
R E V I E W Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Wang and Xie Journal of Ovarian Research          (2024) 17:233 
https://doi.org/10.1186/s13048-024-01560-8

12 S and 16 S rRNAs and 22 tRNAs [4]. Mitochondria are 
multifunctional, encompassing processes such as adenos-
ine triphosphate (ATP) synthesis, the maintenance of 
calcium (Ca2+) homeostasis, and the induction of apop-
tosis, all of which are fundamental for cellular metabo-
lism and homeostasis [5]. Mitochondria generate ATP 
for cells via OXPHOS, a process that concomitantly pro-
duces reactive oxygen species (ROS) as byproducts [6]. 
An overabundance of ROS can result in mitochondrial 
dysfunction and apoptosis [7]. Alterations in intracellu-
lar Ca2+ homeostasis prompt mitochondria to sequester 
Ca2+ from the cytoplasm to restore intracellular Ca2+ 
equilibrium [8]. In the endogenous apoptotic pathway, 
mitochondria release cytochrome c, which subsequently 
interacts with the apoptosis activator, protease 1, culmi-
nating in cellular apoptosis [9].

Mitochondrial dysfunction encompasses alterations 
in mitochondrial dynamics, including processes such as 
fission and fusion, which can precipitate cellular apop-
tosis and contribute to tumorigenesis [10]. Throughout 
tumor initiation and progression, mitochondria function 

Introduction
Mitochondria are double membrane-bound organelles. 
The outer membrane contains various protein channels 
that facilitate the exchange of small molecules, such as 
ions and metabolites [1]. Mitochondrial outer mem-
brane permeabilization (MOMP) typically commits a cell 
to apoptosis upon induction [2]. The inner membrane 
forms invaginations known as cristae, where the oxida-
tive phosphorylation (OXPHOS) complexes are located 
[3]. The mitochondrial matrix houses multiple copies of 
mitochondrial DNA (mtDNA) and ribosomes. mtDNA 
encodes 13 proteins essential for OXPHOS, as well as the 
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Abstract
Mitochondria are dynamic organelles integral to metabolic processes, coordination of essential biological pathways, 
and oncogenesis and tumor progression. Recent studies have revealed that mitochondria can be transferred 
between cells via multiple mechanisms, implicating their involvement in the pathogenesis and progression of 
ovarian cancer. This review provides a comprehensive analysis of intercellular mitochondrial transfer within the 
context of ovarian cancer and its tumor microenvironment. We also propose targeted pathways and therapeutic 
strategies that could be utilized to modulate diseases associated with mitochondrial transfer therapy. Finally, we 
examine recent advancements in this field and identify several unresolved questions.
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as pivotal organelles for metabolic reprogramming. In 
the context of ovarian cancer, there is substantial evi-
dence indicating that mitochondrial dysfunction, oxida-
tive stress, and apoptosis signaling pathways are critically 
involved, underscoring the centrality of mitochondria 
in these processes [11]. Research has investigated the 
differences in mitochondrial function between normal 
ovaries and cancers. The findings demonstrated that indi-
viduals with ovarian cancer showed markedly reduced 
levels of cellular oxidative stress, mitochondrial mass, 
and mitochondrial biogenesis in their peripheral blood 
mononuclear cells. Furthermore, a notable decrease 
in mitochondrial membrane depolarization and mito-
chondrial swelling was observed in the ovarian cancer 
tissues. However, mitochondrial ROS levels did not sig-
nificantly differ between normal and cancerous ovarian 
tissues [12]. Intercellular mitochondrial transfer can be 
conceptualized as an extension of intracellular mitochon-
drial dynamics or intercellular communication. This phe-
nomenon has been documented both in vitro and in vivo 
under physiological and pathophysiological conditions 
across various cell types, including cancer cells [13, 14]. 
In a pioneering co-culture experiment, Spees et al. firstly 
demonstrated that human bone marrow mesenchymal 
stem cells (MSCs) could rescue cells with nonfunctional 
mitochondria through the transfer of mitochondria or 
mtDNA [15]. Subsequent research has observed inter-
cellular mitochondrial transfer in the context of various 
diseases, including tissue regeneration [16], neurological 
disorders [17], and tumors [18].

The tumor microenvironment (TME), which includes 
stromal cells, the extracellular matrix, and exosome com-
ponents, is characterized by hypoxia, elevated intersti-
tial pressure, and inflammatory reactivity, and is closely 
linked to tumor growth, metastasis, and drug resistance 
[19]. In addition to malignant cells, the TME consists of 
mesenchymal cells, immune cells, adipocytes, among 
others [20]. Ovarian cancer is particularly noted for its 
propensity for intraperitoneal metastasis. During this 
metastatic process, cancer cells derive energy from the 
surrounding host cells, underscoring the critical impor-
tance of interactions among various cell types within the 
TME [21]. In this review, we examine the various aspects 
of intercellular mitochondrial transfer between ovarian 
cancer cells and the TME, and provide a comprehen-
sive summary of the associated transfer routes, signaling 
pathways, and molecular mechanisms. From this vantage 
point, we suggest that this process and its intervention 
may serve as novel targets for therapeutic development.

