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Simple Summary 

Intercellular mitochondrial transfer is an emerging biological process in which cells exchange 
mitochondria to support survival and adaptation. In cancer, tumor cells exist in a stressful 
environment with low oxygen, limited nutrients, and therapeutic pressure. Under these conditions, 
cancer cells can acquire functional mitochondria from surrounding cells, helping them restore energy 
production and survive. This process is increasingly linked to cancer aggressiveness, treatment 
resistance, and the ability of tumor cells to adopt stem-like properties. In this review, we summarized 
current knowledge on how mitochondrial transfer occurs, how it influences the behaviour of tumor 
cells, and its role in cellular adaptation. We also discussed how targeting mitochondrial exchange 
pathways may provide new strategies to improve cancer treatment outcomes and reduce disease 
relapse. 

Abstract 

Intercellular mitochondrial trafficking has emerged as an important mechanism influencing tumor 
progression, metabolic adaptability, and cancer cell plasticity. Beyond their classical bioenergetic 
functions, mitochondria act as central regulators of redox homeostasis, signalling pathways, and 
epigenetic remodelling. Increasing evidences suggest that mitochondria can be transferred between 
tumor, stromal, and immune cells through tunnelling nanotubes (TNTs), extracellular vesicles (EVs), 
gap junctions, and cell fusion within the tumor microenvironment. This dynamic exchange enables 
metabolically compromised cancer cells to restore oxidative phosphorylation, optimize energy 
production, and survive under hypoxia and therapeutic stress. Mitochondrial transfer has been 
increasingly associated with enhanced cellular plasticity and adaptive phenotypic transitions, 
including the acquisition of stem-like features that contribute to tumor heterogeneity, metastasis, and 
treatment resistance. In addition to bioenergetic restoration, transferred mitochondrial DNA and 
metabolites participate in retrograde signalling, linking metabolic state to epigenetic regulation and 
transcriptional reprogramming. This metabolic epigenetic interplay supports tumor cell adaptation 
to environmental stress and therapeutic pressure. Although significant progress has been made, the 
precise mechanisms governing mitochondrial integration and their long-term impact on cellular 
phenotypes remain incompletely understood. A deeper understanding of these processes may reveal 
new therapeutic strategies to disrupt tumor adaptability and improve treatment outcomes. 
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1. Introduction 

Cancer remains one of the leading causes of mortality worldwide despite significant advances 
in early detection and treatment [1,2]. A major challenge in achieving durable therapeutic responses 
is the presence of cancer stem cells (CSCs), a subpopulation of tumor cells characterized by self-
renewal capacity, tumor-initiating potential, and resistance to conventional cancer treatment options 
e.g., chemotherapy, and radiation therapy. CSCs were first identified in Acute Myeloid Leukemia 
(AML) as leukemia initiating cells [3] and have since been reported in most solid tumors [4]. CSCs 
are now recognized as key drivers of tumor recurrence, metastasis, and therapeutic failure. CSCs 
exhibit distinct biological features, including metabolic adaptability, enhanced DNA repair capacity, 
resistance to apoptosis, and the ability to remain in a quiescent state [5]. Their slow-cycling nature 
allows them to evade therapies that primarily target rapidly dividing malignant cells [6]. 

Initially, CSCs were thought to arise within a hierarchical tumor organization [3]. However, 
recent evidence indicates that differentiated cancer cells can acquire stem-like characteristics under 
specific conditions. This phenomenon, known as cellular plasticity, represents an emerging hallmark 
of cancer stemness and facilitates cellular adaptation and evolution in response to the tumor 
microenvironment (TME) [6]. This reversible transition enables tumors to adapt to stress conditions 
and contributes significantly to disease progression and treatment resistance. The TME plays a central 
role in regulating CSC plasticity [7]. Hypoxia, metabolic stress, inflammatory signals, and therapeutic 
interventions can promote dedifferentiation of non-CSCs into stem-like phenotypes, activate drug 
efflux pathways, enhance DNA repair mechanisms, and support survival under adverse conditions 
[8]. 

Metabolic reprogramming is a key determinant of CSC behavior, highlighting the importance of 
mitochondrial function in maintaining stemness and adaptability [6]. Beyond their classical role as 
bioenergetic organelles, mitochondria function as signaling hubs that regulate redox balance, 
apoptosis, and cellular fate decisions [8]. Recent studies have shown that mitochondria can be 
transferred between cells through specialized intercellular transport mechanisms, including 
tunneling nanotubes, extracellular vesicles, gap junctions, and cell fusion [9]. This intercellular 
mitochondrial trafficking allows cancer cells to restore bioenergetic function, enhance survival, and 
acquire aggressive phenotypes. 

Accumulating evidences suggest that mitochondrial transfer is associated with CSC plasticity, 
tumor progression, metastasis, and resistance to therapy [10,11]. In addition to restoring cellular 
energetics, transferred mitochondria and their associated genetic and metabolic components can 
influence intracellular signaling and epigenetic regulation, linking metabolic state to gene expression 
and phenotypic adaptation. However, the precise mechanisms governing mitochondrial transfer and 
its long-term functional consequences remain elusive. 

In this review, we summarized the current understanding of intercellular mitochondrial 
trafficking, its role in tumor progression and cellular plasticity, and its potential as a therapeutic 
target. 

2. Metabolic Adaptations of Cancer Stem Cells 

CSCs exhibit distinct biological characteristics, including metabolic adaptability, enhanced DNA 
repair capacity, resistance to apoptosis, and the ability to remain in a quiescent state [12]. Their slow-
cycling nature allows them to evade conventional therapies that primarily target rapidly proliferating 
tumor cells [6]. Among these features, metabolic reprogramming has emerged as a critical 
determinant of CSC function, highlighting the central role of mitochondrial activity in maintaining 
stemness and adaptability [6]. 
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Beyond their classical role as bioenergetic organelles, mitochondria function as key signalling 
hubs that regulate redox homeostasis, apoptosis, and cellular fate decisions [13]. Oxidative 
phosphorylation (OXPHOS), driven by the electron transport chain (ETC), represents the primary 
mechanism of mitochondrial ATP generation, with oxygen acting as the final electron acceptor. In 
addition to ATP production, mitochondria provide essential biosynthetic intermediates required for 
tumor growth, including amino acids, nucleotides, and lipids, thereby supporting proliferation and 
survival under diverse environmental conditions [14]. 

CSCs exhibit pronounced metabolic flexibility, enabling them to dynamically switch between 
glycolysis and mitochondrial oxidative metabolism in response to environmental constraints [15]. 
Under nutrient-rich and oxygen-sufficient conditions, many CSCs rely on glycolysis (Warburg effect) 
to support rapid proliferation and biomass synthesis. However, in glucose-deprived or hypoxic 
environments, CSCs increasingly depend on mitochondrial oxidative metabolism to sustain energy 
production and survival [16]. This metabolic switching is closely associated with changes in redox 
balance and reactive oxygen species (ROS) levels, which act both as damaging agents and as 
signalling molecules regulating adaptive responses. 

Hypoxia plays a pivotal role in shaping CSC metabolism through the activation of hypoxia-
inducible factors (HIFs), particularly HIF-1α, which promotes stemness, survival, and therapy 
resistance [17]. HIF-mediated signalling regulates multiple downstream pathways, including those 
associated with cell surface markers such as CD44, thereby contributing to tumor aggressiveness. In 
parallel, metabolic alterations within CSCs can influence the tumor microenvironment. For instance, 
increased glycolysis and lactate secretion can suppress cytotoxic T-cell activity and promote M2-like 
macrophage polarization, thereby establishing an immunosuppressive niche that facilitates tumor 
progression [18]. 

