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Abstract 

Mitochondria are versatile and complex organelles that can continuously communi-
cate and interact with the cellular milieu. Deregulated communication between mito-
chondria and host cells/organelles has significant consequences and is an underlying 
factor of many pathophysiological conditions, including the process of aging. During 
aging, mitochondria lose function, and mitocellular communication pathways break 
down; mitochondrial dysfunction interacts with mitochondrial dyscommunica-
tion, forming a vicious circle. Therefore, strategies to protect mitochondrial function 
and promote effective communication of mitochondria can increase healthy lifespan 
and longevity, which might be a new treatment paradigm for age-related disorders. 
In this review, we comprehensively discuss the signal transduction mechanisms 
of inter- and intracellular mitochondrial communication, as well as the interactions 
between mitochondrial communication and the hallmarks of aging. This review 
emphasizes the indispensable position of inter- and intracellular mitochondrial com-
munication in the aging process of organisms, which is crucial as the cellular signaling 
hubs. In addition, we also specifically focus on the status of mitochondria-targeted 
interventions to provide potential therapeutic targets for age-related diseases.
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Graphical Abstract

Introduction
Although commonly called the cell’s powerhouse, mitochondria have roles beyond 
energy generation. They are essential for pathways within cells and organisms that con-
trol immunity, stress reactions, metabolism, and cellular fate [1–3]. To carry out these 
duties, mitochondria have formed intricate inter- and intracellular communication 
systems. Within cells, communication pathways consist of direct connections between 
mitochondria and other subcellular structures and indirect transportation of ions, 
metabolites, and other intracellular messengers through vesicles. Mitochondria can 
trigger stress reactions or other cellular alterations that release mitochondrial cytokine 
factors outside of cells. These factors can move between different tissues and react to 
immunological challenges originating from outside of cells. Mitochondrial commu-
nication refers to the processes by which mitochondria share information and energy 
capacity with neighboring mitochondria. Additionally, it encompasses the physical inter-
actions and exchange of chemicals and metabolites between mitochondria and other 
organelles [4]. Nevertheless, the process of mitochondrial communication relies on the 
synchronized effort of numerous elements, and as a result, it is not infallible. The dereg-
ulation of communication between mitochondria and host cells has significant implica-
tions and serves as a fundamental element in various pathological diseases, including the 
aging process.

Aging is an intricate process characterized by a decrease in biological and metabolic 
functioning, leading to the onset of various age-related illnesses, such as neurological 
disorders, cardiovascular disorders, metabolic disorders, immune system disorders, 
and cancer [5]. Over the past 20 years, there has been a significant amount of research 
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on age-related aspects that have provided valuable insights into the aging process. This 
research has also identified interventions that can potentially extend human lifespan and 
enhance overall well-being [6–8]. The relationship between cellular and mitochondrial 
health in the aging process is well recognized as highly interconnected. In addition, it 
has been shown that affecting the condition of mitochondrial health and communica-
tion processes can affect the rate of senescence in a number of experimental organisms. 
Observations have revealed deficiencies in many molecular components involved in 
mitochondrial signaling pathways in aging and diseases associated with aging. This sug-
gests that molecular deterioration may occur as a result of disruptions in mitochondrial 
communication.

However, the precise regulatory mechanism governing mitochondrial communication 
in aging process is still unknown, which could impede the progress of mitochondria-tar-
geted therapeutics. In this review, we present an up-to-date analysis of the processes and 
physiological effects of communication in mitochondrial signaling, including the inter-
actions with the hallmarks of aging. In addition, we evaluate the age-related diseases 
linked to malfunctions in mitochondrial communication. Gaining knowledge about the 
role of mitochondrial communication in regulating cellular homeostasis will provide a 
deeper understanding of how impaired mitochondria impact health during disease and 
the aging process.

Mitochondrial communication
To coordinate cellular processes such as metabolism, stress response, and adaptive 
nuclear gene expression, mitochondria employ a variety of communication mechanisms. 
It has been demonstrated that mitochondrial communication is implicated in crucial 
intracellular and intercellular processes, the nature and extent of which are continually 
being uncovered. In a dynamic cellular environment, mitochondrial communication 

Fig. 1  Mitochondrial communication modes The figure was created with Biorender.com
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transmits signals such as inflammation and metabolic stress to all cells and regions of 
the body to maintain cellular homeostasis (Fig. 1) [9].

Intracellular mitochondrial communication

Mitochondria are vital for multiple fundamental biological activities and establish a 
dynamic functional network to uphold cell homeostasis by interacting with cellular com-
ponents, including the nucleus, endoplasmic reticulum (ER), peroxisome, lysosome, and 
other mitochondria. Cells can effectively respond to different environmental changes 
through the functional network of mitochondrial communication. Disruption in mito-
chondrial communication can result in the disruption of cell homeostasis and trigger a 
range of illnesses.

Mitoendoplasmic reticulum

In 1959, Copeland et al. discovered for the first time that there were many highly ordered 
tubular ER structures around mitochondria by transmission electron microscopy [10]. 
Vance first put forward the concept of mitochondrial-associated endoplasmic reticulum 
(MAMs) in 1990. MAMs are a lipid raft domain closely related to ER and mitochondria, 
participating in the control of diverse cellular biological processes and mediating mito-
chondria and ER [11]. Subsequently, Csordas et  al. carried out 3D modeling of trans-
mission electron microscope images, which further confirmed the relationship between 
the mitochondrial membrane and ER, which is similar but not overlapping, and the dis-
tance is between 5 and 25 nm [12]. The communication between mitochondria and ER 
is accomplished by many protein structures on MAMs. MAMs regulate calcium homeo-
stasis and lipid synthesis and transport, as well as mitochondrial dynamics, mitophagy, 
and cell apoptosis. The abnormality of quantity, structure or function of MAMs is 
related to the occurrence of many age-related diseases [13–15].

MAMs are an essential platform for the ER and mitochondrial Ca2+ transporter 
[16]. Many studies have shown that the IP3R–GRP75VDAC complex formed by IP3R, 
GRP75, and VDAC as classical MAMs proteins is the main structure of Ca2+ trans-
port from the ER to mitochondria [17, 18]. Stoica et al. found that ER-resident protein 
VAPB can bind to mitochondrial protein PTPIP51, affect the interaction between mito-
chondria and ER, and regulate intracellular Ca2+ homeostasis [19]. Studies have shown 
that the upregulation of Nogo-B protein expression in smooth muscle cells increases 
the distance between the ER and mitochondria, thereby reducing the calcium transfer 
from the ER to mitochondria, damaging mitochondrial function and, ultimately, unbal-
anced the proliferation and apoptosis of smooth muscle cells, thus promoting the occur-
rence and development of pulmonary arterial hypertension (PAH) [20]. Mfn1/2, which 
mediates mitochondrial fusion, and Drp1, which mediates mitochondrial division, play 
essential roles in mitochondrial dynamics [21]. Mfn2 is enriched in the MAMs region 
and connects the two organelles by forming homologous or heterologous complexes 
with Mfn1 or Mfn2 on the mitochondrial surface to regulate mitochondrial fusion and 
mitochondrial uptake of Ca2+ [22]. In mouse embryonic fibroblasts, knocking down 
Mfn2 makes contact between ER and mitochondria closer, resulting in increased Ca2+ 
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transfer between the two organelles and increased sensitivity of cells to mitochondrial 
Ca2+ overload [23]. When the mitochondria are divided, the tubular ER is close to the 
mitochondria, wrapping the contraction sites of the mitochondria and anchoring Drp1 
to the mitochondrial membrane to form a Drp1 oligomer contraction ring, which leads 
to mitochondrial fission [24]. The synthesis of phospholipids mainly relies on the trans-
port of phosphatidic acid between the ER and mitochondrial membranes. PSS1/2 can 
catalyze the conversion of phosphatidic acid (PA) into phosphatidylserine (PS), which 
is then transferred to the inner mitochondrial membrane to generate phosphatidyletha-
nolamine (PE) under the action of phosphatidylserine decarboxylase (PSD), CHO-K1. 
Western blotting results of cells and mouse liver tissue showed that PSS1/2 was highly 
enriched in MAMs [25]. Studies have shown that the expression of Mfn2 is significantly 
reduced in liver tissues of patients with nonalcoholic fatty liver disease and mouse mod-
els, and specific knockout of Mfn2 from liver cells, the levels of inflammatory factors, 
and triglycerides in mice increased significantly, promoting the occurrence and develop-
ment of liver fibrosis and liver cancer. The specific mechanism is that Mfn2 can bind to 
PS and promote the transfer of PS into the mitochondrial membrane structure, thereby 
promoting PE synthesis in mitochondria, elucidating the effect of Mfn2 on phospholipid 
metabolism in maintaining MAMs morphology and function, lipid metabolism, and ER 
homeostasis [26]. During the process of mitophagy, PINK1, which is localized in the 
MAMs region, can directly interact with BECN1 to promote the contact between mito-
chondria and ER and the formation of autophagosome precursor. Silencing PINK1 will 
reduce the enrichment of BECN1 on MAMs and inhibit the mitophagy process, sug-
gesting that PINK1 is significantly involved in regulating mitophagy [27, 28]. MAMs can 
not only provide a platform for the occurrence of apoptosis but also recruit apoptosis-
related regulatory factors. When the mitochondria divide, the tubular ER is close to the 
mitochondria and wraps the mitochondria at the fission site. When cells are exposed to 
apoptosis stress, BAX in the cytoplasm is activated and recruited to the fission site of 
mitochondria wrapped in ER, which promotes the permeability of mitochondrial outer 
membrane (MOMP) and the release of cytochrome C, thus inducing apoptosis [24].

