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Abstract: Mitochondria, the ‘powerhouses’ of cells, primarily
produce ATP and also regulate homeostasis, apoptosis, and
metabolism. In recent years, research advancements in
oncology have highlighted the pivotal role of mitochondria in
tumor initiation, progression, and therapeutic response. This
review aims to provide a comprehensive summary of the
latest research progress on mitochondrial functions in
oncology, systematically discussing the mechanisms of mito-
chondrial dysfunction, metabolic reprogramming, and ad-
vances in mitochondrial-targeted therapies. Additionally, the
complex role of mitochondria in tumor immunity is analyzed.
Through integrated analysis and summary, this review seeks
to reveal the significance of these findings in advancing basic
cancer research and their potential implications for clinical
applications, thereby offering new insights and directions for
future cancer treatment strategies.
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Introduction

Tumorigenesis is a complex process involving the activation
of oncogenes, inactivation of tumor suppressor genes,
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dysregulation of apoptosis, and defects in DNA repair
mechanisms [1-3]. As a critical organelle within cells, mito-
chondria are responsible not only for efficiently synthesiz-
ing ATP via the oxidative phosphorylation (OXPHOS)
pathway to meet cellular energy demands [4], but also for
deeply participating in the regulation of apoptosis, calcium
ion homeostasis, reactive oxygen species (ROS) production,
and the modulation of various signal transduction pathways
[5, 6]. Notably, mitochondrial dysfunction has become a
hallmark of cancer cells. In cancer cells, mitochondrial
functions and metabolic states are significantly reprog-
rammed, influencing both their growth and proliferation
dynamics and directly impacting their responsiveness to
therapeutic interventions [7]. Thus, mitochondria have
emerged as critical targets in cancer research and thera-
peutic fields. This review aims to thoroughly examine the
multifaceted roles of mitochondria in tumorigenesis, pro-
gression, and therapeutic response, with an in-depth anal-
ysis of their mechanisms, providing insights for the
development of novel and effective anti-cancer strategies.

Mitochondrial dysfunction and
tumorigenesis

Mitochondrial DNA (mtDNA) mutations

Mutations in mitochondrial DNA (mtDNA) play a crucial role
in tumorigenesis and progression (Figure 1) [8, 9]. As genetic
material independent of nuclear DNA, mtDNA primarily
encodes proteins involved in the OXPHOS process, which is
essential for maintaining cellular energy metabolism and
homeostasis [10, 11]. However, due to the lack of effective
repair mechanisms and histone protection, mtDNA exhibits
a mutation rate significantly higher than that of nuclear
DNA, making it a prominent target in cancer research [12].
Through a detailed analysis of mtDNA mutations’ role in
cancer development, it has been found that these mutations
promote tumor progression through various pathways.
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Figure 1: The role of mitochondrial DNA (mtDNA) mutations in tumorigenesis and metastasis [8]. (A) Mutations in mtDNA lead to the transformation of
healthy cells into tumor cells, driving tumorigenesis and the formation of a primary tumor. (B) Tumor cells with mtDNA mutations exhibit enhanced
metabolic adaptation, enabling accelerated growth compared to cells with normal mtDNA. (C) During metastatic progression, mtDNA-mutated tumor
cells demonstrate an increased ability to undergo successful seeding at distant sites, while cells without the necessary adaptations experience

unsuccessful seeding.

Firstly, mtDNA mutations can lead to mitochondrial
respiratory chain dysfunction, affecting cellular energy
metabolism and redox balance. This metabolic reprog-
ramming not only provides the energy required for rapid
tumor cell proliferation but also facilitates the formation of
the tumor microenvironment (TME), enhancing the inva-
sion and metastasis capabilities of tumor cells [13]. For
instance, Smith et al. [14] demonstrated that mtDNA mu-
tations leading to OXPHOS deficiencies are enriched in
human adenoma-carcinoma sequences, potentially upre-
gulating the de novo serine synthesis pathway (SSP) in
response to OXPHOS deficiency, thereby enabling meta-
bolic remodeling that confers a metabolic advantage to
cancer cells. Secondly, mtDNA mutations can increase
mitochondrial ROS production, further leading to the
accumulation of DNA damage and gene mutations, creating
a vicious cycle that continuously drives the malignant
transformation of tumor cells [15]. This mechanism em-
phasizes the cumulative and amplifying effects of mtDNA
mutations during tumorigenesis. For example, Li et al. [16]
found that mtDNA heteroplasmic mutations underwent
positive selection in the pathogenesis of breast cancer,
causing shifts in the mitochondrial genetic landscape,
which further supports this viewpoint. Additionally,

mtDNA mutations finely regulate the growth and death
balance of tumor cells by influencing processes like
mitophagy and apoptosis [17]. This regulatory role allows
tumor cells to survive and continue proliferating in adverse
TME conditions, further exacerbating tumor malignancy.
Abad et al. [18] demonstrated that mitochondria carrying
mutated DNA contribute to the chemoresistance of triple-
negative breast cancer cells through extracellular vesicle
trafficking, further revealing mtDNA mutations’ role in
therapeutic resistance. Finally, mtDNA mutations can also
influence the epigenetic state of tumor cells, further
modulating the expression of tumor-related genes and
promoting tumor progression [19].