Mitochondrial dysfunction, arising from hypoxia, metabolic stress, or rapid proliferative 
demands, further drives adaptive responses in CSCs. Activation of mitochondrial stress response 
pathways enables cancer cells to maintain viability and sustain tumor plasticity under adverse 
conditions [15]. Importantly, therapeutic interventions can also reshape CSC metabolism. For 
example, platinum-based chemotherapy combined with taxanes has been shown to enrich chemo-
resistant ALDH⁺ CSC populations in ovarian cancer, whereas co-targeting mitochondrial oxidative 
metabolism using OXPHOS inhibitors can effectively prevent this enrichment and improve 
therapeutic response [19]. 

Collectively, these findings highlight metabolic plasticity as a defining feature of CSCs, with 
mitochondrial function serving as a central regulator of energy production, redox balance, and 
adaptive signalling. This metabolic adaptability not only supports tumor survival under stress but 
also provides a functional foundation for subsequent mitochondrial-dependent interactions within 
the tumor microenvironment. 

3. Tumor Microenvironment as a Driver of Mitochondrial Transfer 
3.1. Hypoxia 

Hypoxia is a defining feature of the TME and a major driver of adaptive cellular responses that 
promote long-range intercellular communication and survival within the tumor microenvironment. 
Hypoxia can induced TNT formation via HIF signalling, facilitating direct cell-to-cell transfer of 
cellular components, including mitochondria [20] (Figure 1). 

Hypoxia-induced TNT formation enhances mitochondrial transfer between cells, leading to 
measurable increases in mitochondrial content within recipient cells. This transfer supports metabolic 
adaptation by restoring mitochondrial function and enabling a shift toward OXPHOS, even under 
oxygen-limited conditions [21]. Such metabolic reprogramming allows stressed tumor cells to 
maintain energy production, resist apoptosis, and sustain proliferation within the hostile 
microenvironment [21,22]. Notably, this adaptation reflects a dynamic balance rather than a strict 
dependence on either glycolysis or oxidative metabolism, underscoring the metabolic flexibility of 
cancer cells [23]. 
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Figure 1. Factors driving intracellular mitochondrial transfer. This figure illustrates the multifaceted drivers of 
intercellular mitochondrial transfer within the TME. Factors such as hypoxia, therapeutic interventions like 
chemotherapy and radiotherapy, and oxidative stress act as potent triggers, inducing structural adaptations like 
TNTs and the release of EVs. These mechanisms facilitate the transfer of mitochondria from donor cells to 
metabolically compromised recipient tumor cells. This transfer restores OXPHOS, reinforces redox homeostasis, 
and promotes metabolic flexibility, collectively enhancing CSC plasticity, therapy resistance, and tumor 
progression. 

Beyond metabolic rescue, hypoxia-driven mitochondrial transfer contributes to immune 
modulation within the TME. Emerging evidence indicates that tumor cells can transfer dysfunctional 
mitochondria to immune cells, particularly T cells, leading to impaired mitochondrial function and 
the induction of a senescence-like phenotype. Concurrently, tumor cells may acquire functional 
mitochondria to enhance their own metabolic fitness, thereby promoting immune evasion [24]. 
Hypoxia acts not only as a metabolic stressor but also as a key regulator of intercellular mitochondrial 
trafficking, enabling tumor cells to adapt, survive, and remodel their microenvironment under 
conditions of limited oxygen availability. 

3.2. Chemotherapy and Radiation Stress 

Intercellular mitochondrial transfer has emerged as an important adaptive mechanism that 
enables tumor cells to withstand therapeutic stress. Cytotoxic treatments, including chemotherapy 
and radiation, impose significant metabolic and oxidative damage, often leading to mitochondrial 
dysfunction, reduced ATP production, and increased apoptosis. In response, tumor cells can acquire 
functional mitochondria from surrounding stromal cells, thereby restoring bioenergetic capacity and 
enhancing survival (Figure 1). 

Evidence from hematological malignancies demonstrates that mesenchymal stem cells (MSCs) 
donate mitochondria to acute myeloid leukemia and T-cell acute lymphoblastic leukemia cells during 
treatment with chemotherapeutic agents such as cytarabine and daunorubicin [25,26]. This transfer 
restores OXPHOS activity and ATP levels, thereby suppressing apoptosis and promoting therapy 
resistance [26,27]. Similar observations have been reported in solid tumors, where stromal to tumor 
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mitochondrial transfer contributes to resistance against agents such as doxorubicin in breast cancer 
models [25]. 

In addition to immediate metabolic rescue, mitochondrial transfer also supports long-term 
cellular adaptation. For instance, mitochondrial DNA (mtDNA) delivered via extracellular vesicles 
from cancer-associated fibroblasts (CAFs) has been shown to promote the exit of tumor cells from 
dormancy and enhance their proliferative capacity following therapeutic stress [28]. This suggests 
that mitochondrial acquisition not only aids survival during treatment but may also facilitate disease 
recurrence. 

Radiation-induced stress similarly impacts mitochondrial function through increased ROS 
generation and oxidative damage. Tumor cells with restored or enhanced mitochondrial capacity 
exhibit improved redox buffering and reduced sensitivity to radiation-induced cytotoxicity. In this 
context, mitochondrial transfer may contribute to the recovery of respiratory function and 
stabilization of redox homeostasis, thereby increasing the threshold for apoptosis. These findings 
indicate that mitochondrial transfer represents a key mechanism by which tumor cells adapt to 
therapeutic pressure, linking metabolic recovery to both immediate survival and long-term treatment 
resistance (Figure 1). 

3.3. Oxidative Stress 

Oxidative stress, characterized by the accumulation of ROS, is a major driver of mitochondrial 
dysfunction and a key regulator of intercellular communication within the TME. Elevated ROS levels 
not only induce cellular damage but also act as signaling cues that promote the formation of 
tunnelling nanotubes (TNTs), thereby facilitating mitochondrial transfer between cells [22] (Figure 
1). 

Experimental evidence indicates that increased hydrogen peroxide levels stimulate TNT 
biogenesis, enabling stressed cells to acquire functional mitochondria and restore redox balance. In 
hematological models, mitochondrial transfer from MSCs to acute lymphoblastic leukemia (ALL) 
cells has been shown to reduce treatment-induced mortality by improving mitochondrial function 
and buffering excessive ROS [25]. Similarly, tumor cells have been reported to acquire mitochondria 
from platelets, leading to metabolic reprogramming toward glycolysis and improved control of the 
intracellular redox state, including modulation of glutathione and ROS levels [25]. 

The acquisition of functional mitochondria plays a critical role in mitigating oxidative damage. 
By improving electron transport chain efficiency, mitochondrial transfer reduces excessive electron 
leakage and limits ROS overproduction, thereby protecting tumor cells from oxidative stress-induced 
apoptosis [22]. At the same time, mitochondrial transfer does not completely eliminate ROS 
signalling. Instead, it maintains ROS at levels that support activation of adaptive signalling pathways, 
enabling tumor cells to balance survival and stress responses. Oxidative stress functions not only as 
a damaging stimulus but also as a key trigger for mitochondrial transfer, linking redox imbalance to 
metabolic adaptation and enhanced tumor cell resilience. 

3.4. Metabolic Crisis in Tumor Cells 

Metabolic crises in tumor cells, arising from nutrient deprivation, impaired mitochondrial 
function, or defects in mtDNA, represent a critical barrier to tumor growth and survival. Under such 
conditions, cancer cells experience severe limitations in ATP production, biosynthetic capacity, and 
redox balance, ultimately compromising their tumorigenic potential. Intercellular mitochondrial 
transfer has emerged as a key adaptive mechanism that enables tumor cells to overcome these 
constraints (Figure 1). 

Seminal studies using mtDNAdeficient tumor cells have demonstrated that the absence of 
functional mitochondrial genomes severely impairs tumor formation in vivo. These cells are unable 
to initiate tumor growth unless they acquire intact mitochondria or mtDNA from surrounding 
stromal cells, thereby restoring OXPHOS and bioenergetic capacity [29,30]. For example, B16 
melanoma cells lacking mtDNA regain tumorigenicity only after acquiring functional mitochondria 
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from the TME, highlighting the essential role of mitochondrial competence in tumor initiation and 
progression [31]. 