Mitonucleus

Mitochondria serve as the central hub for cellular energy metabolism. However, most 
of the mitochondrial proteins are encoded by nuclear genes, and only 13 subunits of the 
electron transport chain complex (ETC) encode genes. Recent studies have confirmed 
the physiological function of CYTB-187AA, the 14th protein encoded by mitochondrial 
DNA (mtDNA) [29]. Therefore, mitochondria must communicate with the nucleus con-
tinuously to coordinate the expression and assembly of oxidative phosphorylation com-
plexes to maintain mitochondrial function (Fig. 2). The metabolic state of cells not only 
changes during aging but also responds to environmental stimuli. Stress signals convey 
the functional status of mitochondria to the nucleus to promote gene transcription that 
adapts to the environment. Impaired mitochondrial function can lead to mtDNA loss, 
mtDNA mutation accumulation, respiratory impairment, mitochondrial protein home-
ostasis and reactive oxygen species (ROS) production. These signals promote commu-
nication between mitochondria and nuclei (mitonucleus) to change gene expression, 
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thereby affecting metabolic adaptation and lifespan. Studies have shown that chromatin 
changes in response to mitochondrial disturbance promote the communication between 
mitochondria and nuclei and leave epigenetic memories that may affect the aging pro-
cess [30].

Precise and strict coordination between the mitochondria and the nucleus is essential 
for maintaining cellular homeostasis. This process happens through two-way commu-
nication via anterograde signaling, where the nucleus regulates the expression of mito-
chondrial genes and makes posttranslational modifications, and retrograde signaling, 
where the mitochondria regulate the expression of nuclear genes [30, 31]. Mitochon-
drial function mainly consists of nuclear coding genes to mitochondrial signals, such as 
PCG1α, nuclear respiratory factor 1 (NRF1), and other coregulatory factors, which regu-
late the process of mitochondrial biogenesis or enhance mitochondrial activity to meet 
cellular requirements [32, 33]. On the contrary, in the process of senescence, mitochon-
drial function decreases due to internal disturbance of mitochondria or accumulation 
of mtDNA mutations, resulting in decreased OXPHOS activity, changes in tricarbox-
ylic acid (TCA) cycle-related enzymes, increase of ROS, and imbalance of mitochondrial 
protein homeostasis [34, 35]. This mitochondrial dysfunction will regulate the expres-
sion of related nuclear genes, leading to changes in the expression of age-related genes 
and metabolic reediting. For a long time, the intermediate metabolites of mitochondria 
have been regarded as byproducts of cell metabolism. However, more and more studies 
have pointed out that these intermediate metabolites can be used as signals to regulate 
epigenetic modification in the nucleus and further regulate nuclear gene expression. This 
affects cell homeostasis and senescence. It includes acetyl-coenzyme A (acetyl-CoA), 
α-ketoglutaric acid (α-KG), nicotinamide adenine dinucleotide (NAD+), and methionine 
[30, 36, 37]. As potential longevity regulators, they form a dynamic regulatory network 
with the nucleus, promote cell homeostasis and regulate the expression of age-related 
metabolic genes, and make cells respond to different metabolic conditions and aging 
stress.

Fig. 2  Mitochondrion–nuclear communication and mitochondrial metabolites for epigenetic modifications 
The figure was created with Biorender.com
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However, our comprehension of the relationship between mitochondrial–nuclear 
stress signals remains restricted, despite these advancements. It is crucial to ascertain 
the impact of mitochondrial metabolites on the regulation of specific sites of epigenetic 
modifications in a manner that is specific to a particular tissue. Future studies will aid 
in the development of therapies targeting mitochondrial–nuclear communication to 
induce advantageous epigenetic modifications that can delay the aging process or allevi-
ate age-related illnesses.

Mitolysosome

Lysosomes are mainly responsible for clearing inactivated biological macromolecules 
or damaged organelles. There is direct physical contact between mitochondria and lys-
osomes, which differs from the contact formed by lysosomes targeting damaged mito-
chondria. Mitochondrial–lysosomal (mitolysosome) contact is continuously formed and 
dissociated in normal cells. Functionally, it allows two-way regulation of mitochondrial 
and lysosomal dynamics [38]. In the contact formation stage, Ras-associated GTP bind-
ing protein 7 (Rab7) promotes contact by binding to GTP on the lysosomal membrane. 
The member of the Tbc1 domain family 15 (TBC1D15) is recruited to the mitochon-
dria by the mitochondrial fission 1 protein (FIS1). TBC1D15 binds to the RAB7 at the 
contact site and hydrolyzes guanosine triphosphate (GTP) to guanosine diphosphate 
(GDP), which drives the hydrolysis of RAB7-GTP, thus relieving contact [39]. Mitochon-
drial–lysosome contact is significant in cardiac dysfunction induced by acute myocardial 
infarction. Three days after myocardial infarction in adult rats, mitochondrial–lysosome 
contact is abnormal, the lysosome is enlarged, and damaged mitochondria can not be 
cleared. This abnormal function is related to the downregulation of TBC1D15 levels. 
TBC1D15 relieves mitochondrial–lysosomal contact through the FIS1/Rab7 pathway, 
and then, it depends on the lysosome for mitochondrial autophagy. Overexpression of 
TBC1D15 can restore myocardial contractile function and reduce myocardial infarction 
size and myocardial interstitial fibrosis [40].

Mitoperoxisome

Peroxisomes and mitochondria (mitoperoxisome) are linked both physiologically and 
functionally [41], and effective metabolic intermediate transfer requires this intimate 
contact. Together, these two organelles facilitate essential biological functions, includ-
ing peroxisomal growth, lipid metabolism, redox balancing, and antiviral signaling. 
β-Oxidation in mammals necessitates the presence of both mitochondria and peroxi-
somes, and there is a requirement for the transfer of metabolites between peroxisomes 
and mitochondria in both directions. Due to the limited ability of peroxisomes in mam-
mals to metabolize fatty acids with long chains, it is necessary to transport intermediate 
products to mitochondria in the form of acylcarnitine ester or free acids to assure their 
complete oxidation. In addition, these coordinated metabolic processes generate ROS, 
and changes in the metabolism of peroxisomal ROS have an effect on the mitochondrial 
redox balance [42]. Additionally, to sustain peroxisomal β-oxidation, NADH produced 
within peroxisomes must be directed to the mitochondria for effective energy regenera-
tion of NADH into NAD+ [43]. The SLC25A17 gene encodes peroxisomal membrane 
protein 34 (PMP34), the only transporter found in human peroxisomes that exhibits 
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substrate selectivity toward NAD+ [44]. In the presence of pyrimidine deprivation, per-
oxisomes-derived ether lipids are responsible for driving the assembly of mitochondrial 
respiratory supercomplexes, which is an additional metabolic link between peroxisomes 
and mitochondria [45]. Peroxisomes mainly undergo proliferation through the expan-
sion and asymmetric division of existing organelles. The peroxisomal fission machinery 
consists of Pex11b, Fis1, MFF, and DRP1. With the exception of Pex11b, these compo-
nents are also found in mitochondria, indicating a coordinated division process in spe-
cific circumstances [46].