The routes of intercellular mitochondrial transfer 
and the molecular mechanism implicated
Tunneling nanotubes
Tunneling nanotubes (TNTs) are slender, elongated, 
non-adherent structures that facilitate direct communi-
cation between distant cells. These protrusions contain 
filamentous actin and transport entire organelles [22]. In 
2004, Rustom et al. were the first to observe TNTs, which 
consist of F-actin-containing channels that connect 
cells over considerable distances [23]. Subsequently, an 
increasing number of cell types, including myeloid cells 
[24], MSCs [25], and tumor cells [26], have been found 
to possess TNTs. This discovery underscores the ubiquity 
and prevalence of TNTs as a means of cellular commu-
nication. TNTs were initially identified in vitro and have 
recently been observed in vivo as well [27]. The intercel-
lular connections formed by TNTs are characterized by 
their dynamic nature and heterogeneity. The morphol-
ogy and composition of TNTs exhibit considerable vari-
ability, with lengths ranging from several micrometers to 
over 100 micrometers, and diameters spanning from tens 
of nanometers to several micrometers. The cytoskeleton 
within TNTs is composed of F-actin or microtubules 
[28]. TNTs not only play a role in the normal physiologi-
cal activities of cells but also have a unique function in 
specific processes, such as immune cell differentiation 
and antigen presentation, Ca2+ signaling, and the trans-
fer of organelles [24, 29–31]. Subcellular structures, 
notably mitochondria, are transported between cells via 
TNTs, which play a pivotal role in tumor networking 
and disease progression. In ovarian cancer, the presence 
of TNTs in ovarian cancer cells has been substantiated 
through two-photon excitation FLIM-FRET imaging. 
This technique has elucidated the structural composition 
of TNTs as lipid bilayers containing microtubules, which 
facilitate the transmission of ions and organelles between 
adjacent cells [32].

Two distinct mechanisms have been proposed for 
the dynamics and formation of TNTs, which may vary 
according to cell heterogeneity. The first mechanism 
involves the extension of filopodia-like protrusions 
towards another cell, resulting in the formation of either 
open or closed conduits, contingent upon whether the 
ends of the conduits fuse with the membrane of the tar-
get cell. The open conduits facilitate cell-cell contact 
through communicating cytoplasm, known as TNTs, 
whereas the closed conduits, analogous to an elon-
gated synaptic contact, are referred to as cytonemes [24, 
33]. The second mechanism entails the direct contact 
between two proximal cells, where the contact site is 
subsequently stretched and deformed as the cells move 
in opposite directions, thereby generating TNTs. The 
duration of cell contact is critical for the establishment of 
stable TNTs [33, 34]. Mechanistic studies have revealed 
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that the mammalian target of rapamycin (mTOR) sig-
naling pathway and the cell division control protein 42 
homolog (CDC42) play pivotal roles in regulating the 
protrusion and growth of nanotubes [35]. Furthermore, 
the activation of the MAPK signaling pathway is associ-
ated with the formation of TNTs. Research indicates that 
the epidermal growth factor receptor (EGFR) activates 
the MAPK cascade to promote the formation of TNTs 
between ovarian cancer cells, whereas inhibition of ERK 
and RSK can suppress this process [36]. Mitochondrial 
adaptors, including small mitochondrial Rho GTPases 
Miro1/2 and kinesin adaptor proteins TRAK1/2, as well 
as the myosin motor Myo19, play a pivotal role in facili-
tating mitochondrial movement [37–39]. Miro1/2 are 
integral to the regulation of mitochondrial transport by 
linking mitochondria to kinesin and dynein motor pro-
teins. TRAK1/2 facilitate the anterograde movement of 
mitochondria, whereas Myo19 is implicated in mediating 
shorter-range mitochondrial movements [37]. Among 
these, Miro1 is a predominant protein involved in the 
intercellular transportation of mitochondria via TNTs 
(Fig. 1). Miro1, a calcium-sensitive adaptor protein, facili-
tates the connection between mitochondria and kinesin 
family motor protein 5 (KIF5). This interaction is inhib-
ited when Ca2+ binds to the EF hand domains of Miro1 
[40]. Beyond its well-documented role in neurological 
diseases, recent studies have demonstrated that Miro1 
regulates the intercellular transfer of mitochondria from 
MSCs to epithelial cells via TNTs, thereby enhancing the 
therapeutic efficacy of MSCs [41].