Similarly, stromal cells within the TME actively contribute to metabolic rescue. Cancer-
associated fibroblasts (CAFs), particularly those with a glycolytic phenotype, have been shown to 
donate mitochondria to adjacent tumor cells, enhancing their respiratory capacity and invasive 
potential [31]. This transfer enables energy-deficient cancer cells to meet the high metabolic demands 
required for proliferation, survival, and adaptation to nutrient-limited conditions [27,32]. 

Importantly, mitochondrial acquisition not only restores cellular energetics but also supports 
broader aspects of tumor cell fitness, including maintenance of stem like properties and adaptation 
to environmental stress. These findings underscore that mitochondrial function is not merely 
supportive but is a fundamental determinant of tumorigenic potential. Metabolic crises act as a strong 
selective pressure that drives mitochondrial acquisition, reinforcing the role of intercellular 
mitochondrial transfer as a critical mechanism for tumor survival and progression. 

4. Modes of Mitochondrial Transfer 

Mitochondrial transfer can be intracellular or extracellular and can occur through several 
mechanisms such as formation of tunneling nanotubes (TNTs), gap junctions (GJs), extracellular 
vehicles (EVs), cell fusion, and endocytosis (Figure 1). Healthy cells can transfer functional 
mitochondria to damaged cells, where they merge with or replace the damaged ones, helping restore 
normal energy functions [9]. Moreover, mitochondria can be transferred within the TME and this 
transfer is not only limited to tumor cells themselves but can occur between tumor cells and stromal 
cells, tumor cells and immune cells, tumor cells and endothelial cells, or between tumor cells and 
homologous normal cells [25] (Figure 2). 

 
Figure 2. Routes of intercellular mitochondrial transfer. (A) TNT-mediated transfer: Intercellular communication 
via actin-based TNTs, where motor proteins (kinesin/dynein) and Miro1 adapter proteins facilitate the active 
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transport of mitochondria between cells. (B) EVs: Dissemination of mitochondrial fragments, mtDNA, or whole 
organelles through exosomes and microvesicles, which are internalized by recipient cells via endocytosis or 
membrane fusion. (C) GJs: Direct organelle transfer facilitated by connexin 43 (CX43) channels or membrane 
engulfment, triggering the restoration of oxidative phosphorylation (OXPHOS) in recipient cells. (D) Cell fusion: 
The merging of two distinct cells to create a hybrid cell with a mixed mitochondrial population, leading to rapid 
metabolic and phenotypic reprogramming. 

4.1. Tunnelling Nanotubes (TNTs) 

TNTs are thin, actin-based membranous structures that facilitate direct intercellular 
communication through the transfer of cellular components, including proteins, lipids, and 
organelles such as mitochondria. First described by Rustom et al. in 2004 [33], TNTs typically range 
from 50–200 nm in diameter and can extend up to several hundred microns, forming transient 
cytoplasmic connections between distant cells [25,34]. Within the TME, TNTs frequently connect 
tumor cells with stromal components such as Mesenchymal Stem Cells (MSCs), Cancer Associated 
Fibroblasts (CAFs), endothelial cells, and immune cells enabling efficient intercellular exchange [25] 
(Figure 2). 

The formation of TNTs is strongly induced by cellular stress signals, including ROS and 
metabolic stress, and involves cytoskeletal remodelling mediated by Rho GTPases such as Cdc42 and 
RhoA [25,35]. Mitochondrial trafficking along TNTs is facilitated by motor proteins, including kinesin 
and myosin, and regulated by mitochondrial transport proteins such as Miro1 (Figure 1A) [25,35]. 
These structures represent one of the most direct and rapid mechanisms of mitochondrial transfer, 
allowing the movement of intact mitochondria between connected cells without membrane fusion. 

Functionally, TNT-mediated mitochondrial transfer plays a critical role in restoring metabolic 
competence in recipient cells under stress conditions. Using a glioblastoma model, Sriramkumar and 
colleagues showed that, TNTs formed under stress between tumor cells and surrounding astrocytes, 
facilitate the transfer of tumor-derived mitochondria into neighbouring astrocytes and this 
intercellular mitochondrial exchange drives metabolic reprogramming of astrocytes toward a tumor-
supportive phenotype, enhancing their ability to sustain tumor growth and adapt to hypoxic tumor 
microenvironment. Notably, this TNT dependent crosstalk contributes to increased tumor resilience, 
including enhanced survival, and resistance to Temozolomide in 3D spheroid tumor models, 
underscoring its potential role in therapy resistance and disease progression [21,36]. Similarly, in 
ovarian cancer, Miro1, a mitochondrial Rho-GTPase regulated MT transfer from MSCs to tumor cells 
and mediated in part through TNTs restores OXPHOS and promotes chemoresistance and promotes 
metastatic potential [37–40]. In hematological malignancies such as multiple myeloma, tumor cells 
exploit TNT networks within the bone marrow microenvironment to meet high metabolic 
requirements, sustain growth and achieve chemoresistance [41]. 

Although mitochondrial transfer via TNTs is predominantly unidirectional from stromal to 
tumor cells, bidirectional exchange has also been reported [42]. In particular, tumor cells can transfer 
dysfunctional mitochondria to immune cells, impairing their function and contributing to immune 
evasion [17,43]. to other MT transfer mechanisms, TNTs exhibit high efficiency, with rapid 
mitochondrial movement occurring within minutes and connectivity observed in a substantial 
proportion of cells under stress conditions [21,44]. 

Disruption of TNT formation represents a potential therapeutic strategy. Pharmacological 
agents that interfere with actin polymerization, such as cytochalasin-based compounds, or inhibitors 
targeting mitochondrial transport regulators such as Miro1, have been shown to significantly reduce 
mitochondrial transfer and sensitize tumor cells to treatments [45,46]. Collectively, TNTs serve as a 
highly efficient and dynamic conduit for mitochondrial transfer within the TME, enabling real-time 
metabolic rescue and contributing to tumor progression, metastasis, and therapy resistance. 
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4.2. Extracellular Vesicles (EVs) 

Extracellular vesicles (EVs) are membrane-bound particles that mediate intercellular 
communication by transporting bioactive cargo, including proteins, lipids, nucleic acids, and 
organelle components. Based on their biogenesis and size, EVs are broadly classified into exosomes 
(30–150 nm), which originate from the endosomal pathway, and ectosomes or microvesicles (100–
1000 nm), which are generated through direct budding of the plasma membrane [47–49]. Additional 
subtypes include large oncosomes, apoptotic bodies, and recently described non-membranous 
nanoparticles such as exomeres, reflecting the heterogeneity of EV populations [47,50] (Figure 2).. 

EVs have emerged as stable mediators of long-distance communication within the TME, owing 
to their lipid bilayer structure, which protects their cargo from extracellular degradation [51,52]. 
Notably, EVs can also transport mitochondrial components, including mtDNA and, in some cases, 
carry 1–5 intact mitochondria, thereby influencing the metabolic and functional state of recipient cells 
(Figure 1B) [52,53]. The selective packaging of mitochondrial cargo into EVs is regulated by 
mechanisms involving ESCRT machinery or ceramide-dependent pathways, with proteins such as 
Rab27a/b and ARF6 contributing to vesicle trafficking and release [47,49]. 

Functionally, EV-mediated mitochondrial transfer contributes to metabolic reprogramming and 
cellular adaptation. CAF-derived EVs have been shown to deliver intact mtDNA and mitochondrial 
components to tumor cells, resulting in enhanced OXPHOS activity and increased self-renewal 
capacity [54]. In colorectal cancer, EVs facilitate the transfer of metabolic regulators that promote lipid 
metabolism and resistance to ferroptosis following chemotherapy [55]. Similarly, EV-mediated 
transfer of mitochondrial-related cargo has been reported to increase mitochondrial mass, oxygen 
consumption, and ATP production in recipient breast cancer cells [56]. 