It has been observed that peroxisomes and mitochondria are in contact with one 
another in mammalian cells [47]. However, the components responsible for tethering are 
still challenging to find or understand. The ACBD2 protein, which is found in both per-
oxisomes and mitochondria, has been suggested as a biological mechanism that brings 
peroxisomes and mitochondria closer together, hence enhancing steroid production in 
Leydig cells [48]. Peroxisomal malfunction is known for triggering mitochondrial abnor-
malities, demonstrating the significance of peroxisomes for proper mitochondrial activ-
ity [49].

Intercellular mitochondrial communication

Intercellular communication and the transfer of cellular components are crucial for 
maintaining the balance of multicellular organisms, and the transcellular transport of 
mitochondria serves as a prominent example of this exchange. In physiological con-
texts, the process of mitochondrial transfer is associated with biological growth, energy 
regulation, and removal of detrimental substances, playing crucial roles in preserving 
the quality of mitochondria. Mitochondria are indispensable for a multitude of vital 
biological processes, such as oxidative metabolism and biomolecular synthesis, and are 
particularly susceptible to dysfunction in pathological conditions. Significantly, exten-
sive mitochondrial damage will intensify the deficiencies in the system responsible for 
maintaining mitochondrial quality. This will stimulate increased transfer of active mito-
chondria, restore healthy mitochondria from external sources, and eliminate damaged 
mitochondria from within the body to promote disease outcomes [50].

Intercellular mitochondrial transfer

For a considerable period of time, it has been widely believed that mitochondria per-
sist within cells throughout an organism’s lifespan and are passed down only from the 
mother [51]. However, under some circumstances, mitochondria have the ability to be 
released from the cell and moved across different cells [52]. Various cell types, such as 
lymphocytes, neurons, and heart muscle cells, can transfer or receive mitochondria 
from one another [53]. Organelle exchange is a special form of intercellular communica-
tion, which allows one-way or two-way transport of small molecules or ions and intra-
cellular structures, including mitochondria, lysosomes, endosomal vesicles, and plasma 
membrane modules [54]. Research has indicated that the transmission of mitochondria 
between cells serves as a protective mechanism, preventing mitochondrial dysfunction 
that may occur in stressed cells [55].
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There are many methods to replace damaged mitochondria in recipient cells. Coin-
cubation is the simplest method, and the transfer efficiency differs in different cell lines. 
Microinjection and other invasive techniques, such as nanomaterials, can also inject 
mitochondria into human cells and quickly replace their endogenous intrinsic mtDNA 
but with lower efficiency than coincubation methods [56, 57]. To facilitate mitochon-
drial internalization into recipient cells, other techniques have been developed, such 
as binding mitochondria to the cell-penetrating peptide Pep-1, labeling mitochondria 
with magnetic beads of mitochondrial outer membrane translocation enzymes, and 
increasing mitochondrial uptake by MitoCeption [58]. A number of age-related disor-
ders, including Parkinson’s disease (PD), stroke, diabetes, and metabolic syndrome, have 
shown that mitochondrial activity in damaged cells can be preserved through endog-
enous or exogenous mitochondrial transfer. This has been demonstrated in a string of 
cases, highlighting the effectiveness of mitochondrial transfer as a new model of regen-
erative therapy in aging [59]. Because the effectiveness of mitochondrial internalization 
into diseased tissues depends on the number and quality of mitochondrial organelles 
and their appropriate mode of transport, the efficacy of mitochondrial therapy may vary 
between patients. If mitochondrial transfer is to be applied to the clinic, a better under-
standing of the mechanisms of mitochondrial transfer and cellular uptake is needed.

Mechanisms of mitochondrial transfer

Mechanisms of mediating intercellular mitochondrial transfer include the formation of 
intercellular tunnelling nanotubes (TNT) or extracellular vesicles (EVs), connexin-43 
(Cx43), cell fusion, and mitochondrial extrusion (Fig.  3) [50, 60, 61]. TNT and Cx43 

Fig. 3  Mechanisms of mitochondrial transfer. A Tunneling-nanotubes-mediated mitochondrial transfer. 
B Gap-junction-mediated mitochondrial transfer. C Microvesicle-mediated mitochondrial transfer. D 
Cell-fusion-mediated mitochondrial transfer. E Endocytosis-mediated mitochondrial transfer The figure was 
created with Biorender.com



Page 10 of 34Zhang et al. Cellular & Molecular Biology Letters          (2024) 29:153 

maintain communication between the two connected cells through the membrane tube 
structure, while EV allows information transfer between the two separated cells, ensur-
ing long-distance communication [62]. In fact, intercellular mitochondrial transfer pro-
vides a new mode of intercellular signaling that can occur in vivo and function under a 
number of unhealthy circumstances to restore damaged cell function [63].

In in vitro and in vivo experiments, TNT is formed between different cell types and 
promotes the selective exchange of organelles, membrane vesicles, small soluble cyto-
plasm, and membrane molecules. The establishment of nanotubes begins with the for-
mation of a membrane-like process that shrinks upon arrival at the recipient cell, leaving 
an ultrafine structure separated from the substrate. TNT is essential for effective mito-
chondrial transfer, and if the formation of TNT is inhibited by chemical inhibitors or 
mechanical stress, the mitochondrial exchange can be reduced [64]. Mitochondrial 
transfer via TNT is usually unidirectional, from the cell initiating TNT formation to the 
recipient cell [65]. However, there have been a few reports of two-way transfers [66]. 
Mitochondrial damage is the main trigger of mitochondrial transfer based on TNT. 
Complete loss of mitochondrial function (including mtDNA depletion or addition of 
mitochondrial inhibitors) activates mitochondrial transfer. During ischemia–reperfusion 
injury, mesenchymal stem cells (MSCs) transport mitochondria to damaged endothe-
lial cells using TNT-like structures. This transfer helps prevent endothelial cell death by 
restoring normal aerobic respiration [67]. Similarly, MSCs can transfer mitochondria to 
myocardial cells after I/R injury through TNT structure and improve cell survival [68]. 
In a model of Escherichia coli pneumonia, mitochondrial transfer between TNT MSCs 
and innate immune cells enhances the ability of alveolar macrophages to phagocytic 
invading bacteria [69]. Other favorable conditions for TNT formation are the induction 
and stimulation of P53 and nanotube formation in hippocampal astrocytes and neurons 
by serum starvation or hydrogen peroxide [70]. Similarly, hyperglycemic or acidified 
media and cytokines that stimulate epithelial–mesenchymal transformation increase 
mitochondrial transfer through TNT formation [71]. EV is a membrane-containing vesi-
cle shed by cells, which contains protein, lipids, and nucleotides, and plays an important 
role in intercellular communication. According to its origin, size, and molecular com-
position, EV can be divided into microbubbles, exosomes, and apoptotic bodies. EV is a 
tool of intercellular communication, which exists in many physiological and pathological 
processes and can be used as a biomarker of health and disease [72]. Mitochondrial pro-
teins and mtDNA loaded in different EVS are not clear, but mitochondrial components 
have been detected in them. Larger EVs can contain complete mitochondrial particles 
and mtDNA, which can be seen in MSC and participate in its intercellular mitochondrial 
transfer. It is found that MSC can shed EV, including exosomes (50–100 nm in diameter) 
and vesicles (0.1–1 mm in diameter), and enter the extracellular space for mitochondrial 
phagocytosis and delivery of microRNA (miRNA) [73]. Up to now, the mechanism of 
cell-to-cell transfer of free mtDNA across the mitochondrial inner membrane and outer 
membrane is still unclear, and in the process of cell-to-cell mitochondrial transfer, EV 
is most likely to mediate the transfer of the whole mitochondrial particle and restore 
mitochondrial function. Cell fusion is a process in which two independent cells share 
organelles and cytoplasmic compounds through the fusion cell membrane. Permanent 
cell fusion allows cells to share cytoplasm and have unique karyotypes. In contrast, some 
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cell fusion allows short and direct intercellular communication and exchange of a variety 
of protein complexes and organelles (including mitochondria). It is reported that mature 
stem cells and embryonic stem cells can fuse with cardiomyocytes, hepatocytes, and 
neurons, helping to maintain cell differentiation and plasticity [74]. Injury and inflam-
mation can promote cell fusion of target organs, and myeloid cells and lymphocytes can 
fuse with different tissues in the event of injury or inflammation [75]. When stem cells 
are used to treat myocardial infarction, partial or whole cell fusion can occur between 
stem cells and cardiomyocytes, restoring mitochondrial function and promoting car-
diomyocyte regeneration [76]. Human adipose stem cells were cocultured with mouse 
cardiomyocytes, and it was found that F-actin connections were formed between the 
cells, indicating that mitochondria can participate in the process of cell function recov-
ery through partial cell fusion [77]. When MSC was cocultured with skin fibroblasts 
from patients with mitochondrial diseases, it was observed that the abnormal mito-
chondrial morphology of skin fibroblasts was saved from the fission state to the fusion 
state, and mitochondrial function was restored [78]. Connexins form gap junctions after 
oligomerization, allowing cells to connect and transfer small molecular cellular compo-
nents. Cx43 plays an important role in regulating intercellular mitochondrial transfer. In 
a Ca2+-dependent manner, connexins regulate intercellular mitochondrial transfer from 
MSC to alveolar epithelial cells damaged by lipopolysaccharide through the formation 
of TNT and EV to restore alveolar biological energy, thus protecting acute lung injury 
[79]. In addition, the gap junction can connect the mesosome particles to the plasma 
membrane to form a channel, and the small molecules can spread into the damaged neu-
rons through the connexin half channel composed of Cx43 [80]. Mitochondrial squeeze 
is another mechanism of mitochondrial transfer, which can release mitochondria or 
mitochondrial components in cells under certain conditions. For example, when a large 
amount of ROS is produced, HeLa cells can squeeze and release mitochondrial frag-
ments [81]. Mitochondrial compression occurs not only in vitro but also in vivo, such as 
platelets squeeze functional mitochondria wrapped in particles and free organelles, thus 
enhancing the inflammatory response [82]. In addition, when mouse hepatocytes were 
treated with an anti-FAST antibody, mitochondria were detected in perisinus space and 
serum, indicating that mitochondrial compression occurred [83].