In summary, mtDNA mutations play a central role in
tumorigenesis and development by influencing energy
metabolism, redox balance, ROS production, mitophagy, and
apoptosis. Additionally, the close association of mtDNA
mutations with various cancer types and their potential
applications in cancer diagnosis and therapeutic resistance
make mtDNA an attractive target in cancer research. Future
studies should further explore the specific mechanisms of
mtDNA mutations and their potential applications in cancer
therapy to provide novel strategies and insights for cancer
treatment.
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Dysfunction of the mitochondrial respiratory
chain

The mitochondrial respiratory chain comprises protein
complexes (Complexes I to V) in the inner mitochondrial
membrane Its primary function is to generate ATP through
the OXPHOS process, providing energy for the cell. Under
normal conditions, electrons are transferred from NADH
and FADH, to oxygen, producing water and releasing en-
ergy, while the proton gradient drives ATP synthesis
(Figure 2) [20]. However, in tumor cells, the mitochondrial
respiratory chain complexes often suffer from dysfunc-
tion, leading to reduced OXPHOS efficiency and decreased
ATP production [21]. One of the most direct consequences
of mitochondrial respiratory chain dysfunction is the
excessive generation of ROS. Normally, electrons are
transferred through the respiratory chain complexes and
ultimately reduced to water, but when the respiratory
chain is impaired, some electrons leak to oxygen mole-
cules, producing superoxide anions (0, "), which are con-
verted into hydrogen peroxide (H,0,) and other forms of
ROS [22-25]. The accumulation of ROS triggers oxidative
stress, damaging intracellular DNA, proteins, and lipids,
and activates signaling pathways (e.g., NF-xB, p53, and
JNK), promoting tumor cell proliferation, survival, and
metastasis [26, 27].

The loss of mitochondrial respiratory chain function
also leads to the dissipation of the mitochondrial membrane
potential, a process that is often closely associated with
apoptosis. The normal mitochondrial membrane potential
maintains the proton gradient required for ATP synthesis,
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but when the respiratory chain function is impaired, the
imbalance of the membrane potential results in mitochon-
drial dysfunction [28]. This dysfunction promotes the release
of pro-apoptotic factors, such as cytochrome c (Cytc), from
the mitochondria into the cytoplasm, activating the caspase
cascade [29]. However, tumor cells avoid programmed cell
death by upregulating anti-apoptotic proteins such as B-cell
lymphoma-2 (Bcl-2), which suppress apoptotic signals within
the mitochondria [30]. This imbalance in apoptotic signaling
allows tumor cells to survive under abnormal conditions,
thus increasing the aggressiveness and drug resistance of
tumors.

Drug resistance is a significant challenge in cancer
therapy. Studies have shown that mitochondrial respiratory
chain dysfunction is closely linked to the development of
resistance. For example, in hepatocellular carcinoma, sor-
afenib induces ROS production by targeting the mitochon-
drial respiratory chain complex, promoting resistance and
driving tumor progression [31]. Research by Cui et al. [32]
demonstrated that a salicylic acid-based compound, SH-4-54,
induces apoptosis in temozolomide-resistant glioblastoma
cells by triggering mitochondrial signal transducer and
activator of transcription-3 (STAT3) translocation and res-
piratory chain dysfunction.

In conclusion, mitochondrial respiratory chain
dysfunction plays diverse and complex roles in tumor cells,
affecting not only cellular energy metabolism but also
influencing growth, invasion, and drug resistance through
the regulation of ROS levels and apoptotic signaling path-
ways. Therefore, in-depth research and understanding of the
mechanisms by which mitochondrial respiratory chain
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Figure 2: The mitochondrial respiratory chain and oxidative phosphorylation (OXPHOS). This figure illustrates the mitochondrial electron transport chain
(ETC) embedded in the inner mitochondrial membrane. Electrons from NADH and FADH; are transferred to oxygen (0O,), the final electron acceptor,
through protein complexes (complexes I-1V) via coenzyme Q (CoQ) and cytochrome c (Cyt C). This process generates water (H,0) and releases energy,
which is used to pump protons (H*) from the mitochondrial matrix into the intermembrane space, creating a proton gradient. Complex V (ATP synthase)
utilizes this gradient to drive ATP synthesis, converting ADP and inorganic phosphate (Pi) into ATP, providing energy for cellular processes.
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dysfunction impacts tumor biology are crucial for devel-
oping novel anti-cancer drugs and improving the efficacy of
cancer therapies.