Extracellular vesicles
Extracellular vesicles (EVs) constitute a heterogeneous 
group of membranous vesicles secreted by various cellu-
lar sources. Initially perceived as cellular waste disposal 
mechanisms, EVs are now recognized as pivotal media-
tors of intercellular communication. Based on their size, 
origin, and cargo, EVs can be classified into microvesicles 
(MVs), exosomes, apoptotic bodies (ApoBDs), and mig-
rasomes [42, 43]. These vesicles are capable of transport-
ing a diverse array of cargos, including nucleic acids, 
proteins, metabolites, and even organelles, thereby influ-
encing recipient cells through long-distance transport 
mechanisms. The functional effects of these EVs are gen-
erally determined by the specific proteins or RNAs they 
contain.

MVs are formed by budding from the plasma mem-
brane and have a diameter ranging from 50 to 1000 nm, 
closely resembling the parental cell membrane [44]. 
MVs derived from human brain endothelial cells have 
the capability to transfer mitochondria, thereby enhanc-
ing endothelial cell survival under ischemic conditions 
[45]. Exosomes, on the other hand, are nanovesicles that 
originate from endosomes and have a diameter rang-
ing from approximately 40 to 160  nm [46]. The cur-
rent study provides evidence that exosomes, although 
devoid of mitochondria, contain mtDNA that can be 
transferred between cells [45]. ApoBDs originate from 
the blebbing of apoptotic cells undergoing programmed 
cell death, with diameters ranging from 800 to 5000 nm 
[47]. These ApoBDs often contain organelles exhibiting 
healthy morphology, such as mitochondria, ribosomes, 
and the endoplasmic reticulum [48]. Migrasomes, which 
form in migrating cells, have diameters ranging from 500 

Fig. 1  TNTs-mediated intercellular mitochondrial transfer and signaling pathways. The mTOR/Cdc42 and EGFR/MEK signaling pathways are implicated in 
the formation of TNTs. Miro1 is primarily accountable for transporting mitochondria
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to 3000  nm and contain multiple vesicles within their 
cavities [43]. Research has demonstrated that damaged 
mitochondria are transported into migrasomes and sub-
sequently expelled from migrating cells in response to 
mild mitochondrial stress, as observed in mouse liver 
neutrophils [49].

Mechanistically, mitochondria-containing MVs typi-
cally express proteins associated with the endosomal 
sorting complex required for transport (ESCRT), such 
as tumor susceptibility gene 101 (TSG101) and arres-
tin domain-containing 1 (ARRDC1) [50, 51]. The MSCs 
utilize ARRDC1-mediated MVs (ARMMs) to export 
mitochondria across the plasma membrane, which are 
subsequently engulfed by macrophages and reutilized to 
enhance bioenergetic functions [50, 51]. Cluster of dif-
ferentiation 38 (CD38) is a member of the nicotinamide 
adenine dinucleotide (NAD+) glycohydrolase family, 
catalyzing the conversion of NAD+ to cyclic ADP ribose 
(cADPR) [52]. Subsequently, cADPR induced the release 
of Ca2+ and facilitated the release of mitochondria-con-
taining MVs [53, 54] (Fig.  2). The interaction between 
ovarian cancer cells and the TME mediated by EVs has 
been extensively investigated. The primary constituents 
of these EVs are microRNAs and proteins [55]. How-
ever, the role of mitochondria-rich EVs in ovarian cancer 
remains under exploration.

Cell fusion
Cell fusion entails the amalgamation of the membranes of 
two distinct cells, facilitating the exchange of organelles 
and cytosolic components while preserving the integ-
rity of their nuclei [56]. This phenomenon is observed in 
various physiological processes, including placentation, 
myogenesis, and osteoclastogenesis, as well as in patho-
physiological conditions such as cancer [57]. The pro-
cess of cell fusion can be delineated into three sequential 
stages: competence, which involves cell induction and 
differentiation; commitment, characterized by cell deter-
mination, migration, and adhesion; and the final stage of 
cell fusion, which encompasses membrane merging and 
cytoplasmic integration [58].

It has been proposed that hypoxia and inflammation 
act as positive regulators of cell fusion. Hypoxia has been 
shown to enhance the cell fusion of ovarian cancer cells, 
thereby increasing their invasive potential [59]. Tumor 
necrosis factor alpha (TNFα) has been demonstrated 
to facilitate cell fusion between oral cancer cells and 
endothelial cells through the VCAM-1/VLA-4 pathway 
[60]. In addition, dysregulation of syncytin, a fusogenic 
protein, is implicated in the induction of cell fusion in 
tumor cells. Syncytin, a human endogenous retroviral 
(HERV) envelope protein, has been associated with both 
trophoblast and cancer cell fusions. Syncytin-1 and syn-
cytin-2 mediate their fusion capabilities through bind-
ing to their respective receptors, ASCT-2 and MFSD-2 
[61]. Both syncytin-1, syncytin-2, and their receptors 