The mediators of mitochondrial communication
Nuclear coding proteins

The regulation of communication between mitochondria and nuclei is very complex, 
which can be simply summarized as forward regulation from nucleus to mitochondria 
and reverse regulation from mitochondria to nucleus [30]. In forward regulation, differ-
ent stimuli regulate mitochondrial function by producing nuclear transcription factors 
to ensure the normal expression of proteins in mitochondria and the normal progress of 
various physiological functions. Forward regulation completes the instruction transmis-
sion from the nucleus to mitochondria through a variety of signal molecules, regulates 
mitochondrial biogenesis and mitochondrial function, and responds to different envi-
ronmental stimuli. The loss of forward regulation will lead to the destruction of mito-
chondrial homeostasis, leading to various cell dysfunction and age-related diseases.
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Nuclear respiratory factor 1 (NRF1) activates the expression of mitochondrial tran-
scription factor A (TFAM). TFAM enters the mitochondria and binds to mtDNA and 
recruits mitochondrial RNA polymerase and mitochondrial transcription factor B2 
(TFB2M) at the promoter to start transcription, promoting mitochondrial biogenesis 
[84–86]. For example, overexpression of NRF1 can activate the transcriptional process 
of myocardial regeneration and induce the regeneration of damaged cardiac myocytes 
in newborn mice. Overexpression of NRF1 in adult mouse hearts can reduce myocardial 
ischemia–reperfusion injury (MIRI) [61].

Nuclear factor erythroid 2-related factor 2 (NRF2) is a multifunctional transcrip-
tion factor regulating antioxidant stress, which can bind to Kelch-like epichlorohydrin-
related protein 1 (Keap1). Under steady-state conditions, Keap1 binds to NRF2 to cause 
its ubiquitin degradation and inhibit the activity of NRF2. In the stress response, Keap1 
activity decreases or binding to NRF2 decreases, and NRF2 escapes ubiquitin and accu-
mulates in cells. After the accumulated NRF2 is transported to the nucleus, it activates 
the antioxidant responsive element (ARE) and promotes the antioxidant process [87]. 
Keap1/NRF2 is an important antioxidant signal pathway in the human body. Targeting 
the Keap1/NRF2 pathway can improve the symptoms of many cardiovascular diseases. 
For example, phosphoglycerate mutase family 5 reduces ROS-induced oxidative stress 
and ferroptosis in mice with heart failure through Keap1/Nrf2 signal pathway [88]. Tar-
geting the Keap1/NRF2 signal pathway can reduce mitochondrial apoptosis and oxida-
tive stress, which can improve the therapeutic effect of lung injury [89].

The activities of various transcription factors are affected by transcription coactivators, 
and the most studied one is peroxisome proliferator-activated receptor-γ-coactivator 
1α (PGC-1α), which regulates mitochondrial energy metabolism by regulating the 
activity of transcription factors [30]. In the state of exercise, excessive ATP consump-
tion, decreased ATP level or increased AMP/ATP ratio will activate the energy receptor 
AMPK [adenosine-5′-monophosphate (AMP)-activated protein kinase], activation of 
AMPK increases the level of PGC-1α [90], and PGC-1α activates its downstream NRF1 
and NRF2 nuclear genes, thereby promoting mitochondrial biosynthesis and energy 
metabolism to meet the energy consumption during exercise [91]. In vascular smooth 
muscle cells, PGC-1α regulates small noncoding RNA miR-378a by binding to NRF1, 
and the PGC1α/NRF1/miR-378a axis can protect blood vessels from smooth muscle 
cell proliferation, migration, and inflammation induced by free fatty acids [92]. The high 
expression of miR-378a has the function of preventing atherosclerosis, and PGC-1α in 
human aortic endothelial cells incubated with oxidized low-density lipoprotein is signifi-
cantly decreased [93], resulting in the inhibition of miR-378a, which is a possible cause 
of atherosclerosis.

Mitochondrial‑derived peptides

Mitochondrial-derived peptides (MDP) is a new peptide, which is a mitochondrial 
genome encoded by a small open reading frame. Although MDP can be detected in a 
variety of tissues and plasma, the mechanism of its secretion and release is still unclear. 
It has been found that it can regulate mitochondrial bioenergetics and mitochondrial 
metabolism and has a variety of biological effects, such as helping to maintain mitochon-
drial function and cell viability under stress, giving full play to cytoprotection, improving 
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metabolic markers and so on. In recent years, MDP has been found in vascular endothe-
lium, cardiomyocytes and islet cells, and its therapeutic value in glucose and lipid meta-
bolic diseases, cardiovascular diseases, Alzheimer’s disease (AD), and other diseases has 
been proved and affirmed [34, 94–96].

Humanin (HN) is the first member of the MDP family and the most studied peptide in 
the family. HN is an autopsy of patients with AD performed by Japanese scholar Hashi-
moto in 2001. A copy DNA library containing an open reading frame was extracted 
from the undamaged brain region of the occipital cortex. A linear peptide encoding 24 
amino acids was found after functional testing. HN can effectively inhibit a variety of 
familial AD gene mutations and β-amyloid protein-induced neuronal apoptosis, which 
is considered to be a specific neuroprotective peptide for AD [97]. Cell surface receptors 
that can activate HN signaling pathways have been identified, including signal transduc-
ers and activators of transcription and extracellular regulated protein kinases (ERK) 1 
and 2, which are related to cell proliferation and survival [98]. With the deepening of 
research, it has been found that HN exists in the pathological process of diabetes, myo-
cardial ischemia, atherosclerosis, and other diseases [99–101]. It is secreted by cellular 
stress and has extensive cytoprotective and neuroprotective effects in these diseases. 
Now, studies have confirmed that it has the functions of anti-apoptosis, reducing inflam-
matory reactions and antioxidative stress and improving insulin sensitivity [102–105]. 
MOST-c is a linear peptide that encodes 16 amino acids in the open reading frame of 
mitochondrial 12SrRNA. It is a newly found bioactive MDP encoded in mtDNA. The 
main target of MOST-c is skeletal muscle, which is considered the first peptide in MDP 
that regulates gene expression in the nucleus by interacting with transcription factors, 
producing retrograde signal molecules. In the nucleus, MOST-c interacts with antiox-
idant regulatory transcription factors, such as transcription factor 1 and transcription 
factor 2, to stimulate the transcription of target genes involved in mitochondrial protec-
tion. The cytoprotective effect of MOST-c may be related to this new mechanism. Mod-
ern studies have proved that MOST-c can improve muscle metabolism, increase insulin 
sensitivity, and regulate fat metabolism by increasing glucose utilization and fatty acid 
oxidation and changing mitochondrial function and nucleotide metabolism [106–110]. 
SHLP1–6 is another of six small HN-like peptides found in HN’s 16SrRNA gene, all of 
which are encoded by a small open reading frame. Studies have found that a single SHLP 
exists in the kidney, spleen, heart, brain, and other organs, with different biological 
effects. SHLP is a bioactive peptide that regulates cell function. At present, related stud-
ies are mainly focused on SHLP2 and SHLP3, which have similar cytoprotective effects 
to HN and have effects on apoptosis and metabolism [94, 95]. For example, SHLP2 has 
the effect of antioxidant stress, which can improve insulin sensitivity in the central and 
peripheral system [94]. The level of SHLP2 in the cycle decreased with age. In addition, 
similar to HN, SHLP2, and SHLP3 can induce phosphorylation of ERK and activator of 
transcription 3 [111].