Beyond local interactions, EVs enable systemic dissemination of mitochondrial signals. Tumor-
derived EVs can circulate through body fluids and modulate distant microenvironments, 
contributing to the establishment of pre-metastatic niches. For example, EV-mediated transfer of 
mitochondrial components can alter stromal or immune cell function, promoting tumor-supportive 
conditions and facilitating disease progression [57,58]. 

Compared with TNTs, EV-mediated transfer is less direct but allows broader spatial distribution 
of mitochondrial signals, thereby amplifying tumor heterogeneity and intercellular communication 
across the TME. EVs represent a versatile and systemic mechanism of mitochondrial transfer that 
supports metabolic reprogramming, tumor progression, and adaptation to environmental stress. 

4.3. Gap Junctions (GJs) 

Gap junctions (GJs) are intercellular channels formed by connexin (Cx) proteins that enable 
direct communication between adjacent cells [59]. These channels permit the transfer of small 
molecules (<1.2 kDa), including ions, metabolites, and signalling molecules such as calcium and 
Cyclic Adenosine Monophosphate (cAMP), thereby coordinating cellular responses within the TME 
[60]. Among connexins, Cx43 is the most extensively studied in cancer-related intercellular 
communication [59] (Figure 2).. 

In addition to the exchange of small molecules, emerging evidence suggests that GJs can 
facilitate the transfer of mitochondrial components, including mtDNA fragments and mitochondrial 
proteins, thereby influencing cellular metabolism and signalling (Figure 1C) [41,61,62]. This process 
may also involve connexosome formation, in which portions of one cell containing organelles are 
internalized by neighbouring cells, providing an additional route for intercellular mitochondrial 
exchange [63]. 

Physiologically, GJ-mediated communication plays a critical role in maintaining tissue 
homeostasis. For example, connexin-dependent coupling between granulosa cells and oocytes 
supports metabolic coordination during follicular development [64,65]. Similarly, in the bone 
marrow microenvironment, bidirectional mitochondrial exchange between hematopoietic 
stem/progenitor cells and MSCs via Cx43-dependent GJs contributes to cellular recovery and stress 
adaptation [41,61,62]. 
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In the context of cancer, GJ-mediated communication contributes to tumor progression by 
enabling metabolic coupling between tumor and stromal cells. In non-small cell lung cancer, GJs 
between (Cancer Associated Fibroblasts) CAFs and tumor cells promote epithelial–mesenchymal 
transition (EMT) and invasion through calcium-dependent signalling [66]. In breast cancer, Cx43-
mediated communication supports ATP maintenance under hypoxic conditions, enhancing tumor 
cell survival, while inhibition of GJs reduces viability [66]. In glioma, coupling between astrocytes 
and tumor cells facilitates DNA repair following radiation-induced damage, contributing to therapy 
resistance. 

Compared with TNTs and EVs, GJ-mediated transfer is restricted to adjacent cells and operates 
through diffusion-based mechanisms, resulting in slower but sustained intercellular exchange. This 
localized communication contributes to micro-niche homeostasis by enabling selective exchange of 
metabolites and signalling cues between neighbouring cells. Emerging evidence also suggests 
potential coordination between GJ-mediated communication and EV-based signalling within the 
TME, supporting integrated intercellular responses under stress conditions [59,67,68]. GJs represent 
a complementary pathway of mitochondrial and metabolic communication that contributes to tumor 
progression, cellular adaptation, and therapy resistance within the TME. 

4.4. Cell Fusion 

Cell fusion represents a distinct mechanism of intercellular interaction in which two or more 
cells merge to form hybrid cells containing nuclear and cytoplasmic components from both parental 
cells. Unlike TNTs, EVs, or GJ-mediated communication, which involve partial and regulated 
exchange of cellular material, cell fusion results in extensive mixing of cytoplasmic contents, 
including mitochondria, thereby enabling large-scale cellular reprogramming [69] (Figure 2). 

The molecular basis of cell fusion in human systems is primarily mediated by syncytins, a family 
of endogenous retroviral envelope proteins with fusogenic activity that are aberrantly expressed in 
malignancies such as neuroblastoma and endometrial cancer, and may serve as potential biomarkers 
for identifying hybrid cells [70,71]. The initiation of fusion further requires dynamic cytoskeletal 
remodelling driven by actin polymerization, regulated by small GTPases such as Rac1 and Cdc42, 
along with the Arp2/3–WASP complex [70]. Notably, overexpression of Arp2/3 has been strongly 
associated with metastatic progression in breast, lung, and pancreatic cancers [70]. 
Microenvironmental stress conditions within the TME can further enhance fusion efficiency. Hypoxia 
and chemotherapeutic agents, including doxorubicin, have been reported to increase fusion rates by 
approximately 5–10 fold through HIF-1α-dependent signalling pathways [70,71]. 

Fusion events have been reported between tumor cells and various stromal components within 
the TME, including MSCs, macrophages, fibroblasts, and endothelial cells. These interactions 
generate hybrid cells with increased phenotypic diversity, often combining proliferative capacity 
with enhanced migratory and invasive properties. In particular, fusion between tumor cells and 
macrophages has been associated with metastatic progression, facilitating immune evasion and 
altered inflammatory signalling [27,70]. 

Mitochondrial mixing following cell fusion plays a central role in metabolic reprogramming and 
adaptive fitness. The integration of mitochondria from distinct cellular origins can influence 
OXPHOS activity, ROS balance, and downstream signalling pathways, thereby reshaping tumor cell 
behaviour. These fusion events yield hybrid cells with stem-like traits and significant survival 
advantages [34,70]. In breast cancer, hybrid cells formed through fusion with MSCs or epithelial cells 
have been shown to exhibit increased chemoresistance and resistance to anoikis, as evidenced by 
Cre–loxP lineage tracing in patient-derived xenograft (PDX) models [72]. In glioma, fusion between 
CSCs and endothelial progenitors promotes vascular mimicry, thereby enhancing neovascularization 
and tumor progression [73–75]. In acute myeloid leukemia, fusion with stromal cells, although 
occurring at relatively low frequencies (approximately 1–5%), results in substantial transfer of 
functional mitochondria, restoring OXPHOS capacity and activating Wnt/β-catenin signalling 
pathways that support maintenance of the leukemia stem cell niche [41,76,77]. 
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Despite its relatively low frequency compared with other mechanisms of mitochondrial transfer, 
cell fusion has significant biological consequences due to its ability to induce large-scale cellular 
remodelling. Compared with TNTs and EVs, which mediate controlled and selective transfer, cell 
fusion represents a more extensive process that can generate highly heterogeneous tumor cell 
populations. Cell fusion constitutes a potent mechanism of mitochondrial and cytoplasmic exchange 
that contributes to tumor progression, cellular plasticity, and adaptive evolution within the TME. 

5. Metabolic Reprogramming After Mitochondrial Transfer 

The transfer of mitochondria in tumor cells represents a critical adaptive mechanism that 
reshapes the cellular metabolic landscape in response to environmental stress and therapeutic 
intervention. Beyond genetic alterations in oncogenes and tumor suppressors, the metabolic state of 
cancer cells plays a decisive role in determining tumor aggressiveness, persistence, and progression, 
with mitochondrial function acting as a central regulator [78]. The acquisition of functional 
mitochondria and mtDNA by metabolically compromised tumor cells restores ETC activity, 
mitochondrial membrane potential, and ATP production, thereby promoting survival, invasion, and 
therapy resistance [10,11]. These effects arise from coordinated changes in oxidative phosphorylation, 
redox homeostasis, and metabolic flexibility (Figure 3). 

