable self-repair and rejuvenation
within their physiological spectra. In future studies,
it will be imperative to further explore strategies for
maximizing the regulatory potential of mitochondria
in governing cellular and systemic processes, thereby
facilitating safer and more efficacious approaches
toward the prevention and treatment of associated
disorders.

4. Currently, the availability of drugs that specifically
target mitochondria remains limited, and their safety
profile remains controversial. Therefore, there is an
urgent need to develop safe, precise, and effective
mitochondria-targeting drugs.

Homeostasis serves as an indicator of organismal health,
with normal homeostatic regulation forming the basis for
maintaining overall health. In recent years, an increas-
ing number of adverse conditions and diseases, including
Parkinson’s disease, cancer, inflammation, and aging, have
been strongly associated with dysregulated mitochondrial
homeostasis. Therefore, the regulatory mechanism of cel-
lular mitochondrial homeostasis is a worthy focus in the
research of homeostatic medicine.
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