Studies have found that MDP affects the process of cell aging by regulating the trans-
formation of senescence-related secretory phenotype (SASP), inhibiting oxidative 
stress and antiapoptosis of aging cells, and interferes with the outcome of age-related 
diseases [112]. Cell senescence is accompanied by the production of SASP, which can 
continuously block the progress of the cell cycle and induce adjacent cell senescence 
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or carcinogenesis by paracrine. When senescent cells are not removed by the immune 
system, SASP will cause chronic inflammation, change tissue structure and function, 
and, eventually, enter an irreversible aging state of stagnation of growth and prolifera-
tion [113, 114]. Some studies have found that the bioenergetics of senescent cells play 
a key role in the expression of some specific SASP, and MDP plays a cytoprotective role 
in age-related diseases by regulating mitochondrial energy metabolism and then affect-
ing the transformation of SASP in the process of cell aging, so as to reduce the symp-
toms of aging, reduce the harm caused by aging, and prolong the healthy period [115]. In 
senescent cells, the levels of HN and MOST-c increased, and MDP moderately increased 
mitochondrial respiration and a certain part of SASP expression. At the same time, it 
was found that MDP enhanced energy metabolism but did not cause senescence, indi-
cating that MDP has a therapeutic regulatory effect on mitochondrial energetics and 
SASP transformation and is a factor to help senescent cells maintain senescence and 
prevent deterioration and partial SASP expression [112]. Under stress conditions, MDP 
helps maintain mitochondrial function and cell viability, plays a cytoprotective role, and 
may become a candidate for various age-related diseases. The effects of MDP on senes-
cent cells are not only related to SASP, but also delay cell senescence by inhibiting oxi-
dative stress, reducing inflammatory response and apoptosis [116]. Further exploration 
of the specific mechanism and function of MDP will help to clarify the pathogenesis of 
diseases related to mitochondria and aging, and provide new ideas and targets for the 
treatment of diseases.

Mitochondria‑derived vesicles

Extracellular vesicles (EVs) are tiny vesicles produced by cells that can transport biologi-
cally active substances across cells or organs [117, 118]. Recent data indicate that spe-
cific EV subpopulations include a variety of mitochondrial contents. These mitoEVs have 
the ability to transfer mitochondrial components to target cells, hence influencing their 
functioning in various contexts [119]. These intracellular vesicles that contain compo-
nents of mitochondria are known as mitochondrial-derived vesicles (MDVs) [120]. The 
creation of MDVs has been suggested as the ancient homeostatic mechanism in live 
cells at the mitochondrial level, occurring under physiological and mild stress situations 
[121, 122]. One new MDVs biogenesis pathway involves PINK1/Parkin, an E3 ubiqui-
tin protein ligase with a ubiquitin-like domain at the N-terminus but does not require 
DRP1 [123–126]. Under conditions of mild stress or little damage to the mitochondria, 
the curvature of the mitochondrial membrane is initiated, which is then followed by 
the accumulation of PINK1 [93, 127, 128]. Parkin is subsequently enlisted at the outer 
mitochondrial membrane (OMM), and the MDVs are severed and liberated through an 
ambiguous process [128, 129]. The participation of DRP1 in the formation of MDVs has 
been ruled out due to the fact that MDVs can still form even in the absence of DRP1 
[128].

The nanoscale vesicles, ranging from ~70 to 150  nm in diameter, are enveloped by 
either a single or double membrane. These membranes are known as the outer mito-
chondrial membrane (OMM) and/or the inner mitochondrial membrane (IMM) 
[130–132]. MDVs are also the particular carriers for mitochondrial nucleic acids [101, 
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133–136], proteins [133, 137, 138], lipids [121, 139], fragmented mitochondria [140], 
and/or other mitochondrial components [141, 142]. At present, intracellular MDVs may 
be distinguished from other intracellular vesicles by utilizing their distinctive mark-
ers, such as OMM, IMM, mitochondrial matrix proteins, and mtDNA [143, 144]. Prior 
research has demonstrated that MDVs are important in intracellular interactions of the 
parental mitochondria with lysosomes [129, 136], endosomes [136], and peroxisomes 
[145, 146]. Further investigations have shown the intercellular involvement of MDVs in 
immune response regulation [147, 148], in eliminating malfunctioning parts of mito-
chondria [149], and in transporting functional MDVs to target cells that demand more 
energy for communication [150].

MDVs are recognized as the primary element of the initial secure process in the mito-
chondrial quality control (MQC) system, and their potential functions are completely 
distinct from mitochondrial dynamics and mitophagy [151, 152]. In addition, the quan-
tity of MDVs is augmented by mild stress or the initial phase of mitochondrial malfunc-
tion [128]. The MQC system has identified two primary categories of MDVs: steady-state 
MDVs and stress-induced MDVs [153], both of which can be distinguished by their dis-
tinct indicators. Translocase of outer mitochondrial membrane 20 (TOMM20), which 
is a protein located in the OMM, is primarily present in steady-state MDVs [121]. In 
contrast, pyruvate dehydrogenase (PDH) is mostly present in MDVs that are induced by 
oxidative stress [123]. Revealing the creation of MDVs and their functional activities will 
enhance our understanding of the communication that occurs within and between cells 
related to mitochondria.

Mitochondrial metabolites

The disorder of mitochondrial energy metabolism leads to abnormal levels of oxida-
tive phosphorylation and respiratory chain intermediate molecules, thus regulating the 
activity of related epigenetic modifying enzymes, affecting the epigenetic modification 
status of the genome and changing the expression of related genes. At the initial stage of 
injury, protective mechanisms such as mitochondrial unfolded protein response (UPRmt) 
are activated to increase the expression of chaperone molecules, proteases and other 
related genes to maintain mitochondrial homeostasis; with the aggravation of injury, 
the overactivation of protective mechanisms leads to genomic instability, increases the 
expression of aging-related genes, and, finally, leads to apoptosis and senescence. There-
fore, the abnormal epigenetic regulation of gene expression mediated by mitochondrial 
metabolic disorders is an important reason for the initiation and progress of the aging 
phenotype [30].

The TCA cycle is traditionally recognized for generating essential metabolites nec-
essary to ensure cellular proliferation and survival, in addition to generating bioener-
getic intermediates that contribute to the ETC [154]. Several of these metabolites also 
engage in mitochondria-to-nucleus signaling, where they are utilized as secondary mes-
sengers, and their levels serve as a direct indicator of mitochondrial health and meta-
bolic condition [155]. Changes in the quantities and accessibility of these metabolites 
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are incorporated into epigenetic regulation techniques that induce transcriptional 
modifications in response to different stress conditions and physiological states because 
they frequently function as substrates or regulators of enzymes involved in chromatin 
remodeling [3]. Two common changes that affect how mitochondrial metabolites work 
are acetylation and methylation. These are caused by enzymes that respond to changes 
in acetyl-CoA and α-KG/succinate levels. These changes affect gene expression in the 
nucleus through DNA methylation and post-translational modifications of histones, 
which are important parts of the “histone code” [156]. Besides, S-adenosine-l-methio-
nine (SAM) is a major donor of methylation, affecting histone methylation, especially 
H3K4me3. The changes in mitochondrial metabolism affect SAM levels, which in turn 
affect histone and DNA methylation, profoundly affecting cell homeostasis and body 
lifespan [30]. Two important metabolites involved in the process of epigenetic control 
are FAD+ and ATP. FAD+ serves as a cofactor in the process of histone demethylation. 
LSD1, also known as lysine-specific demethylase 1, utilizes FAD+ as a catalyst to oxidize 
methylated lysine residues, resulting in the formation of a highly reactive intermediate 
capable of hydrolytically eliminating methyl groups. ATP serves as an essential energy 
source for numerous enzyme activities involved in epigenetic modification. Additionally, 
it acts as a substrate for kinases responsible for phosphorylating histones [30].