Mitochondrial metabolic
reprogramming and tumor
development

Warburg effect and glycolytic pathway

The Warburg effect, a hallmark of tumor metabolic reprog-
ramming, describes tumor cells preferring glycolysis over
OXPHOS for energy metabolism, even with adequate oxygen.
This unique adaptation strategy not only reflects the specific
energy demands of tumor cells but also promotes tumor
progression in multiple ways [33]. From the perspective of
energy supply, glycolysis — with its rapid and efficient
characteristics — becomes the preferred pathway for the fast
proliferation of tumor cells. Although each glucose molecule
produces far less ATP via glycolysis compared to OXPHOS,
the rate of glycolysis ensures that tumor cells can obtain
sufficient energy in a short period, which is essential for
sustaining rapid growth and division [34]. Additionally,
glycolysis intermediates are crucial for tumor development,
supporting biosynthesis and metabolic adaptation. The
Warburg effect enhances glucose uptake and channels
glycolytic intermediates into pathways for synthesizing
nucleic acids, lipids, and proteins, thereby providing the
material foundation necessary for tumor cell growth, pro-
liferation, and metastasis [35]. For example, lactate, the main
by-product of glycolysis, acidifies the TME, which then acti-
vates signaling pathways related to tumor invasion and
metastasis. Martinez-Outschoorn et al. [36] demonstrated,
from a metabolic genomics perspective, how lactate en-
hances cancer cell “stemness,” promoting breast cancer
recurrence, metastasis, and adverse clinical outcomes.
Furthermore, pyruvate, another critical intermediate, can
be converted into acetyl-CoA to enter the tricarboxylic acid
(TCA) cycle or used for the synthesis of biomacromolecules
like fatty acids and cholesterol, essential for tumor cell
growth and membrane stability. Feng et al. [37] confirmed
that phosphoglycerate mutase 1 (PGAM1) promotes the
production of pyruvate and/or lactate in ovarian cancer
cells, enhancing paclitaxel resistance, thereby offering new
therapeutic insights for reversing ovarian cancer drug
resistance. Beyond meeting energy needs and providing in-
termediate metabolites, glycolysis activation is closely
linked to immune evasion and drug resistance in tumor cells
[38, 39]. Glycolytic metabolites like lactate can inhibit
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immune cell activity, helping tumor cells evade immune
surveillance and attack. Key enzymes in the glycolytic
pathway, such as hexokinase (HK), phosphofructokinase
(PFK), and pyruvate kinase (PK), are often overexpressed or
mutated in tumor cells. This not only reinforces glycolysis as
the dominant energy pathway but also contributes to
increased resistance to chemotherapy drugs in tumor cells
[40].

In conclusion, the Warburg effect, through its distinctive
mechanism of metabolic reprogramming, satisfies the en-
ergy demands of rapidly proliferating tumor cells while
playing significant roles in TME acidification, macromole-
cule synthesis, immune evasion, and drug resistance. A deep
understanding of the Warburg effect and its molecular
mechanisms is crucial for developing novel anti-tumor
therapies and strategies to overcome tumor resistance.

Glutamine metabolism

Glutamine metabolism is a crucial strategy for tumor cells to
adapt to rapid proliferation and metabolic stress. As a non-
essential amino acid, glutamine is converted into glutamate
by the enzyme glutaminase (GLS), providing nitrogen for tu-
mor cells and generating a-ketoglutarate (a-KG), which enters
the TCA cycle to participate in energy production and
biosynthesis. Overexpression of GLS in tumor cells ensures
efficient utilization of glutamine, thereby meeting the de-
mands of rapid tumor growth [41]. In addition to entering the
TCA cycle, glutamine is also converted into citrate via the
reductive carboxylation pathway, which is used for the
biosynthesis of lipids and nucleotides. The fatty acids,
cholesterol, and other lipid components, as well as purine and
pyrimidine nucleotides, produced through this pathway, are
essential for maintaining the membrane structure, signal
transduction, and DNA replication in tumor cells [42, 43].
Activation of glutamine metabolism has been observed
in various tumor types, providing essential biosynthetic
precursors and energy for tumor cells. Research indicates
that inhibiting glutamine metabolism can suppress tumor
progression. For example, progesterone inhibits the growth
of endometrial cancer by suppressing glutamine metabolism
via targeting the alanine/serine/cysteine transporter 2
(ASCT2) [44]; circDYRK1A mediated by RUNX family tran-
scription factor 3 (RUNX3) upregulates microRNA-889-3p-
dependent F-box protein 4 (FBXO4) to inhibit glutamine
metabolism in gastric cancer [45]; radiation-induced exo-
somes promote oral squamous cell carcinoma progression
by enhancing solute carrier family 1 member 5 (SLC1A5)-
mediated glutamine metabolism [46]; disruption of Yesl
associated transcriptional regulator (YAP1)-mediated
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glutamine metabolism induces synthetic lethality in osteo-
sarcoma while suppressing ornithine decarboxylase 1
(ODC1) [47]. These studies underscore the central role of
glutamine metabolism in tumor development. Research by
Yokoyama et al. [48] using metabolomics analysis demon-
strated that Sirpiglenastat (DRP-104) induces anti-tumor ef-
fects by directly antagonizing glutamine metabolism and
stimulating the immune system, revealing the therapeutic
potential of targeting glutamine metabolism. It is important
to note that glutamine metabolism does not function in
isolation but is tightly interconnected with other metabolic
pathways. For example, its synergistic effect with glycolysis
provides sufficient energy and biosynthetic precursors for
tumor cells [49, 50]. Furthermore, various signaling path-
ways, such as the PI3K/Akt/mTOR pathway, also regulate
glutamine metabolism, and abnormal activation of these
pathways further promotes tumor progression [51, 52].