Fig. 2  Mitochondrial transfer via EVs and the molecular pathways implicated. CD38 catalyzes the NAD+ to cADPR, and increases the release of Ca2+ from 
endoplasmic reticulum, thus promoting the release of mitochondria-containing MVs. ARRDC1 interact with TSG101 and unload mitochondria outward 
the plasma membrane
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are markedly overexpressed in various cancers, indicat-
ing that cell fusion may significantly contribute to cancer 
initiation and progression [62, 63]. Additionally, TNFα 
has been shown to upregulate ASCT-2 expression via 
the PI3K/AKT signaling pathway in endothelial cells and 
to enhance syncytin-1 expression through the Wnt/β-
catenin pathway in oral squamous cell carcinoma cells 
[64] (Fig. 3). Melzer et al. demonstrated that the co-cul-
ture of human umbilical cord derived-MSCs with ovar-
ian cancer cells SKOV3 in vivo promotes tumor growth 
and liver metastasis. Upon the formation of hybrid cells 

between MSCs and ovarian cancer cells, the expression of 
syncytin-2 and MFSD-2 A was observed in both paren-
tal and hybrid cell populations. However, in comparison 
to the parental cancer cells, the hybrid cells exhibited a 
reduced proliferation capacity, an increased expression 
of E-cadherin, and a decreased expression of N-cadherin. 
These findings suggest that the hybrid cells undergo a 
mesenchymal-to-epithelial transition (MET) [65]. These 
studies indicate that cell fusion may exert dual effects, 
either promoting or suppressing tumor development. 
These variations suggest that the outcomes of cell fusion 

Fig. 3  Cell fusion-mediated intercellular mitochondrial transfer and signaling pathways. VCAM-1/VLA-4, syncytin-1/ASCT-2, and syncytin-2/ MFSD-2 
mediate the process of cell fusion. TNFα can increase the expression of syncytin-1 and ASCT-2 via PI3K/AKT and Wnt/β-catenin signaling pathways 
respectively
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may be contingent upon the specific cellular type or the 
TME. Furthermore, proteins such as cluster of differen-
tiation 9 (CD9) and cluster of differentiation 47 (CD47) 
have been implicated in mediating cell fusion processes 
in cancer [66, 67].

Uptake of isolated mitochondria
Thierry AR et al. identified the presence of respiratory-
competent free mitochondria in human blood, indepen-
dent of EVs [68]. Conversely, Stier A provided evidence 
suggesting that free mitochondria are unlikely to be 
functional, as they exhibit no potential for OXPHOS in 
vitro [69]. Additionally, researchers have proposed a 
strategy for the artificial transfer of mitochondria to 
restore mitochondrial function in recipient cells. Stud-
ies have demonstrated that the transfer of human cardiac 
fibroblast-derived mitochondria to ovarian cancer cells 
did not affect cell proliferation; however, it significantly 
reduced cell migration and increased sensitivity to che-
motherapy [70]. Aerobic glycolysis, also referred to as the 
Warburg effect, has been implicated in the biochemistry 
and metabolism of tumors [71]. Studies have demon-
strated that isolated mitochondrial transplantation can 
enhance aerobic respiration, mitigate the Warburg effect, 
and activate apoptotic pathways. These findings indicate 
a potential therapeutic application in the treatment of 
ovarian cancer [70].

Endocytosis pathways can be classified into four types: 
clathrin/caveolae-mediated endocytosis, clathrin/cave-
olae-independent endocytosis, macropinocytosis, and 
phagocytosis [72]. It has been discovered that exogenous 
isolated mitochondria can be internalized into recipient 
cells via actin-dependent macropinocytosis rather than 
clathrin-mediated endocytosis [73, 74]. Macropinocyto-
sis is a non-receptor-mediated, actin-driven process that 
involves membrane ruffling, macropinosome formation, 
and the subsequent internalization of extracellular mate-
rial [75]. It has been demonstrated that several key regu-
lators of actin polymerization, including small GTPases 
(such as Ras, Rac, Cdc42, Arf6, and Rab5), p21-activated 
kinase 1 (Pak1), and PI3K, play crucial roles in the forma-
tion of plasma membrane protrusions and in facilitating 
macropinocytic activity [76]. The detailed mechanism is 
shown in Fig. 4.

Gap junctions
Gap junctions (GJs) are composed of two connexons, 
each of which consists of six subunits known as connex-
ins, forming the functional units that facilitate both elec-
trical and metabolic communication between adjacent 
cells [77]. Extensive reviews have elucidated the critical 
role of GJs in the intercellular transfer of mitochondria. 
To date, at least twenty-one connexin isoforms have been 
identified within the human genome, with connexin 43 

(Cx43) being the most extensively studied in the context 
of tumors [78]. Cx43 gap junction channels have been 
demonstrated to facilitate the intercellular transfer of 
mitochondria, potentially through mechanisms involv-
ing direct transfer, Ca2+, or ROS exchange [79]. In models 
of ovarian follicles, Cx43 gap junctions have been impli-
cated in mediating mitochondrial transfer [80]. However, 
multiple studies have reported low expression levels of 
Cx43 in ovarian cancer, and its overexpression has been 
associated with the inhibition of ovarian cancer cell pro-
liferation [81, 82]. These findings imply that mitochon-
drial transfer in ovarian cancer cells may not be mediated 
by GJs.