 
Figure 3. Tumor microenvironment-driven mitochondrial transfer induces metabolic reprogramming and 
cancer stem cell plasticity. Stressed tumor cells exhibit reduced ATP, elevated ROS, and glycolysis dependence 
(left). Mitochondrial transfer restores OXPHOS, increases ATP production, and rebalances redox status (right). 
This metabolic shift activates key signaling pathways, including HIF-1α, STAT3, NF-κB, and Wnt. Enhanced 
fatty acid oxidation (FAO) further promotes Src signaling, linking metabolism to invasive behavior. Collectively, 
these changes drive cancer stem cell-associated outcomes, including self-renewal, EMT–MET plasticity, 
tumorsphere formation, and therapy resistance. 

5.1. Restoration of Oxidative Phosphorylation and ATP Production 

Intercellular mitochondrial transfer directly restores OXPHOS in tumor cells with impaired 
respiratory function. Defects in mtDNA or ETC components [12] impose bioenergetic constraints that 
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limit tumor growth and survival. Acquisition of intact mitochondria alleviates these constraints by 
re-establishing ETC activity, mitochondrial membrane potential, and ATP generation through 
oxidative metabolism. Experimental studies demonstrate that mitochondrial DNA deficient cancer 
cells are unable to initiate tumor growth in vivo unless they acquire functional mitochondria from 
host cells, establishing mitochondrial transfer as a prerequisite for bioenergetic competence rather 
than a secondary adaptation [10,11]. 

The resulting increase in ATP availability supports energy-intensive processes such as 
proliferation, cytoskeletal remodelling, and survival under hypoxic or nutrient-limited conditions. 
Moreover, aggressive and therapy-resistant tumors frequently exhibit dependence on mitochondrial 
respiration, further reinforcing the functional importance of OXPHOS restoration in tumor 
progression [79,80]. 

5.2. Metabolic Flexibility Through Integration of Glycolysis and OXPHOS 

Tumor aggressiveness is not solely dependent on aerobic glycolysis but rather on the ability to 
dynamically engage both glycolytic and oxidative metabolic pathways. Functional studies in 
pancreatic ductal adenocarcinoma demonstrated that tumor cells surviving oncogene withdrawal 
remain dependent on OXPHOS, indicating that mitochondrial respiration is essential for persistence 
under therapeutic stress [80]. 

Intercellular mitochondrial transfer enhances this adaptability by restoring or augmenting 
respiratory capacity in recipient tumor cells. This leads to increased basal and maximal oxygen 
consumption while maintaining glycolytic activity, thereby establishing a hybrid metabolic state 
capable of responding to fluctuations in nutrient and oxygen availability [10,11]. In vivo, this 
metabolic plasticity enables respiration-deficient tumor cells to regain tumorigenic potential, 
demonstrating that mitochondrial acquisition alone is sufficient to confer adaptive metabolic 
flexibility [10]. 

Beyond glucose metabolism, restored mitochondrial function enables utilization of alternate 
substrates, including lactate, glutamine, and fatty acids, to sustain TCA cycle flux and ATP 
production. This metabolic versatility is particularly important during tumor dissemination and 
metastatic colonization under nutrient-limited conditions [14]. Recent in-vivo evidence further 
supports that mitochondrial transfer promotes simultaneous engagement of glycolysis and 
OXPHOS, indicating that metabolic flexibility is a direct consequence of mitochondrial acquisition 
rather than an intrinsic pre-existing trait [79]. 

5.3. mtDNA Transfer and Repair of Mitochondrial Defects 

In addition to the transfer of whole organelles, intercellular mitochondrial trafficking facilitates 
horizontal transfer of mtDNA, providing a direct genetic mechanism for restoring respiratory 
competence in tumor cells. Loss or mutation of mtDNA disrupts ETC function, alters redox balance, 
and imposes metabolic constraints that limit tumor growth and progression. Restoration of mtDNA 
integrity alone has been shown to modulate tumor behaviour, establishing mitochondrial genetics as 
a functional determinant of malignancy [81]. 

Direct experimental evidence demonstrates that mtDNA-deficient tumor cells regain respiratory 
capacity and tumorigenic potential following acquisition of mitochondria containing intact mtDNA 
[11]. Importantly, mitochondrial transfer contributes to intratumoral mtDNA heterogeneity, 
generating metabolic diversity within tumor populations. This heterogeneity allows selection of 
subclones with enhanced mitochondrial function under stress conditions, thereby promoting tumor 
evolution and adaptation [82,83]. 

5.4. Redox Recalibration and ROS Signalling 

Intercellular mitochondrial transfer plays a key role in regulating intracellular redox balance by 
reducing excessive ROS accumulation while preserving ROS-mediated signalling required for 
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adaptive responses. Mitochondrial dysfunction leads to increased electron leakage from the ETC, 
resulting in elevated ROS levels that can induce oxidative damage and apoptosis [81]. The acquisition 
of functional mitochondria improves ETC efficiency, thereby reducing ROS overproduction and 
stabilizing redox homeostasis [10,11]. 

Importantly, mitochondrial transfer does not eliminate ROS signalling. Instead, it maintains ROS 
at levels that support activation of adaptive transcriptional pathways, including NF-κB, HIF-1α, and 
STAT3, which promote survival, metabolic flexibility, and stress tolerance [84]. Tumor cells receiving 
functional mitochondria also exhibit enhanced antioxidant capacity, particularly through 
glutathione-dependent buffering systems, while retaining redox-sensitive signalling pathways [79]. 

In certain contexts, mitochondrial or mtDNA transfer can transiently increase ROS levels, 
thereby activating inflammatory and pro-tumorigenic signalling pathways. For example, 
extracellular vesicle mediated mtDNA transfer has been shown to enhance mitochondrial respiration 
and ROS production in recipient epithelial cells, leading to activation of TGFβ-dependent signalling 
and the establishment of a tumor supportive microenvironment [85]. 

5.5. Fatty Acid Oxidation Couples Mitochondrial Transfer to Sarcoma (Src) Tyrosine Kinase Driven 
Oncogenic Signalling 

Mitochondrial transfer enhances the ability of tumor cells to utilize fatty acids as an energy 
source through fatty acid oxidation (FAO), particularly under glucose limited conditions. FAO 
provides a sustained supply of reducing equivalents and supports TCA cycle flux and OXPHOS 
activity. Importantly, FAO is not merely a compensatory pathway but actively contributes to tumor 
progression and invasion [86]. 

FAO derived energy metabolism is functionally linked to Src tyrosine kinase activation, 
establishing a direct connection between mitochondrial metabolism and oncogenic signalling. FAO 
promotes Src tyrosine kinase autophosphorylation and activation, while activated Src localizes to 
mitochondria and phosphorylates ETC components, thereby enhancing respiratory efficiency and 
reinforcing oxidative metabolism [86]. This establishes a positive feedback loop between FAO and 
Src kinase signalling that sustains tumor progression. 

Disruption of FAO through pharmacological or genetic approaches reduces Src tyrosine kinase 
activation and suppresses tumor cell invasion, indicating that FAO functions upstream of Src tyrosine 
kinase dependent oncogenic signalling rather than serving solely as an energy source [86]. 
Mitochondrial transfer amplifies this FAO–Src tyrosine kinase axis by introducing mitochondria with 
enhanced oxidative and lipid metabolic capacity into recipient tumor cells, thereby promoting 
invasive behaviour. 

Additionally, cybrid and mitochondrial manipulation studies demonstrated that mitochondrial 
genotype alone can determine FAO capacity and Src tyrosine kinase signalling strength, independent 
of nuclear genetic context. This highlights mitochondria as an active regulators of oncogenic signaling 
networks rather than passive bioenergetic organelles [87]. 

6. Mitochondria Derived Metabolites as Regulators of Nuclear Signaling and 
Epigenetic Reprogramming 

Mitochondria serve as central metabolic hubs that extend their influence beyond bioenergetic 
functions to actively shape nuclear gene expression through a process termed metabolic epigenetics 
[88,89]. This mitochondria to nucleus communication, referred to as retrograde signalling, operates 
through the direct generation and functional transfer of mitochondria derived metabolites that act as 
essential co-factors or substrates for epigenetic modulating enzymes, thereby integrating cellular 
metabolic status with chromatin architecture and transcriptional programs [88–90]. This mechanism 
is particularly critical in CSCs, where mitochondrial metabolites directly influence epigenetic states 
to maintain pluripotency, plasticity, and therapy resistance [91,92]. By modulating the availability of 
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substrates for chromatin modifying enzymes, mitochondrial metabolic flux provides a dynamic 
mechanism through which CSCs adapt to fluctuating stresses within the TME [88,91,93] (Figure 4). 