The epigenome’s alterations brought about by metabolites, also known as metabolic 
epigenetics, are linked to the advancement of disease and the reprogramming of gene 
expression in response to stress and physiological changes [157]. When mtDNA muta-
tions build up, a condition called heteroplasmy, for example, changes in nuclear gene 
expression are made easier by abnormal metabolite production that leads to specific 
epigenetic modifications. These modifications, in turn, help control transcription by 
changing the way chromatin moves [158]. Alterations in the methylation status of genes 
encoded in the nucleus in response to deficiencies in the copy number of mitochondrial 
DNA (mtDNA) have been documented in relation to osteosarcoma and breast cancer 
[159]. These findings emphasize the association between metabolite-induced changes in 
epigenetic modifications and transcriptional abnormalities associated with pathogenic 
phenotypes and the evolution of diseases, thereby emphasizing the critical relationship 
between genetics, mitochondrial retrograde signaling, and metabolites.

Ca2+ homeostasis

Ca2+ are widely present and highly adaptable cellular messengers. They have a vital func-
tion in orchestrating and regulating many cellular activities, ranging from cell survival 
to cell death. The expansive nature of Ca2+ cascades is influenced by two significant fac-
tors: its capacity to interact with multiple effectors and its ability to self-regulate [160]. 
Within the cell, the coordination of these signaling events is facilitated by a complex 
system called the Ca2+ toolkit, which consists of several organelles and proteins. The 
ER, mitochondria, nucleus, and plasma membrane, including its channels and trans-
porters, play a crucial role in facilitating the movement of Ca2+ from outside the cell 
to within the cell [161]. The ER stores intracellular Ca2+, while the mitochondria act as 
crucial Ca2+ buffers by detecting and regulating intracellular Ca2+ levels [162]. Recent 
research has emphasized the active function of mitochondrial Ca2+ in regulating energy 
production and programmed cell death, both in normal physiological processes and in 
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disease states. The Ca2+ signaling toolbox consists of four main divisions: initiation of 
Ca2+ mobilizing signals in response to stimuli, the release of Ca2+ from internal stores 
into the cytoplasm, activation of Ca2+ sensitive activities, and transport of Ca2+ from the 
cytoplasm back to internal stores [163].

Maintaining the balance of Ca2+ in the mitochondria relies not only on the entry of 
Ca2+ but also on the pace at which it is removed. During a stable condition, the rate 
at which calcium ions are released from the mitochondria should be the same as the 
rate at which they are taken in, to preserve a state of equilibrium. The Na+–Ca2+–Li+ 
Exchanger (NCLX) is responsible for the export of Ca2+ from the mitochondria through 
the IMM, using Na+ or Li+ as exchange ions. The NCLX transporter is electrogenic, 
meaning it imports three Na+ ions to extrude one Ca2+ ion from the mitochondria. The 
approximate rate of rotation for the above process is 1,000 cycles per second [162]. Entry 
of Ca2+ into the mitochondria impacts its functionality, leading to temporary depolari-
zation of the mitochondrial membrane potential and governing metabolism [164]. The 
TCA cycle is a significant metabolic system that is controlled by the amounts of cal-
cium ions in the mitochondria. The function of several enzymes in the tricarboxylic acid 
(TCA) cycle relies on the amounts of calcium ions within the mitochondria. The enzyme 
PDH connects the metabolic pathways of glycolysis and the TCA by transforming the 
last product of glycolysis, pyruvate, into acetyl CoA. Ca2+ triggers the activation of pyru-
vate dehydrogenase phosphatase (PDP), which in turn dephosphorylates the E1 subunit 
of PDH, leading to its activation [165, 166]. Furthermore, elevated amounts of Ca2+ can 
stimulate the function of the TCA cycle enzymes isocitrate dehydrogenase and oxogluta-
rate dehydrogenase, hence promoting the TCA cycle [167, 168]. Gaining insight into the 
mechanisms of intracellular mitochondrial Ca2+ homeostasis can enhance our under-
standing of mitochondrial communication and offer valuable insights for the advance-
ment of therapeutic approaches for age-related illnesses.

Mitogenome stability

MtDNA can participate in inflammatory response by combining with TLR, NLRP, and 
other receptors. The TLR pathway is triggered by the binding of DAMPs to neutrophils 
and activates the subsequent inflammatory response through nuclear factor-κB (NF-
κB) signal transduction. The NLRP pathway works through NLRP3 inflammatory bod-
ies [169, 170]. Activation of NLRP3 leads to increased expression of caspase-1, which 
divides and activates IL-1 β and IL-18. In addition, redox-sensitive inflammatory and 
inflammatory body-mediated pathways can also cooperate to aggravate the inflamma-
tory response: the cGAS–STING DNA pathway is an integral part of the innate immune 
system [171, 172]. After binding to mtDNA, the cGAS pathway triggers the phospho-
rylation of interferonregulatoryfactor3 (IRF-3) through chemotaxis of STING protein, 
and it acts through TANK-binding kinase (TBK). At the same time, the phosphorylation 
of IRF-3 can induce the production of type I and type III interferons (β and λ1). Persis-
tent inflammatory stimulation can activate circulating immune cells, which in turn may 
induce inflammatory pathways by activating mtDNA, thus producing systemic reac-
tions. Cytokines, chemokines, nitric oxide, and ROS released by inflammatory cells in 
circulation can further induce mitochondrial damage, thus forming a vicious circle and 
strengthening the whole process [173, 174].
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Mitochondrial communication and hallmarks of aging
There are bidirectional crosstalks between mitochondrial communication and hallmarks 
of aging. In this review, we focus on mitochondrial dysfunction, epigenetic alterations, 
chronic inflammation, altered intercellular communication, and deregulated nutrient 
sensing (Fig. 4).

Mitochondrial dysfunction

Mitochondria are the center of biological energy and metabolism and widely partici-
pate in a variety of biological processes, with complex adaptation mechanisms, which 
can maintain the normal morphology and function of mitochondria to cope with the 
effects of mitochondrial damage and aging and other factors. Mitochondrial dysfunction 
is considered to be one of the hallmarks of aging and is associated with many age-related 
diseases [175].

Mitochondrial dysfunction refers to the decrease of mitochondrial respiratory capac-
ity and membrane potential. Mitochondria undergo morphological and functional 
changes with age and continuous exposure to different pressures, which increases the 
possibility of dysfunction [176]. Similarly, aging is usually accompanied by a decline in 
the quality and function of mitochondria [108]. The quality control of mitochondria is 
the basis of maintaining the normal physiological function of mitochondria, and the 
dynamic balance of mitochondrial production and degradation is an important factor 
to maintain the function of mitochondria in cells [177]. Mitochondria have a complex 
quality control system. The mechanism of MQC is multilevel, showing changes at the 
protein, organelle, and cellular level. As aging occurs, mitochondria with accumulated 
damage can realize self-repair through a series of mechanisms. There are five types of 

Fig. 4  Cross talks between mitochondria communication and hallmarks of aging The figure was created with 
Biorender.com
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MQC: UPRmt, mitochondrial dynamics, mitophagy, mitochondrial biogenesis, and mito-
chondrial-derived vesicles [178, 179].

Aging is an intricate process characterized by a decrease in the functionality of sev-
eral organelles. While mitochondrial malfunction is proposed as a contributing element 
to the aging process, the precise role of mitochondrial quality control (MQC) in aging 
remains inadequately comprehended [108]. Increasing data suggest that ROS promote 
alterations in mitochondrial structure and enhances the buildup of oxidized byproducts 
via mitochondrial proteases and the mitochondrial UPRmt [180]. MDVs are the primary 
means of implementing MQC to eliminate oxidized byproducts. In addition, mitophagy 
assists in the elimination of partially impaired mitochondria to ensure the overall health 
and functionality of mitochondria. While numerous interventions on MQC have been 
studied, excessive activation or inhibition of any kind of MQC can potentially worsen 
aberrant energy metabolism and contribute to senescence caused by mitochondrial 
malfunction [93, 130]. Therefore, implementing suitable measures to address MQC can 
potentially slow down the aging process and increase lifetime.