The fate of mitochondrial transfer to recipient cells 
and related laboratory methodology
The fate of transferred mitochondria within recipient 
cells is intricate and multifaceted. Numerous studies have 
demonstrated that the acquisition of exogenous mito-
chondria by recipient cells results in the restoration of 
respiratory function, thereby enhancing cellular aggres-
siveness and resistance to chemotherapy [18, 83]. This 
indicates that the transferred mitochondria are capable of 
normal functionality within the recipient cell. One study 
has examined the long-term fate of foreign mitochondria 
in recipient cells and observed that these mitochondria 
eventually fuse with host lysosomes. Subsequently, the 
transferred mitochondria were progressively encapsu-
lated in vesicles measuring 3–5 μm and excreted into EVs 
around day 8. These observations indicate that the trans-
ferred mitochondria may either be degraded by the host 
lysosome or expelled from the cells [84]. Mitochondria 
are dynamic organelles that continuously undergo fusion 
and fission processes to maintain functional complemen-
tarity and ensure mitochondrial quality control. The fate 
of the transferred mitochondria may vary, potentially 
influenced by mechanisms related to the quality control 
of mitochondria [85].

Currently, a range of experimental methodologies are 
available to investigate mitochondrial transfer between 
cells. MitoTracker dyes are widely utilized fluores-
cent probes that selectively stain mitochondria and can 
remain bound to these organelles even after cell death 
or fixation [86]. However, several limitations persist: 
Firstly, certain MitoTracker dyes depend on mitochon-
drial membrane potential, which can lead to non-specific 
staining in the cytoplasm. Secondly, MitoTracker dyes 
have the potential to disrupt mitochondrial networks, 
potentially causing cell death. Additionally, these dyes 
lack sufficient photostability to endure high-resolution, 
long-term stimulated emission depletion (STED) imag-
ing [87, 88]. Recently, several alternative mitochondrial 
dyes have been introduced, complementing the classic 
MitoTracker dyes. MitoESq-635, a squaraine dye, has 
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been specifically designed for long-term live-cell STED 
imaging of mitochondria, enabling clear visualization of 
fusion and fission processes of mitochondria [89].

Plasmids and viral vectors have been employed to 
introduce fluorescent proteins tagged with a mitochon-
drial import sequence (e.g., mitoGFP, mitoRFP, mitoYFP, 
and mitoDsRed) into cells. These fluorescent proteins 
present a less toxic alternative to dyes and yield data that 
are less susceptible to confounding factors. However, 

these approaches also present limitations, including the 
induction of oxidative stress and apoptosis. Furthermore, 
accurately determining the precise localization of labeled 
donor mitochondria within or on the surface of recipient 
cells through microscopy remains challenging for image 
interpretation [90].

mtDNA polymorphisms have emerged as novel bio-
markers for the detection of various diseases [91]. In co-
cultured cells or tumor models, mtDNA polymorphisms 

Fig. 4  Uptake of isolated mitochondria and implicated signaling pathways. Ras activates the subsequent cascades such as PI3K, Rab5, Arf6, and Rac1/
Cdc42/PAK1, thereby mediating macropinocytic activity
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offer the most compelling evidence of acquired mtDNA 
within a recipient cell population, as determined through 
PCR amplification techniques. However, it is essential to 
identify stable polymorphisms in tumor cell lines [90]. 
Furthermore, assessing the respiratory capacity of recipi-
ent cells provides the most robust evidence for mitochon-
drial trafficking between cells [92]. Phenotypic changes 
and functional differences in recipient cells can also serve 
as indicators of intercellular mitochondrial transfer [83].

Cell types involved in intercellular mitochondrial 
transfer between ovarian cancer and tumor 
microenvironment
Between ovarian cancer cells
Intratumoral heterogeneity refers to the presence of 
cell subclones with varying phenotypes within a tumor, 
resulting in differences in cell proliferation, invasion, 
metastatic potential, and therapeutic response [93]. Cer-
tain subsets of cells engage in metabolic cooperation 
by sharing mitochondria, thereby synchronizing their 
response to drug therapy. Research has demonstrated 
that hypoxic conditions can induce the expression of 
HIF-1α and the formation of TNTs between ovarian 
cancer cells, facilitating mitochondrial transfer. Further-
more, inhibition of the mTOR pathway has been shown 
to suppress TNTs formation [94]. The unfolded protein 
response (UPR), triggered by factors such as hypoxia or 
chemotherapeutic agents, has been implicated in the pro-
motion of polyploid giant cancer cells (PGCCs) through 
cell fusion in ovarian cancer cells [59]. Empirical evi-
dence suggests that PGCCs in triple-negative breast 
cancer can generate mononuclear daughter cells filled 
with mitochondria and lipid droplets, thereby enhanc-
ing chemotherapy resistance through metabolic repro-
gramming [95]. Furthermore, the formation of TNTs has 
been observed at the tissue level in ovarian cancer. Mito-
Tracker analysis further indicates that TNTs may facili-
tate intercellular mitochondrial transfer [96].