 

Figure 4. Mitochondrial retrograde signaling drives epigenetic reprogramming and cancer stem cell phenotypes. 
Mitochondrial dysfunction and metabolic flux influence chromatin remodeling through retrograde signaling, 
promoting CSC traits. Acetyl-CoA derived from mitochondrial metabolism enhances histone acetylation via 
HATs, supporting EMT and stemness. TCA cycle disruption generates oncometabolites (e.g., 2-HG, succinate, 
fumarate) that inhibit α-KG–dependent demethylases, leading to DNA and histone hypermethylation. One-
carbon metabolism produces SAM, driving DNMT- and HMT-mediated methylation and chromatin 
remodeling. NAD⁺-dependent sirtuins regulate histone deacetylation and metabolic homeostasis. Collectively, 
these pathways induce a stem-like, therapy-resistant, and plastic tumor state. 

One of the most profound examples of mitochondrial–nuclear crosstalk in oncology is the 
accumulation of oncometabolites resulting from mutations in TCA cycle enzymes. Mutations in 
isocitrate dehydrogenase (IDH1/2) result in the neomorphic production of R-2-hydroxyglutarate (R-
2-HG), which acts as a competitive inhibitor of α-ketoglutarate-dependent dioxygenases, including 
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Ten-Eleven Translocation (TET) family DNA demethylases and Jumonji-C (JmjC) histone 
demethylases [89,93]. In hematological malignancies and gliomas, this leads to global DNA and 
histone hypermethylation, trapping cells in a stem-like, undifferentiated state by silencing genes 
required for differentiation [89,91]. Similarly, loss of succinate dehydrogenase or fumarate hydratase 
results in the accumulation of succinate and fumarate, which mimic the inhibitory effects of R-2-HG. 
These changes drive a pseudohypoxic state by stabilizing HIF-1α and maintaining CSC niches even 
under normoxic conditions [61,89,91]. 

A fundamental mechanism linking mitochondrial metabolism to epigenetic regulation involves 
acetyl-CoA, a key TCA cycle-derived metabolite that serves as the direct acetyl donor for histone 
acetyltransferases. Because acetyl-CoA cannot directly cross the mitochondrial membrane, it is 
exported as citrate and reconverted into acetyl-CoA in the nucleus by ATP-citrate lyase, thereby 
driving histone acetylation at active promoter and enhancer regions [34,72]. Importantly, metabolic 
enzymes such as the pyruvate dehydrogenase complex and acetyl-CoA synthetase 2 can translocate 
to the nucleus, where they locally synthesize acetyl-CoA to support rapid transcriptional responses 
under stress conditions, including glucose deprivation [91,92,94–96]. Intracellular acetyl-CoA levels 
correlate directly with global histone acetylation, establishing mitochondrial metabolism as a rate-
limiting determinant of chromatin accessibility and gene activation [89,95] (Figure 4). 

This metabolic epigenetic axis promotes transcriptional activation of genes associated with EMT 
and CSC maintenance, thereby enhancing phenotypic plasticity and therapeutic resistance [61,91,93]. 
Through this mechanism, mitochondrial metabolism enables dynamic transitions between 
proliferative and invasive cellular states in response to microenvironmental cues. 

S-adenosylmethionine (SAM), generated through mitochondrial-linked one-carbon metabolism, 
functions as the universal methyl donor for DNA and histone methyltransferases. Mitochondrial 
serine metabolism provides one-carbon units that fuel the methionine cycle, thereby regulating SAM-
dependent methylation reactions [46,94,97] (Figure 4). Disruption of SAM availability or transport 
through mitochondrial carriers such as SLC25A26 alters the SAM/S-adenosylhomocysteine ratio, 
leading to epigenetic instability and aberrant gene expression in cancer [94,98]. 

α-Ketoglutarate (α-KG) and its associated oncometabolites represent a central regulatory axis in 
mitochondrial–epigenetic crosstalk. As a cofactor for TET enzymes and histone demethylases, α-KG 
supports active DNA and histone demethylation. However, its conversion into 2-HG or competition 
by accumulated succinate and fumarate inhibits these enzymes, resulting in widespread epigenetic 
reprogramming that contributes to EMT, maintenance of stemness, and metastatic progression 
through HIF-1α stabilization [91,92,99]. 

In acute myeloid leukemia, mitochondrial transfer from MSCs through connexin 43 (CX43) 
dependent mechanisms drives metabolic remodelling that sustains leukemia stem cell function 
[61,62]. This influx of functional mitochondria restores OXPHOS and activates Wnt/β-catenin 
signalling, a central regulator of self-renewal [61,77]. These transferred mitochondria act as 
biosynthetic sources of key metabolites, including Nicotinamide adenine dinucleotide (NAD⁺), α-KG, 
and acetyl-CoA, thereby reprogramming nuclear transcription toward a stem-like state [61,88,100]. 

NAD⁺ provides an additional link between mitochondrial metabolism and epigenetic regulation 
through its role as a cofactor for sirtuin deacetylases. Nuclear sirtuins (SIRT1, SIRT6, and SIRT7) 
regulate chromatin structure, while mitochondrial sirtuins (SIRT3–5) control metabolic enzyme 
activity [96,101]. Increased NAD⁺ levels enhance sirtuin mediated histone deacetylation, promoting 
transcriptional programs associated with stress resistance and metabolic adaptation. Conversely, 
nutrient-rich conditions elevate acetyl-CoA levels, favoring histone acetylation and gene activation, 
establishing a reciprocal regulatory balance between mitochondrial metabolism and epigenetic state 
[89,101,102] (Figure 4). 

Collectively, mitochondria derived metabolites form a dynamic regulatory circuitry that links 
cellular metabolism to epigenetic remodelling and transcriptional control. This metabolic epigenetic 
integration enables tumor cells to rapidly adapt to environmental stress, sustain CSC plasticity, and 
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promote tumor progression. Disruption of this axis highlights mitochondria as indispensable 
regulators of cellular fate determination and represents a promising therapeutic avenue (Figure 4). 

7. Mitochondrial Transfer in Csc Plasticity and Tumor Progression 

CSCs are characterized by their ability to self-renew, sustain continuous proliferation, and drive 
tumor initiation, metastasis, and intratumoral heterogeneity [2]. Although CSCs were initially 
identified as a subpopulation resembling normal stem cells, they are now recognized as highly 
dynamic entities capable of transitioning between stem-like and differentiated states, a process 
referred to as cellular plasticity [3]. CSCs are not uniformly distributed within tumors but are often 
enriched in specialized microenvironments characterized by hypoxia, acidic pH, and nutrient 
limitation, conditions that promote their maintenance and expansion [103]. 

CSC populations are defined by distinct surface markers that vary across tumor types. In breast 
cancer, CSCs are commonly identified by CD44⁺/CD24⁻ and ALDH1 expression, along with 
additional markers such as ABCG2, CD133, CD49f, LGR5, SSEA-3, CD70, and PROCR [104]. 
Pancreatic CSCs, although comprising less than 1% of tumor cells, express markers including CD44, 
EpCAM, CD133, CXCR4, CD24, ALDH1, c-MET, Dclk1, and Lgr5 [105]. In colorectal cancer, CSCs 
are characterized by CD44, CD133, CD24, EpCAM, LGR5, and ALDH expression [106], while in lung 
cancer, markers such as ALDH1, CD133, CD44, and CD90 are associated with stemness, therapeutic 
resistance, and intratumoral heterogeneity [107]. Notably, variants such as CD44v6 have been linked 
to tumor aggressiveness and relapse, particularly in oral squamous cell carcinoma, highlighting their 
prognostic significance [108]. 