Epigenetic alterations

The significance of mitochondria in regulating the nuclear epigenome is widely rec-
ognized. SAM, a methyl group donor that is universally applicable, is produced in the 
mitochondria through a metabolic cycle involving one-carbon compounds. Methionine 
is synthesized in the cytosol by the enzymatic reaction of adenosine-5′-triphosphate 
(ATP) as a component of the methionine cycle, resulting in the formation of SAM. The 
methionine cycle in the cytosol is linked to the folate cycle [181]. 5-Methyl tetrahy-
drofolate (5-MTHF) transfers a methyl group to homocysteine (Hcy), resulting in the 
formation of tetrahydrofolate (THF) and l-methionine. This process is facilitated by 
the enzyme methionine synthase (MS), which is dependent on vitamin B12. Addition-
ally, 5-MTHF is involved in the remethylation of Hcy. Therefore, the synthesis of SAM 
is controlled by ATP generation and folate. The processes of the folate cycle take place 
in both the mitochondria and cytosol and are connected by the transfer of the serine 
and glycine amino acid pool via methylenetetrahydrofolate (methionine-THF), which 
is derived from THF [182]. The mitochondrion is crucial in controlling the transition 
between nucleotide synthesis and SAM through the mitochondrial bifunctional enzyme 
(MBE). This enzyme is active in embryonic and cancer cells to facilitate nucleotide syn-
thesis, but it becomes inactive in adult cells to promote the synthesis of SAM [183]. 
SAM, which is produced in the cytosol, is transferred to the mitochondria through a 
specialized mitochondrial carrier called SAM carrier (SAMC). Once inside the mito-
chondria, SAM influences the methylation pattern of the mitochondria [184]. Therefore, 
any malfunction in the process of one-carbon metabolism would cause changes in the 
patterns of DNA methylation in mtDNA and disrupt the communication between the 
nucleus and mitochondria. This communication takes place through the transportation 
of metabolites from the mitochondria to the nucleus and vice versa, occurring through 
the cytosol. MiRNAs, which are noncoding tiny RNAs, are observed to be specifically 
located within the mitochondria [185]. Nuclear-encoded miRNAs regulate nuclear and 
mtDNA-encoded genes epigenetically and coordinate nuclear–mitochondrial activity. In 
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addition, intermediates of mitochondrial TCA metabolites, such as α-KG, could affect 
TET protein activity [186], suggesting the potential involvement of mitochondria in the 
process of demethylation. Noncoding short RNAs have also been identified in the mito-
chondrial genomes of both mice and humans, although they have received less research 
attention [187]. The TCA cycle produces metabolites in the mitochondria that regulate 
epigenetic alterations. These modifications include DNA methylation, histone methyla-
tion, and acetylation. The metabolites act as cofactors and facilitate nuclear–mitochon-
drial communication [30]. Substrates of the TCA cycle, αKG and succinate, perform a 
vital function in modulating the methylation of DNA and histones as well as the activity 
of TET demethylase. On the other hand, histone acetylation is regulated by acetyl-CoA 
[30].

Chronic inflammation

Not only do mitochondria exchange electrochemical information with the mitochon-
drial reticulum, but they also exchange mtDNA through membrane contact points 
between neighboring mitochondria. Nevertheless, when mitochondria experience 
stress, it can lead to the release of proteins associated with mitochondrial dam-
age (mtDAMPs) into the cytosol, extracellular matrix, and bloodstream [188] and 
comprise several elements of mitochondria, including mtDNA [189]. One possible 
method is to distribute material, such as subunits of the oxidative phosphorylation 
machinery, to other mitochondria. Recently, it has been proposed that mtDNA can 
not only detect genotoxic stress but also function as a signaling factor to improve the 
repair of nuclear DNA [190]. Cell-free mtDNA is released into the bloodstream after 
cellular damage, triggering widespread proinflammatory reactions and activating the 
immune system [188]. This could be attributed to the resemblance between mtDNA 
and bacterial DNA, which leads to the immune system identifying mtDNA and trig-
gering a comparable response mechanism employed to combat bacteria [191]. The 
relationship between mtDNA and the inflammatory response has been demonstrated 
to occur through the stimulation of polymorphonuclear neutrophils production by 
mtDNA/Toll-like receptor (TLR)-9 and activation of the NF-κB pathway [192].

Given that inflammation and the alteration of MQC pathways play significant roles 
in several clinical disorders, such as aging, it is crucial to investigate the involvement 
of mtDNA in this interplay.

Altered intercellular communication

The aging process is also characterized by gradual modifications in intercellular com-
munication systems [175]. Intercellular communication can be impacted by mito-
chondrial dysfunction, which can influence a range of signaling mechanisms such as 
ROS, mtDNA, the release of MDVs, and metabolite signaling [193]. MDVs can cause 
the release of fragments of mtDNA, metabolites, and proteins into the space outside 
of cells. This process triggers immunological signaling pathways, disrupts the secre-
tion of different chemicals, and impedes the transport of functioning mitochondria 
between cells [193, 194]. These changes have the potential to undermine cellular 
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functioning, impede tissue homeostasis and maybe contribute to the development 
of age-related disorders such as AD and PD. Gaining a thorough understanding of 
how mitochondrial malfunction affects communication between cells is essential for 
appreciating the underlying causes of these disorders and devising effective methods 
to reduce their impact. Remarkably, the process of mitochondrial transfer can effec-
tively reinstate the proper functioning of mitochondria in the cells that receive them. 
This has proven to have a significant therapeutic effect in several illness models, such 
as PD, stroke, and ischemia [194]. Giving mitochondria through a shot into the mid-
dle forebrain bundle can lower oxidative damage, stop dopaminergic neurons from 
dying, and improve movement [195]. However, additional investigation is required 
to clarify the fundamental processes and investigate potential treatment measures 
to restore effective communication between cells in the presence of mitochondrial 
dysfunction.

Deregulated nutrient‑sensing

Mitochondrial dysfunction can disrupt intercellular communication and impair the 
regulation of nutritional response and energy balance. Aging and metabolic diseases, 
such as obesity, insulin resistance, and type 2 diabetes, are linked to dysregulated nutri-
ent sensing [175] and can be caused by mitochondrial dysfunction, which leads to com-
promised energy metabolism, heightened reliance on glucose metabolism rather than 
fatty acid oxidation, production of ROS, and modified metabolite release and activation 
of inflammation and stress responses. Mitochondria have crucial functions as sensors 
of nutrients [196], and there is a strong association between mitochondrial failure and 
metabolic disorders, including obesity [197]. Mitochondria and ER contact at specific 
locations known as MAMs. This interaction allows for the exchange of metabolites and 
calcium. Recent research suggests that MAMs play a crucial role in hepatic insulin sign-
aling and nutrition sensing processes, serving as major hubs for these functions [198]. 
Furthermore, the primary pathways responsible for sensing nutrients (insulin/IGF1, 
mTOR, and AMPK) are closely linked to mitochondrial function and mitophagy. There 
is potential in preserving mitochondrial function, reducing oxidative stress, and restor-
ing metabolic flexibility to address dysregulated nutrient-sensing and develop therapeu-
tic strategies for related metabolic disorders [199].

Mitochondria‑targeted interventions
Research on therapies that specifically target mitochondria has shown promise in the 
field of aging and age-related disorders (Table 1 and Fig. 5).

Various approaches have been investigated to selectively transport therapeutic drugs or 
chemicals to mitochondria, with the goal of improving their performance, reducing oxi-
dative stress, and reinstating cellular homeostasis. These interventions can include several 
methods, such as tiny chemicals, peptides, antioxidants, and gene therapy. In recent years, 
researchers have suggested that mitophagy stimulators could be a promising approach to 
reducing the effects of age-related diseases. NAD+ precursors, including nicotinamide ribo-
side, nicotinamide mononucleotide, and similar compounds, have been extensively studied 
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Table 1  Mitochondria-targeted interventions in aging and age-related diseases

Target Interventions Effect Age-related diseases References

Mitochondrial bio-
genesis

Nicotinamide riboside Promoting PGC-1α-
mediated BACE1 
ubiquitination and 
degradation

Alzheimer’s disease [200]

Coq10 Improving lipid 
metabolism

Obesity/type 2 
diabetes

[201]

Metformin Activation of AMPK Diabetes, cardiovascu-
lar disease, cognitive 
decline, and cancer

[202]

Resveratrol Elevating Nrf1 and 
TFAM

Frailty [203]

Mitochondrial dynam-
ics

Mdivi-1 Inhibition of mitochon-
drial division

Heart failure and 
Parkinson’s disease

[204, 205]

P110 Inhibition of Drp1/Fis1 
interaction

Alzheimer’s disease 
and myocardial infarc-
tion

[206, 207]