Ovarian cancer cells and immune cells
Immune suppression and immune evasion play a criti-
cal role in tumor progression. Tumor-associated mac-
rophages (TAMs) are a crucial element of the TME 
and exist in two primary activation states: M1 TAMs, 
which secrete various pro-inflammatory factors and 
inhibit tumor growth, and M2 TAMs, which sup-
press the immune response and promote tumor growth 
and metastasis [97]. In a study by Cole JM et al., it was 
demonstrated that co-culturing M0, M1, and M2 mac-
rophages with ovarian cancer cells induced morphologi-
cal changes in the cancer cells and led to the formation 
of TNTs between ovarian cancer cells, and some of the 
structures were found to contain mitochondria. Subse-
quent research has suggested that the formation of the 

TNT structure may be facilitated by the EGFR/MAPK 
pathway [36]. A prior study demonstrated that the for-
mation of heterotypic TNTs between macrophages and 
breast cancer cells promoted tumor cell invasion, a pro-
cess also reliant on EGFR signaling [98]. However, in 
investigations related to ovarian cancer, TNTs have been 
observed to establish connections exclusively between 
tumor cells, rather than with macrophages.

Ovarian cancer cells and endothelial cells
As tumors expand and oxygen levels decline, they secrete 
soluble vascular endothelial growth factor (VEGF), which 
diffuses across the cellular space and is absorbed by the 
vascular endothelium. Research has demonstrated that 
ovarian cancer cells can form heterotypic TNTs with 
endothelial cells, thereby facilitating the transport of 
VEGF and HIF-1α [99]. In co-culture experiments, endo-
thelial cells were paired with ovarian cancer cell lines 
(SKOV3 and OVCAR3) as well as breast cancer cell lines 
(MCF7 and MDA). The results indicated that the mito-
chondria of endothelial cells were transferred to all four 
cancer cell lines via TNTs. Further investigations have 
shown that breast cancer cells MCF7 acquire chemother-
apy-resistant phenotype; however, this experiment was 
not conducted on ovarian cancer cell lines [100].

Ovarian cancer cells and mesothelial cells
Advanced ovarian cancer is frequently characterized 
by substantial ascites and intraperitoneal implantation. 
Ovarian cancer cells predominantly metastasize to the 
coelomic-lining mesothelial cells, with adhesion to these 
cells playing a crucial role in their dissemination. Recent 
research on ovarian cancer and mesothelial cells has 
primarily focused on the induction of apoptosis and the 
mesothelial-to-mesenchymal transition of mesothelial 
cells [101, 102]. When the volume of ascites exceeds 2 L, 
there is a significant increase in intraperitoneal pressure, 
rising from the normal level of 5 mmHg to as high as 22 
mmHg, which enhances the adhesion of ovarian cancer 
cells to the peritoneum and promotes the formation of 
TNTs between ovarian cancer cells and peritoneal meso-
thelial cells, facilitating the transport of mitochondria 
[103]. Notably, TNTs were absent in co-cultures of meso-
thelial and tumor cells in the absence of external pressure. 
Additionally, when ovarian cancer cells were co-cultured 
with omental adipocytes, only a few membrane protru-
sions were observed [36]. Future research should inves-
tigate the interactions between ovarian cancer cells and 
adipocytes under conditions of external pressure.

Ovarian cancer cells and carcinoma-associated MSCs
Carcinoma-associated mesenchymal stem cells (CA-
MSCs) represent pivotal stromal progenitor cells within 
the TME, playing a crucial role in promoting tumor cell 



Page 9 of 14Wang and Xie Journal of Ovarian Research          (2024) 17:233 

proliferation, enhancing cancer stemness, and increasing 
resistance to chemotherapy [104]. During the metastasis 
of ovarian cancer cells, MSCs undergo an epigenomic 
MET, resulting in the formation of CA-MSCs, which 
possess pro-tumorigenic properties and directly interact 
with cancer cells, thereby acting as drivers or facilitators 
of metastasis [105]. Empirical evidence indicates that 
CA-MSCs form heterocellular units with cancer cells, 
thereby fostering ovarian cancer metastasis and hetero-
geneity through the direct transfer of mitochondria. This 
mechanism of mitochondrial donation from CA-MSCs 
to cancer cells with low mitochondrial levels may con-
tribute to cancer cell survival and metastatic potential. 
Further investigation revealed that knockdown of MIRO1 
in CA-MSCs effectively precluded mitochondrial transfer 
to cancer cells [106]. A summary of the aforementioned 
studies on mitochondrial transfer in ovarian cancer is 
provided in Table 1.