In conclusion, glutamine metabolism in tumor cells is a
highly complex and crucial process. It not only provides
essential biosynthetic precursors and energy for tumor cells
but also intertwines with other metabolic pathways and
signaling networks to drive tumor development.

Fatty acid oxidation

Fatty acid oxidation is one of the key pathways in mito-
chondrial metabolism, where fatty acids are gradually
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broken down into acetyl-CoA through B-oxidation. The
acetyl-CoA then enters the TCA cycle to generate ATP,
providing energy for the cell (Figure 3) [53, 54]. In the
metabolic network of tumor cells, activation of fatty acid
oxidation has become an important feature of tumor meta-
bolic reprogramming, profoundly influencing tumor
growth, invasion, and metastasis [55].

First, fatty acid oxidation provides a stable and abun-
dant energy source for tumor cells. Due to rapid prolifera-
tion, tumor cells have a high energy demand. Under
conditions of glucose deprivation or hypoxia, fatty acid
oxidation serves as an efficient energy-producing pathway,
allowing tumor cells to maintain survival and proliferation
[56]. Second, the metabolic byproducts of fatty acid oxida-
tion, such as NADH and FADH,, not only contribute to ATP
generation but also serve as electron carriers in the electron
transport chain, promoting the production of ROS. Moderate
levels of ROS act as signaling molecules, activating pathways
associated with tumor cell proliferation and invasion,
further driving malignant progression [57-59]. The role of
fatty acid oxidation in the TME has also attracted research
attention. For instance, Lu et al. [60] revealed that under
hypoxic conditions, tumor-derived exosomes regulate fatty
acid oxidation via miR-4488 and RTN3/FABPS (reticulon
3/fatty acid binding protein 5), inducing M2 macrophage
polarization and ultimately promoting liver metastasis in
pancreatic neuroendocrine tumors. This highlights the
complex role of fatty acid oxidation in TME regulation and

Figure 3: Fatty acid oxidation and the carnitine
shuttle system in mitochondrial metabolism.
Fatty acid oxidation is a key mitochondrial
metabolic pathway where fatty acids are
transported into the mitochondria via the
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carnitine shuttle system. CPT1 (Carnitine
Palmitoyl transferase 1) catalyzes the
conversion of fatty acyl-CoA to fatty
acylcarnitine, allowing transport across the
outer mitochondrial membrane. After being
transported into the mitochondrial matrix via
translocase, CPT2 (Carnitine Palmitoy!
transferase 2) converts fatty acylcarnitine back
to fatty acyl-CoA, releasing free carnitine. The
fatty acyl-CoA undergoes B-oxidation,
producing acetyl-CoA, which enters the
tricarboxylic acid (TCA) cycle. ATP is
subsequently generated via oxidative
phosphorylation, providing energy for cellular
processes.
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tumor progression. Fatty acid oxidation is not only associ-
ated with energy supply in tumor cells but is also closely
linked to immune evasion and drug resistance. By enhancing
antioxidant capacity, fatty acid oxidation helps tumor cells
resist oxidative stress and immune system attacks, thereby
providing a survival advantage [61]. At the same time, some
anti-tumor drugs function by inducing oxidative stress and
apoptosis in tumor cells, but activation of the fatty acid
oxidation pathway may diminish the effectiveness of these
drugs, leading to drug resistance and increasing the diffi-
culty of tumor treatment [62, 63].

In conclusion, fatty acid oxidation plays a crucial role in
multiple aspects of tumor biology, including energy supply,
invasion, metastasis, immune evasion, and drug resistance.
A deeper understanding of the molecular mechanisms un-
derlying this metabolic reprogramming and its association
with tumor progression will provide important theoretical
foundations and potential targets for the development of
novel anti-tumor drugs targeting fatty acid oxidation
pathways.

The pentose phosphate pathway (PPP) and
nucleotide biosynthesis

The pentose phosphate pathway (PPP) is an indispensable
part of the metabolic reprogramming in tumor cells. This
pathway generates NADPH and pentose phosphates through
the oxidative metabolism of glucose, providing essential
precursors for antioxidant defense, nucleotide biosynthesis,
and lipid synthesis. In this way, it supports tumor cell sur-
vival and proliferation on multiple levels [64, 65].