SAMβA Improving metabolism 
of reactive aldehyde 
adducts

Heart failure [208]

Cilnidipine Acting as a guanine 
nucleotide exchange 
factor for Drp1

I/R heart injury [209]

Mitophagy Urolithin A Activating mitophagy, 
suppressing NLRP3 
inflammasome activa-
tion

Alzheimer’s disease, 
Parkinson’s disease, 
liver injury, and meta-
bolic cardiomyopathy

[210–213]

Laempferol and rha-
pontigenin

Abrogating amyloid-β 
and tau pathologies

Alzheimer’s disease [214]

Oleanolic acid Modulating of 
FUNDC1, LC3B, p62, 
TOM20

Cardiac remodeling [101]

UPRmt PDI-6 Activation of Wnt/
EGL-20

Extending lifespan [90]

MDVs Cannabidio Activation of PINK1/
Parkin pathway

Parkinson’s disease [152]

Antioxidants Coq10 Enhancing oxidative 
decomposition of 
lipids and inhibited de 
novo synthesis of fatty 
acids

Obesity/type 2 
diabetes

[201]

MitoQ Decreasing hydrogen 
peroxide formation, 
improving mitochon-
drial respiration and 
improving mPTP 
opening

Alzheimer’s disease, 
heart failure, and 
obesity

[215–217]

MTP-131 Reducing production 
of reactive oxygen 
species and cytosolic 
cytochrome c level

Alzheimer’s disease, 
heart failure, and myo-
cardial infarction

[218–220]

N-Acetylcysteine Attenuating lipid 
peroxidation

Diabetic neuropathy [221]

NMN Ameliorating glucose 
intolerance by restor-
ing NAD+ levels

Type 2 diabetes [222]

Resveratrol Reduced IGF-I levels 
and increased AMPK 
and PGC-1alpha 
activity

Alzheimer’s disease, 
obesity, and Parkin-
son’s disease

[223–225]
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in models of age-related diseases [233]. It has several benefits for mitochondria and recov-
ers the compromised diversity and destroyed microbial compositions in AD [234]. Uro-
lithin A is an additional small molecule that has demonstrated considerable promise in its 
ability to enhance muscle functions, promote amyloid-β and tau pathology, and stimulate 
mitophagy [235]. It is noteworthy that peptides designed to enhance mitochondrial func-
tions emphasize elamipretide (SS-31), a synthetic tetrapeptide that interacts with car-
diolipin in the inner mitochondrial membrane, which is enriched in mitochondria [236]. 

Table 1  (continued)

Target Interventions Effect Age-related diseases References

Membrane potential FMU200 Reducing oxidative 
stress and apoptosis

Neurodegenerative 
disorders

[226]

Mefunidone Lowering the ratio of 
apoptotic cells

Lung fibrosis [227]

Proteostasis Nicotinamide riboside 
triflate

Decreasing Aβ accu-
mulation

Alzheimer’s disease [228]

Ca2+ homeostasis Ruthenium 360 Protecting against 
plaque deposition and 
neuronal death

Alzheimer’s disease [186]

CGP37157 Preventing toxic 
mitochondrial Ca2+ 
overload

Alzheimer’s disease [229]

Mitogenome stability Mitochondria-targeted 
gene delivery

Decreasing the 
mutated mtDNA ratio 
by introducing WT 
mtDNA

Neurodegenerative 
diseases, diabetes, and 
cancer

[230]

Mitochondrial trans-
plantation

Supplementing 
healthy mitochondria

I/R heart injury [231, 232]

Fig. 5  Mitochondrial communication in age-related diseases The figure was created with Biorender.com
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Resveratrol, being a potent Sirt1 activator, can stimulate the production of mitochondria 
and improve oxidative metabolism. Resveratrol not only helps to avoid cardiovascular ill-
nesses but also has a preventive effect on metabolic syndrome and muscular ailments [237]. 
A recent report introduced a novel strategy involving the utilization of pioglitazone and 
iron oxide nanoparticles in mesenchymal stem cells to stimulate mitochondrial biosynthesis 
and enhance the rate of mitochondrial transfer. This approach was successfully applied in a 
mouse model of pulmonary fibrosis, demonstrating the promising potential of mitochon-
drial replacement therapy [238]. An alternative approach involves utilizing genome editing 
techniques to modify mitochondrial genes. For instance, mitochondrially targeted zinc-fin-
ger nucleases have been employed in various mouse models [239], mitochondrial-targeted 
meganucleases (mitoARCUS) [240], double-stranded DNA deaminase-derived cytosine 
base editor (DdCBE) [241] or an adenine base editor (ABE8e), and a potent AAV9 deliv-
ery of RNA-guided Cas9 nuclease [242]. Its primary application has been to rectify severe 
hereditary genetic disorders [243], but the swift advancement of novel editing technolo-
gies may provide comprehensive examinations of age-related alterations in mitochondrial 
function in preclinical in vivo studies and furnish sufficient proof for potential applications 
in people. Recently, mitochondrial transmission and transplantation techniques have been 
utilized for treating mitochondrial illnesses. Additionally, the usage of organelles as ther-
apeutic agents has been tested in animal models and clinical studies, showing promising 
results. There is potential for increased research, application, and promotion of mitochon-
drial therapy in the future.

Targeting mitochondria through interventions provides a promising approach to prevent 
aging and age-related disorders by directly addressing the underlying deficiencies in mito-
chondria. Although numerous techniques are still in the preliminary phases of research and 
development, they possess significant potential for enhancing mitochondrial health, safe-
guarding cellular function, and prolonging a healthy lifespan. Further progress in compre-
hending mitochondrial biology and enhancing precise intervention approaches could result 
in revolutionary medicines that significantly influence human health and the aging process.

Challenges and prospects for the future
Mitochondria, being a major organelle of the cell, have other crucial functions apart from 
generating energy. Instead of being viewed as a solitary cellular powerhouse, mitochondria 
should be regarded as a critical signaling hub. The organelle constantly receives information 
regarding nutrition and health conditions from external sources. In response, it releases 
molecular messengers to either modify cellular transcriptional, metabolic, or proteomic 
states or carry out the necessary tasks itself. The active listening and acting tasks per-
formed by mitochondria are most likely a result of their endosymbiotic origin. Originally, 
mitochondria were independent proteobacterial entities that had their own self-contained 
cellular functions. However, as they developed, they acquired a necessity and capability to 
communicate signals with the remaining eukaryotic cells and, subsequently, other tissues 
within the body.

There are still numerous unresolved inquiries in the domain of mitochondrial commu-
nication. The expanding body of research reveals an increasing number of molecular com-
ponents, organelles, and tissues that are governed by the mitochondrial signal network. 
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However, numerous issues persist: How significantly does mitochondrial communication 
contribute to the aging process? How is every signal molecule in this huge communication 
network used by mitochondrial communication? How do we exclude the indirect influence 
of signal molecules by mitochondria in the process of energy metabolism? Given the com-
plex involvement of mitochondria in so many different signal pathways, how can we target 
mitochondrial communication and clarify the crosstalk between mitochondrial communi-
cation and aging markers to reduce the prevalence of age-related disorders? Much remains 
to be done to understand the detailed role of mitochondrial communication networks in 
age-related diseases and how to use this understanding to design treatments.

Conclusions
Mitochondrial dysfunction can have extensive effects on the entire body, impacting mul-
tiple physiological systems and playing a role in the onset of different diseases. Mito-
chondrial communication is vital in protecting mitochondrial health and safeguarding 
mitochondrial function by facilitating the transfer of material and information between 
mitochondria. Still, it is important to remember that increasing mitochondrial commu-
nication can also expedite the spread of substances and signals in impaired mitochon-
dria, potentially exacerbating cellular damage. The relationship between cellular health 
and mitochondrial health in the aging process is well-recognized to be closely intercon-
nected. Furthermore, manipulating the state of mitochondrial health and the exchange 
of information has been demonstrated to impact the progression of aging in numerous 
experimental organisms. Observations have revealed defects in many molecular compo-
nents involved in mitochondrial signaling pathways in aging and age-related illnesses. 
This suggests that molecular deterioration may occur as a result of disrupted mitochon-
drial communication. Gaining insight into the process of mitochondrial communica-
tion and the interplay between mitochondrial communication and aging would surely 
enhance our understanding of age-related disorders from a novel standpoint and offer 
potential targets for their diagnosis and therapy.
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