Therapeutic strategies for intercellular 
mitochondrial transfer in ovarian cancer
TNTs inhibitors
Recent studies indicate that intercellular mitochondrial 
transfer between ovarian cancer cells and the TME pre-
dominantly occurs via TNTs. Targeting TNTs is emerg-
ing as a novel strategy for cancer treatment. These studies 
have shown that the formation of TNTs is induced under 
conditions of hypoxia or external stress, with the pri-
mary signaling pathways involved being the mTOR and 
EGFR/MAPK pathways. In vitro experiments have dem-
onstrated that inhibitors of the mTOR pathway, such as 
everolimus and metformin, effectively suppress the for-
mation of TNTs [94]. The ERK inhibitor SCH772984 has 
been shown to inhibit the formation of TNTs between 
ovarian cancer cells [36]. Additionally, a Miro1 reducer 
has been demonstrated to decrease Miro1 protein levels 
in a dose-dependent manner, an effect that is blocked 

by the proteasome inhibitor MG132 [107]. These stud-
ies primarily investigated the formation of TNTs and the 
proteins involved in mediating intercellular mitochon-
drial transfer. However, specific biomarkers of TNTs in 
cancer have yet to be identified. Future research should 
focus on a comprehensive exploration of TNTs as poten-
tial therapeutic targets.

EVs inhibitors
A substantial body of research on EVs focuses on liq-
uid biopsies; however, some studies are investigating EV 
inhibitors as a research tool. Catalano et al. provided a 
comprehensive summary of several commonly used EV 
inhibitors, categorizing them based on their mechanisms 
of action. Certain inhibitors specifically target the traf-
ficking pathways of EVs, including calpeptin, manumy-
cin A, and Y27632. Calpeptin is known to inhibit calpain 
activity, thereby affecting cytoskeletal dynamics essential 
for vesicle transport. Manumycin A interferes with Rho 
GTPase signaling pathways, which are critical for cell 
motility and membrane trafficking processes essential 
for EV release. Y27632 specifically inhibits Rho-associ-
ated protein kinase (ROCK), thereby modulating actin 
cytoskeleton organization and subsequently influencing 
the secretion of both MVs and exosomes. Other inhibi-
tors primarily affect lipid metabolism within cells that 
produce EVs. Notable examples include pantethine, an 
intermediate in coenzyme A synthesis; imipramine, a tri-
cyclic antidepressant that alters cellular lipid profiles; and 
GW4869, a compound known for its inhibition of neu-
tral sphingomyelinase 2 activity, which results in reduced 
exosome production [108]. Moreover, recent finding 
indicates that heparin may play an inhibitory role regard-
ing the uptake mechanisms associated with EVs in ovar-
ian cancer models [109].

Table 1  Mitochondrial transfer studies in ovarian cancer
Donor cells Recipient cells Mechanism Triggers Cellular effect Reference
ovarian cancer cells ovarian cancer cells TNTs hypoxia ND [94]
ovarian cancer cells ovarian cancer cells TNTs ND ND [96]
ovarian cancer cells ovarian cancer cells cell fusion UPR invasion [59]
ovarian cancer cells ovarian cancer cells TNTs macrophage-condi-

tioned media
ND [36]

endothelial cells ovarian cancer cells TNTs ND ND [100]
mesothelial cells ovarian cancer cells TNTs ascites-induced 

compression
ND [103]

CA-MSCs ovarian cancer cells ND hypoxia increased proliferation, 
chemoresistance, metabolic 
fitness

[106]

MSCs ovarian cancer cells cell fusion ND reduced proliferation [65]
human cardiac fibroblast 
cells

ovarian cancer cells isolated mitochon-
drial transplantation

ND chemotherapeutic sensitivity [70]

ND: not defined; UPR: unfolded protein response; CA-MSCs: carcinoma-associated mesenchymal stem cells; MSCs: mesenchymal stem cells
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Cell fusion inhibitors
Hypoxia, TNFα, and associated signaling pathways are 
intricately linked to the process of cell fusion. In the con-
text of breast cancer, TNFα-induced cell fusion is inhib-
ited by minocycline through the targeting of the NF-κB 
pathway [110]. Emerging evidence indicates the potential 
for targeting syncytins to mitigate cell fusion in cancer. 
Strick et al. demonstrated that syncytin-1 is implicated 
in cell fusion in endometrial cancer cells, contingent 
upon steroid hormones or cAMP activation. Further-
more, posttranscriptional silencing of syncytin-1 gene 
expression, or the application of TGF-β1 and TGF-β3, 
can effectively inhibit cell fusion [111]. In another study, 
the knockdown of syncytin-2 or its receptor MFSD-2 A 
in MDA-MB-231 cells inhibits intercellular membrane 
fusion [112]. Furthermore, anti-VLA-4 or anti-VCAM-1 
treatment can also impede the process of cell fusion [60].