The PPP can be divided into the oxidative and non-
oxidative phases. In the oxidative phase, glucose-6-
phosphate is oxidized to form 6-phosphoglucono-§-lactone,
which is subsequently converted into 5-phosphoribulose. In
this process, each molecule of glucose-6-phosphate is
oxidized, generating two molecules of NADPH and one
molecule of CO,. NADPH, a potent reductant, neutralizes ROS
generated within the cell, effectively protecting the cell from
oxidative stress damage [66]. Given that tumor cells are
metabolically active and generally exhibit high ROS levels,
the NADPH produced by the PPP is particularly important in
maintaining the redox balance of tumor cells, serving as a
critical line of defense against oxidative damage [67].

In addition to its antioxidant function, the PPP also
provides key precursors for nucleotide biosynthesis through
its non-oxidative phase. In this phase, 5-phosphoribulose is
catalyzed by transketolase and transaldolase to form glyc-
eraldehyde-3-phosphate and fructose-6-phosphate, which
can re-enter the glycolytic pathway or be converted into
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other biomolecules. Intermediate products of the PPP, such
as ribose-5-phosphate, are key precursors for nucleotide
biosynthesis, supporting DNA replication and genetic in-
formation transmission in tumor cells [68, 69].

Activation of the PPP has been observed in various
types of tumors, significantly enhancing tumor cell growth
and invasiveness. For instance, the activation of the PPP
pathway in certain leukemia and lymphoma cells is posi-
tively correlated with the malignancy of the tumor cells
[70]. Additionally, some anticancer drugs exert their effects
by inhibiting the PPP, blocking the energy supply and
biosynthesis processes in tumor cells, providing a novel
approach for targeting the PPP in cancer therapy [71].

In conclusion, the PPP, through its roles in antioxidant
defense and nucleotide biosynthesis, profoundly influences
the hiological behavior of tumor cells. Future research
should further explore the specific mechanisms of the PPP in
different tumor types and investigate how precise modula-
tion of the PPP can improve cancer treatment outcomes and
enhance patient quality of life.

Emerging role of Mitochondrial
Dynamics (MD) in cancer

Mitochondria are not only central to cellular energy
metabolism, but also regulate cell growth, differentiation,
apoptosis, and stress adaptation through their dynamics.
Mitochondrial dynamics (MD) refers to the processes of
mitochondrial fission and fusion, which maintain a dy-
namic balance within the cell to ensure energy supply and
metabolic homeostasis. Mitochondrial fission helps clear
damaged mitochondria, while the fusion process restores
mitochondrial function and maintains metabolic stability.
Under normal physiological conditions, the balance be-
tween mitochondrial fission and fusion is crucial for
maintaining cellular function. However, in various can-
cers, the imbalance of MD has become a hallmark of cancer
cells, significantly affecting cancer progression and treat-
ment response. For example, studies have shown that
Caveolin-1, by regulating the activity of MD-related proteins
(such as mitofusin 2 (MFN2) and dynamin-related protein 1
(DRP1)) and mitochondrial autophagy, alters the mito-
chondrial morphology, damage accumulation, and ROS
production in cancer cells, thus revealing the critical role of
MD in cancer cell survival and treatment resistance [72].
The increase in mitochondrial fission is closely related to
tumor proliferation, invasiveness, and metastatic ability [73].
For instance, overexpression of DRP1 or downregulation of
MFN1 enhances mitochondrial fission or inhibits
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mitochondrial fusion, leading to the redistribution of mito-
chondria to the pseudopod region, thereby promoting
migration and invasion of breast cancer cells [74]. Under
hypoxic conditions, DRP1 enhances the migration ability of
glioblastoma U251 cells by promoting mitochondrial fission
[75]. In contrast, changes in mitochondrial fusion exhibit dual
effects: on one hand, increased mitochondrial fusion can
inhibit tumor growth by enhancing mitochondrial autophagy.
For example, a study by Yu et al. [76] showed that inhibition of
mitochondrial fission in pancreatic cancer cells increased
fusion, thereby suppressing tumor growth by enhancing
mitochondrial autophagy, reducing mitochondrial mass, and
decreasing ATP production. On the other hand, increased
mitochondrial fusion can also promote tumor cell migration
and metabolism. For instance, mitochondrial fusion mediated
by optic atrophy 1 (OPA1) and MFN1 in liver cancer cells
promotes tumor growth and cell proliferation by regulating
metabolism [77]. In triple-negative breast cancer, enhanced
mitochondrial fission inhibited cell migration, invasion, and
metastasis through the suppression of signaling pathways
such as PISK/Akt/mTOR and Ras/Raf/MEK/ERK, thus sup-
pressing cancer progression; whereas activation of mito-
chondrial fusion could overcome the inhibitory effects of
fission on these processes [78]. Additionally, the potential of
mitochondrial fusion as a therapeutic target has gained
attention in cancer treatment. For example, studies have
shown that targeting mitochondrial fusion, particularly
inhibiting MFN2 or OPA1, can significantly inhibit the growth
of acute myeloid leukemia cells with minimal effects on
normal cells [79].