CSC fate decisions are predominantly regulated by epigenetic mechanisms that control self-
renewal and differentiation programs. Transcription factors such as OCT4, SOX2, NANOG, and 
POU5F1, along with regulators like C/EBPα, coordinate stemness and lineage commitment [109,110]. 
These processes are tightly linked to mitochondrial metabolism, where metabolic epigenetic coupling 
sustains long-term self-renewal while suppressing differentiation. Importantly, epigenetic 
reprogramming contributes to therapy resistance by enabling CSCs to survive cytotoxic stress and 
reinitiate tumor growth [103,111]. 

Mitochondrial transfer has emerged as a key regulator of CSC plasticity by linking metabolic 
adaptation to phenotypic reprogramming. Acquisition of functional mitochondria restores OXPHOS 
activity, redox balance, and mitochondrial signalling, thereby enabling tumor cells to overcome 
metabolic constraints and transition toward stem-like states. Experimental evidence demonstrates 
that tumor cells receiving mitochondria exhibit enhanced sphere formation, increased expression of 
stemness markers such as OCT4, SOX2, and NANOG, and improved tumor initiating capacity. 

Beyond stemness, mitochondrial transfer actively drives tumor progression and metastasis. By 
restoring respiratory function, modulating redox signalling, and enhancing lipid metabolism, 
mitochondrial acquisition enables tumor cells to regain migratory capacity, survive dissemination, 
and colonize distant tissues [10,81]. These findings establish mitochondrial function as a central 
determinant of tumor evolution. 

7.1. Epithelial to Mesenchymal Transition (EMT) Driven by Mitochondrial Transfer 

EMT is a key process enabling tumor cells to acquire invasive and metastatic capabilities [112]. 
While traditionally regulated by transcriptional programs involving TGFβ, Wnt, and Notch 
pathways [113], emerging evidence highlights metabolic capacity as a critical enabling factor [114]. 
Mitochondrial transfer supports EMT by fulfilling the energetic and signalling demands required for 
cytoskeletal remodelling, cell matrix interaction changes, and activation of EMT associated 
transcriptional programs. 

Cells with impaired mitochondrial function exhibit limited invasive capacity, whereas 
restoration of mitochondrial competence enhances migration and metastasis [11,81]. Tumor cells 
acquiring mitochondria, particularly from stromal sources such as MSCs, display increased 
invasiveness, directly linking mitochondrial exchange to EMT-associated plasticity [10,115]. 
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Importantly, mitochondrial transfer supports EMT-MET plasticity rather than a fixed mesenchymal 
state, allowing tumor cells to dynamically switch between epithelial and mesenchymal phenotypes 
during metastasis [11]. 

7.2. Migration, Invasion, and Cytoskeletal Dynamics 

Tumor cell migration and invasion require coordinated energy production, signalling, and 
cytoskeletal remodelling [116]. Mitochondrial transfer restores these capabilities by re-establishing 
metabolic competence. Enhanced FAO activates Src-family kinases, linking mitochondrial 
metabolism to focal adhesion turnover, actin remodelling, and invasive behavior [86]. Inhibition of 
FAO reduces Src activation and suppresses migration, establishing mitochondrial metabolism as an 
upstream regulator of motility. 

Additionally, acquired mitochondria reposition toward the leading edge of migrating cells, 
supporting localized ATP production required for lamellipodia formation and directional movement 
[116]. 

7.3. Metastatic Colonization and Niche Formation 

Metastatic dissemination imposes significant stress on tumor cells due to differences in oxygen, 
nutrient availability, and microenvironmental conditions. Many disseminated cells fail to survive; 
however, mitochondrial transfer enhances survival and facilitates metastatic colonization [10]. 
Restoration of mitochondrial function is therefore a key determinant of metastatic competence. 

Successful metastasis also requires the formation of a supportive microenvironment. 
Mitochondrial transfer contributes to metastatic niche formation by reprogramming stromal and 
immune cells. Transfer of mitochondria or mtDNA to surrounding cells induces metabolic and 
inflammatory changes that promote tumor-supportive conditions, thereby facilitating colonization 
and growth at distant sites [85,115,117,118]. 

7.4. Intratumoral Heterogeneity and Clonal Selection 

Intratumoral heterogeneity arises from genetic, epigenetic, and metabolic variation among 
tumor cells [119,120]. Mitochondrial transfer introduces an additional layer of heterogeneity by 
generating diversity in mtDNA content, respiratory capacity, and redox states. This results in mosaic 
patterns of mitochondrial heteroplasmy within tumor populations [121,122]. 

Under selective pressures such as hypoxia, immune surveillance, and nutrient limitation, 
subclones with enhanced mitochondrial function gain a survival advantage, leading to clonal 
expansion and tumor evolution [80,122]. Thus, mitochondrial transfer not only supports tumor 
growth but also drives selection of aggressive phenotypes during progression and metastasis. 

8. Therapeutic Implications and Targeting of Mitochondrial Transfer 

The recognition of intercellular mitochondrial transfer as a key driver of tumor progression, 
metabolic adaptation, and CSC plasticity has opened new avenues for therapeutic intervention. 
Targeting mitochondrial transfer and its downstream effects represents a promising strategy to 
disrupt tumor survival mechanisms, overcome therapy resistance, and limit disease progression 
[10,81] (Figure 5). 
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Figure 5. This figure illustrates therapeutic interventions designed to disrupt intercellular mitochondrial 
trafficking, a mechanism critical for sustaining cancer cell survival and therapy resistance. The strategies are 
organized into four key domains: (A) Targeting transfer mechanisms, where inhibitors of actin polymerization 
(e.g., cytochalasin-based compounds), Miro1/TRAK-mediated organelle transport, and connexin-GJs effectively 
block the physical routes such as TNTs, EVs, and GJ used for mitochondrial transfer. (B) Targeting metabolism 
and bioenergetics, which seeks to neutralize the energy advantage conferred by transferred mitochondria by 
inhibiting OXPHOS, fatty acid oxidation (FAO), and exploiting redox signaling dependencies. (C) Targeting 
mitochondrial-epigenetic crosstalk, which disrupts the link between mitochondrial-derived metabolites such as 
Acetyl-CoA, NAD+, and α-KG and nuclear epigenetic programming that maintains stemness. (D) Targeting the 
TME, which employs HIF-1⍺ inhibition and immune modulation to break the pro-tumorigenic support provided 
by stromal cells, collectively preventing CSC plasticity and disease recurrence. 

8.1. Targeting Mitochondrial Transfer Mechanisms 

One of the most direct therapeutic approaches involves inhibition of the physical mechanisms 
that mediate mitochondrial transfer. Disruption of TNT formation through agents that interfere with 
actin polymerization, such as cytochalasin-based compounds, has been shown to reduce 
mitochondrial trafficking and sensitize tumor cells to chemotherapy [25,45]. Similarly, targeting key 
regulators of mitochondrial movement, including Miro1, can impair mitochondrial transport 
between stromal and tumor cells, thereby limiting metabolic rescue [35]. 

Inhibition of EV-mediated transfer represents another potential strategy. Pharmacological 
agents targeting EV biogenesis pathways, such as neutral sphingomyelinase inhibitors or Rab GTPase 
regulators, can reduce the release and uptake of mitochondria-containing vesicles [48,49]. 
Additionally, blockade of cx43 dependent gap junction communication has been shown to impair 
mitochondrial transfer in hematological malignancies, reducing OXPHOS restoration and sensitizing 
tumor cells to treatment [41,61,62]. 
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8.2. Targeting Mitochondrial Metabolism and Bioenergetics 

An alternative strategy focuses on disrupting the metabolic advantages conferred by 
mitochondrial transfer. Inhibition of OXPHOS using agents such as mitochondrial complex I 
inhibitors can selectively target tumor cells that rely on mitochondrial respiration for survival [79,80]. 
Similarly, targeting FAO has emerged as an effective approach to suppress mitochondrial-driven 
signalling pathways, including the FAO–Src axis, thereby reducing tumor invasion and metastasis 
[86]. 