Exogeneous mitochondrial transfer enhancer
Previous studies have demonstrated that the ingestion of 
exogenous mitochondria can mitigate the malignant bio-
logical behavior of cancer cells; however, the efficiency of 
this transfer process remains suboptimal. In recent years, 
various methodologies have been developed to facilitate 
the introduction of isolated exogenous mitochondria into 
cells. Notably, in the context of acute myocardial infarc-
tion, mitochondria complexed with transactivator of 
transcription dextran (TAT-dextran) have exhibited sig-
nificantly enhanced cellular uptake [113]. Additionally, 
centrifugation has been reported as a straightforward 
and effective method for mitochondrial transfer across 
various cell types, including cancer cell lines and MSCs 
[114]. This system demonstrates potential adaptability 
for both adherent and suspension cells. Methodologies 
employing anti-mitochondrial import receptor TOM22 
magnetic beads, in conjunction with a magnetic plate, 
facilitate direct mitochondrial transfer [115]. However, 
there is a concern regarding the retention of magnetic 
beads within cells for up to four days post-transplanta-
tion, and the precise impact of these beads on cellular 
function remains undetermined. Additionally, photother-
mal nanoblades, which utilize laser pulse-induced light 
energy, produce highly localized, shaped, and explosive 
cavitation bubbles that transiently disrupt cell mem-
branes. This technique allows for the perforation of cell 
membranes and the transfer of mitochondria into cells 
[116].

Conclusions and future expectations
The significance of intercellular mitochondrial transfer 
in the progression and chemoresistance of ovarian can-
cer is increasingly being recognized. Recent research has 
demonstrated that mitochondria, the organelles respon-
sible for cellular energy production, can be transferred 

between adjacent cells via mechanisms such as TNTs or 
cell fusion. This mitochondrial transfer may play a pivotal 
role in tumor biology by modulating metabolic pathways, 
enhancing cell survival under stress conditions, and con-
tributing to chemotherapy resistance. Nonetheless, sev-
eral questions remain unanswered concerning the energy 
cooperation and tumor heterogeneity underlying inter-
cellular mitochondrial transfer.

As is well established, defective mitochondrial function 
plays a crucial role in tumorigenesis and progression, 
characterized by increased aerobic glycolysis. Tumors 
exhibit two distinct metabolic phenotypes: highly gly-
colytic and OXPHOS-dependent phenotypes [117]. The 
balance between glycolytic and oxidative energy metabo-
lism is a dynamic process during the initiation and pro-
gression of cancer. Tumor cells with a highly glycolytic 
phenotype primarily depend on glycolysis for energy 
production and demonstrate increased aggressiveness. 
However, purely glycolytic ρ0 tumor cells are unable to 
form tumors due to the absence of mitochondrial elec-
tron transport, unless they acquire mitochondria from 
adjacent cells [118, 119]. Previous research has dem-
onstrated that ovarian cancer cells internalize isolated 
mitochondria, thereby attenuating the Warburg effect 
and enhancing apoptosis [70]. Furthermore, a substan-
tial body of literature suggests that ovarian cancer cells 
acquire mitochondria from the TME, which facilitates 
the restoration of respiratory function and contributes to 
increased aggressiveness and resistance to chemothera-
peutic agents [36, 100, 103, 106]. The duality of inter-
cellular mitochondrial transfer appears to be intricately 
linked to energy metabolism in cancer [120]. Moreover, 
these findings predominantly arise from in vitro cyto-
logical experiments, the role of mitochondrial transfer in 
vivo warrants further investigation [120].

The directionality of intercellular mitochondrial trans-
fer, whether unidirectional or bidirectional, appears to 
be contingent upon cell type and disease context [14]. In 
bidirectional scenarios, the delineation between donor 
and recipient cells remains ambiguous. The mutual 
exchange of mitochondria theoretically influences both 
cell types. Current research predominantly addresses the 
transfer of mitochondria from the TME to ovarian cancer 
cells; however, the reverse transfer, from ovarian cancer 
cells to the TME, and its subsequent effects on the TME 
have not been adequately explored. Furthermore, the 
competition among various cell types may significantly 
influence mitochondrial transfer within tumor tissue, 
which is a complex environment characterized by cellu-
lar diversity. Consequently, co-culture studies involving 
multiple cell types should be conducted to elucidate this 
phenomenon more comprehensively in future research. 
Overall, ongoing investigations into intercellular mito-
chondrial communication are promising, as they not only 
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enhance our understanding of ovarian cancer biology 
but also have the potential to inform the development of 
novel therapeutic strategies.
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