In summary, MD, by regulating the balance between
fission and fusion, influences the migration, invasion, and
metabolism of cancer cells. In various types of cancer,
mitochondrial fission and fusion play significant roles in
tumor growth, metastasis, and response to treatment.
Therefore, the regulation of MD has emerged as a potential
cancer therapeutic strategy, providing new directions for
further research.

Targeting mitochondria in tumor
therapy

Inhibition of mitochondrial function

Inhibiting mitochondrial function is an important strategy
in targeted cancer therapy, aiming to weaken or suppress
the growth and proliferation of tumor cells by disrupting the
normal physiological functions of mitochondria. Mitochon-
dria, as the “energy factories” of cells, play a central role in

Zhang et al.: Multiple roles of mitochondria in tumorigenesis and treatment = 349

cellular metabolism. By intervening in mitochondrial func-
tion through precise methods, it is possible to effectively
block the energy supply chain of tumor cells, thereby
achieving anti-cancer therapeutic goals [80]. Among the
various methods for inhibiting mitochondrial function, tar-
geting mitochondrial respiratory chain complexes has
emerged as a promising and effective approach. Inhibiting
the activity of these complexes significantly reduces ATP
production efficiency, pushing tumor cells into an energy
crisis that impairs their growth (Table 1) [81]. For instance,
cisplatin and paclitaxel have been shown to damage mtDNA
or bind to respiratory chain complexes, inhibiting their ac-
tivity and inducing apoptosis and necrosis in tumor cells [82,
83]. Furthermore, interfering with the replication and
transcription of mtDNA is another effective way to inhibit
mitochondrial function. This method would suppress the
energy metabolism of tumor cells by inducing mitochondrial
dysfunction, which would activate intrinsic apoptotic path-
ways in tumor cells and accelerate their death.

Mitochondrial-targeting therapies can also synergize
with other anti-tumor treatments to enhance their efficacy
[84]. For example, certain mitochondrial-targeting drugs
significantly increase the sensitivity of tumor cells to
radiotherapy and chemotherapy, improving the therapeutic
effect when these conventional therapies are combined.
Chen et al. [85] innovatively used tumor-targeting near-
infrared (NIR) anthocyanine dye (IR-808) as both a targeting
ligand and a NIR fluorescence probe to successfully deliver
hypoxia-affinity nitroimidazole compounds to the mito-
chondria of cancer cells, achieving synergistic effects in
radiochemotherapy. Additionally, inhibiting mitochondrial
function can induce immunogenic cell death (ICD) in tumor
cells, thereby activating anti-tumor immune responses and
enhancing the anti-tumor effect. For instance, in situ
administration of mitochondrial-targeted ICD inducers can
effectively trigger CD8+ T cell-dependent anti-tumor im-
mune responses, providing new avenues for cancer immu-
notherapy [86]. Moreover, the use of mitochondrial-targeted
magnetic hyperthermia-based immunogenic cell death
strategies can induce functional reprogramming of tumor-
associated macrophages, further enhancing the effective-
ness of cancer immunotherapy [87].

In conclusion, inhibiting mitochondrial function as a
targeted cancer therapy strategy weakens tumor cell growth
and proliferation, enhances synergy with other therapeutic
approaches, and induces immunogenic cell death to activate
anti-tumor immune responses. These findings deepen our
understanding of the role of mitochondria in tumorigenesis
and progression and provide an important theoretical basis
and practical guidance for the development of novel anti-
tumor drugs and therapeutic strategies.
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Table 1: Comparison of mitochondrial-targeted therapies in cancer treatment.
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Therapy Mechanism

Advantage

Weakness

Difference

Mitochondrial
function inhibition

By inhibiting the activity of 1)
mitochondrial respiratory chain
complexes and reducing ATP
production, mitochondrial function 2)
inhibition leads to an energy crisis

in tumor cells.
3)
Interference with By inhibiting glutamate meta- 1)
mitochondrial bolism, fatty acid oxidation, and
metabolic pathways other pathways, this strategy 2)
blocks the synthesis precursors and
energy sources of tumor cells.
3)
Utilizing By increasing mitochondrial 1)

mitochondria-
mediated apoptosis

outer membrane permeability,
pro-apoptotic factors such as cyto- 2)
chrome c are released, activating

the caspase cascade. 3)

Strongly inhibits
tumor cell
proliferation
Enhances sensitivity
to conventional
therapies

Activates immune
cell death (ICD)
High specificity and
selectivity

Reduces reliance on
traditional chemo-
therapy drugs
Lowers treatment
burden

Precisely induces

tumor cell apoptosis.