Modulation of redox balance also represents a viable therapeutic avenue. Agents that disrupt 
ROS homeostasis can exploit the dependence of tumor cells on tightly regulated redox signaling 
following mitochondrial acquisition, thereby inducing oxidative stress mediated cell death [22,81]. 

8.3. Targeting Mitochondrial Epigenetic Crosstalk 

Given the central role of mitochondrial-derived metabolites in regulating epigenetic programs, 
targeting metabolic epigenetic coupling offers a powerful therapeutic strategy. Inhibitors of mutant 
IDH enzymes, which reduce 2-HG production, have demonstrated clinical efficacy in restoring 
normal epigenetic states and promoting differentiation in certain cancers [89,93]. Similarly, targeting 
enzymes involved in acetyl-CoA production or one-carbon metabolism may disrupt epigenetic 
programs that sustain CSC plasticity [94,97,123]. 

Modulation of NAD⁺ metabolism and sirtuin activity also represents a promising approach to 
influence chromatin states and tumor cell adaptation [96,101]. By altering the balance between histone 
acetylation and deacetylation, these strategies can potentially reverse therapy-resistant phenotypes 
[89,102]. 

8.4. Targeting the Tumor Microenvironment 

The TME plays a critical role in facilitating mitochondrial transfer, making it an important 
therapeutic target. Strategies aimed at disrupting stromal tumor interactions, including inhibition of 
MSC or CAF support, may reduce the availability of donor mitochondria [10,115]. Targeting hypoxia-
driven signalling pathways, particularly HIF-1α, can further limit stress-induced mitochondrial 
transfer and associated adaptive responses [20,124]. 

In addition, modulation of immune cell function within the TME may help counteract the 
immunosuppressive effects associated with mitochondrial transfer, thereby enhancing anti-tumor 
immunity [24]. 

8.5. Challenges and Future Perspectives 

Despite the therapeutic potential, several challenges remain in targeting mitochondrial transfer. 
The molecular mechanisms governing selective mitochondrial packaging, transfer, and integration 
are not fully understood, limiting the development of highly specific inhibitors [47,49]. Furthermore, 
mitochondrial transfer also plays essential roles in normal physiological processes, raising concerns 
regarding potential toxicity and off-target effects [61]. 

Tumor heterogeneity and variability in mitochondrial dependence across cancer types further 
complicate therapeutic targeting [80,101]. Therefore, future strategies will require precise 
identification of patient subsets that are most likely to benefit from interventions targeting 
mitochondrial transfer. 

Advances in imaging, metabolic profiling, and single-cell analysis are expected to provide 
deeper insights into mitochondrial dynamics within tumors, enabling the development of more 
targeted and effective therapeutic approaches [121,122]. 

9. Discussion 

Intercellular mitochondrial trafficking has emerged as a fundamental mechanism driving tumor 
progression, metabolic reprogramming, and CSC plasticity. The dynamic horizontal transfer of 
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mitochondria and mtDNA occurs through multiple routes, including TNTs, EVs, gap junctions, and 
cell fusion. This process is strongly influenced by microenvironmental stressors such as hypoxia, 
oxidative stress, nutrient deprivation, and cytotoxic therapies. 

Upon acquisition of functional mitochondria, metabolically compromised cancer cells restore 
OXPHOS and ATP production, thereby re-establishing bioenergetic competence. This metabolic 
rescue enables tumor cells to regulate intracellular ROS levels, evade apoptosis, and survive under 
both therapeutic and physiological stress conditions. Beyond energy restoration, mitochondrial 
transfer also plays a critical role in epigenetic reprogramming through mitochondria-to-nucleus 
communication. 

The influx of functional mitochondria alters the availability of key metabolites, including acetyl-
CoA, α-ketoglutarate, S-adenosylmethionine (SAM), and NAD⁺. These metabolites serve as essential 
cofactors for chromatin-modifying enzymes, thereby linking cellular metabolism to gene expression 
programs that sustain stem-like phenotypes and CSC niches. Consequently, this metabolic-epigenetic 
crosstalk facilitates EMT, enhancing the migratory, invasive, and metastatic capacities of tumor cells. 

Moreover, the uneven distribution of transferred mitochondria leads to mtDNA heteroplasmy, 
introducing an additional layer of intratumoral heterogeneity beyond nuclear genetic variation. This 
mitochondrial mosaicism promotes clonal selection of highly adaptable, chemoresistant, and 
radioresistant tumor subpopulations under selective pressures. 

From a therapeutic perspective, targeting intercellular mitochondrial communication represents 
a promising strategy. Disruption of these transfer mechanisms using actin polymerization inhibitors 
to block TNTs, GW4869 to inhibit EV biogenesis, or carbenoxolone to suppress gap junction 
communication has shown potential in limiting mitochondrial transfer. Importantly, combining such 
approaches with agents targeting recipient cell dependencies, including OXPHOS or FAO, may 
enhance therapeutic efficacy, overcome resistance, and reduce the likelihood of disease recurrence. 

10. Conclusions 

Intercellular mitochondrial transfer represents a complex, non-genetic mechanism that enables 
cancer cells to adapt to metabolic stress and evade therapeutic pressure. Tumors with defective 
mtDNA or severe metabolic impairment are not inherently terminal; instead, they can regain 
tumorigenic and metastatic potential through acquisition of functional mitochondria from 
surrounding stromal cells. 

Microenvironmental stressors, including hypoxia and elevated ROS levels, act as key drivers of 
mitochondrial transfer by promoting the formation of tunneling nanotubes and other intercellular 
communication pathways, effectively transforming the TME into a highly interconnected network 
for organelle exchange. In this context, stromal-derived mitochondrial transfer provides a critical 
bioenergetic and metabolic support system that contributes to multidrug resistance and tumor 
persistence under extreme physiological and therapeutic conditions. 

More broadly, the ability of cancer cells to rely on stromal mitochondrial support highlights a 
fundamental shift in our understanding of tumor biology. Rather than functioning as isolated 
populations of genetically altered cells, tumors should be viewed as dynamic, multicellular 
ecosystems in which metabolic cooperation between cancer and stromal components drives 
progression, plasticity, and therapeutic resistance. 

11. Future Directions 

Since TNTs are minimally expressed under physiological conditions but markedly induced 
under stress, represent a highly specific and attractive therapeutic target for pharmacological 
intervention [21]. Future studies should further explore inhibitors of the Wnt/Ca²⁺ signalling pathway 
or CD38-targeted strategies, both of which have shown promise in reducing mitochondrial transfer 
and improving survival outcomes in preclinical models [22]. 
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In parallel, the development of robust biomarkers is essential for clinical translation. Circulating 
cell-free mtDNA and mitochondrial-derived vesicles in patient plasma hold significant potential as 
non-invasive indicators of metabolic reprogramming and therapy resistance, enabling real-time 
monitoring of tumor adaptation [28]. 

To better understand the dynamics of mitochondrial transfer in vivo, there is a critical need for 
advanced imaging approaches. High-resolution techniques combined with density gradient-based 
analysis and computational platforms such as MERCI could allow precise quantification of the 
directionality, frequency, and extent of mitochondrial exchange in human tumors, moving beyond 
the limitations of conventional 2D and 3D co-culture systems [24]. 

Finally, while current research has largely focused on tumor cells acquiring functional 
mitochondria, future investigations should also address bidirectional mitochondrial exchange. In 
particular, the transfer of dysfunctional mitochondria from cancer cells to immune cells, such as T 
cells, may contribute to immune suppression and cellular senescence. Understanding this process 
could reveal new therapeutic opportunities, especially in combination with immunotherapy 
strategies [24,25]. 
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