Increases treatment
specificity.
Can be combined

with other therapies.

1)

May impact the energy

metabolism of normal
cells

Primarily relies on the mitochon-
drial respiratory chain, suitable for
various tumors, and can enhance

2)  Toxicity concerns, the effects of chemotherapy and
requiring cautious radiotherapy.
application

1) Currently limited to Focusing on metabolic pathway
preclinical research intervention, this approach pre-

2)  Limited effectiveness  cisely targets tumor cells while
for certain types of avoiding the side effects of con-
tumors ventional treatments.

1)  Anti-apoptotic mecha- Focused on activating apoptosis,
nisms exist, allowing  this approach is particularly suit-
tumor cells to evade  able for tumor types that rely on
apoptosis. apoptosis.

2) Ineffective against

certain tumor cells.

Interference with mitochondrial metabolic
pathways

Interfering with mitochondrial metabolic pathways is a
highly precise and promising strategy for targeted cancer
therapy. By inhibiting key metabolic steps such as glutamine
metabolism, fatty acid oxidation, or the PPP, it is possible to
cut off the supply of biosynthetic precursors and energy
sources for tumor cells, thereby suppressing their growth
and invasive potential (Table 1) [88]. The core advantage of
this strategy lies in its high specificity and selectivity. By
exploiting the inherent metabolic differences between tu-
mor cells and normal cells, inhibitors targeting tumor-
specific metabolic pathways can be designed to precisely
target tumor cells. This approach not only reduces reliance
on traditional chemotherapy drugs, thereby alleviating the
treatment burden and side effects for patients but also holds
the potential to significantly enhance therapeutic efficacy
and improve patient quality of life. This concept of precision
therapy based on metabolic differences represents an
important direction for future cancer treatment. Several
novel targeted therapies in this field have already shown
promising application prospects. For example, glutaminase
inhibitors and fatty acid synthase inhibitors are showing
potential in preclinical and clinical trials. Among these, the
combination of 5-fluorouracil and the glutaminase inhibitor
CB-839 has been shown to enhance anti-tumor activity in

PIK3CA-mutant colorectal cancer [89]. Additionally, the
small molecule fatty acid synthase inhibitor MFI03 has
demonstrated excellent activity against PC3 tumor cells by
inducing cell cycle arrest and inhibiting cell division [90].

In conclusion, targeted therapies that interfere with
mitochondrial metabolic pathways, with their high speci-
ficity and selectivity, provide new approaches and strategies
for cancer treatment. As research continues to deepen and
novel drugs emerge, we have strong reasons to believe that
this strategy will play an increasingly important role in
future cancer therapies.

Exploitation of mitochondrial-mediated
apoptosis

By precisely triggering mitochondria-mediated apoptotic
pathways, tumor cells can be effectively induced to undergo
programmed cell death, thereby achieving therapeutic goals
in cancer treatment (Table 1) [91]. This process primarily
relies on two core steps: the first is the significant increase in
mitochondrial outer membrane permeability (MOMP),
which leads to the release of pro-apoptotic factors such as
Cyt ¢ from the mitochondria into the cytoplasm; subse-
quently, these released pro-apoptotic factors further activate
the caspase cascade, leading to apoptosis. In this complex
and intricate process, the Bax/Bak protein family plays a
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critical regulatory role. In their resting state, these proteins
exist in an inactive form in the cytoplasm, and upon
receiving apoptotic signals, they undergo conformational
changes and oligomerize on the mitochondrial outer mem-
brane, increasing its permeability and facilitating the
release of pro-apoptotic factors [92]. After Cyt cis released, it
binds closely to apoptotic protease activating factor-1
(APAF-1) to form the apoptosome, activating caspase-9 and
triggering the caspase cascade. This cascade then activates
effector caspases, such as caspase-3 and caspase-7, which
ultimately induce hallmark events of apoptosis, including
nuclear DNA fragmentation, cytoskeletal disruption, and
membrane blebbing [93, 94].

In recent years, innovative therapies utilizing
mitochondria-mediated apoptotic pathways have made
significant progress, such as photodynamic therapy (PDT)
and sonodynamic therapy (SDT). Both therapies induce
mitochondrial damage by generating ROS, which, in turn,
trigger apoptotic pathways. PDT uses photosensitizers that
undergo photochemical reactions when exposed to light
of specific wavelengths, producing large amounts of ROS,
leading to a decrease in mitochondrial membrane potential
and an increase in MOMP, thus promoting the release of
pro-apoptotic factors. Similarly, SDT utilizes ultrasound to
activate sonosensitizers, generating ROS that induce mito-
chondrial damage and apoptosis [95, 96]. It is important to
note that mitochondria-mediated apoptosis pathways
interact complexly with other forms of cell death. For
example, mitochondrial damage and excessive ROS pro-
duction can not only trigger apoptosis but also activate
ferroptosis, necroptosis, and other forms of cell death, thus
broadening the diversity of cell death mechanisms [97, 98].
However, to evade mitochondria-mediated apoptosis, tu-
mor cells often employ various strategies, such as upregu-
lating anti-apoptotic proteins or altering mitochondrial
metabolic pathways. The existence of these mechanisms
undoubtedly increases the complexity and challenges in
cancer treatment.

Therefore, when developing anti-cancer therapies that
exploit mitochondria-mediated apoptotic pathways, it is
essential to fully consider these complexities and di-
versities. In-depth studies of the apoptotic resistance
mechanisms in tumor cells are necessary to continuously
optimize and innovate treatment strategies, with the goal
of achieving more precise, efficient, and safe cancer ther-
apies. Future research should focus on uncovering the
intrinsic connections between mitochondria-mediated
apoptosis and other forms of cell death, as well as
exploring how to effectively overcome tumor cell resis-
tance to apoptosis, opening new avenues for cancer
treatment.
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Mitochondrial-targeting drug
delivery systems

The efficient delivery of mitochondrial-targeted drugs to
tumor cells has become a significant challenge, largely due to
the mitochondria’s deep location within the cell and their
double-layer membrane structure. In response to this chal-
lenge, researchers have focused on developing diverse
mitochondrial-targeted drug delivery systems in recent
years, with nanoparticles, liposomes, and peptides being of
particular interest. Nanoparticles offer unique advantages
in mitochondrial-targeted drug delivery.

Through surface modification and functional design,
nanoparticles can carry mitochondrial-targeted drugs
across the cell membrane and deliver them precisely to the
mitochondria via electrostatic interactions, hydrophobic
effects, or receptor-mediated endocytosis [99]. This delivery
approach not only improves the bioavailability of the drug
but also enhances its mitochondrial targeting, providing a
novel strategy for cancer treatment.

Liposomes are also widely used in mitochondrial-
targeted delivery due to their excellent biodegradability
and biocompatibility. Liposomes encapsulate drugs within
small spherical structures formed by phospholipid bilayers,
offering effective protection to the drugs while significantly
enhancing their affinity and targeting to the mitochondria
through surface modification with specific targeting mole-
cules, such as triphenylphosphine (TPP) [100, 101]. Once in-
side the cell, the drug is rapidly released from the liposome
and reaches the mitochondria to exert its anti-tumor effects.

Additionally, peptides have gradually become an impor-
tant tool for mitochondrial drug delivery due to their inherent
biological stability and targeting functions. By designing and
synthesizing peptide sequences with mitochondrial-targeting
capabilities, researchers have achieved precise drug delivery.
This method not only exhibits high specificity and targeting
ability but also maintains stability in complex biological en-
vironments, offering new possibilities for cancer treatment
[102].

In addition to the aforementioned delivery systems,
novel mitochondrial-targeted drug delivery systems, such as
polymer micelles and inorganic nanomaterials, are also un-
der investigation. These systems each have unique charac-
teristics and can be flexibly selected and designed according
to the properties of the drug and delivery requirements,
providing a broader range of options for mitochondrial-
targeted drug delivery [103].

In conclusion, significant progress has been made in the
research of mitochondrial-targeted drug delivery systems,
offering new hope for cancer therapy. However, optimizing
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these delivery systems to further improve drug delivery ef-
ficiency and targeting remains a critical focus of future
research. With continuous advancements in science and
technology, mitochondrial-targeted drug delivery systems
will play an increasingly important role in cancer treatment.

Mitochondria and tumor immunity

Mitochondrial damage and the release of
damage-associated molecular patterns
(DAMPs)

Following mitochondrial damage, a series of damage-
associated molecular patterns (DAMPs) are released,
including mtDNA, ATP, calreticulin (CRT), and high-mobility
group box 1 (HMGB1), each of which has unique molecular
structures and biological functions that can activate various
types of immune cells, thereby triggering effective anti-
tumor immune responses [104, 105]. Firstly, mtDNA, lacking
histone protection, is more prone to damage and release into
the extracellular space compared to nuclear DNA. The
released mtDNA activates the Toll-like receptor 9 (TLR9)
signaling pathway, inducing dendritic cell (DC) maturation
and T cell activation, thereby significantly enhancing anti-
gen presentation and T cell-mediated anti-tumor immunity
[106, 107]. This mechanism not only reveals the direct role of
mitochondria in immune activation but also highlights the
potential of mtDNA as an immunogenic molecule. Secondly,
ATP is released into the extracellular space upon mito-
chondrial damage, where it activates the P2X7 receptor to
trigger a series of immune responses [108]. Extracellular ATP
induces macrophages and DCs to secrete inflammatory
cytokines such as tumor necrosis factor (TNF-a) and
interleukin-1 (IL-1), as well as chemokines, which further
recruit and activate natural killer (NK) cells and T cells,
forming a robust anti-tumor immune network [109, 110].
This discovery deepens our understanding of ATP’s role in
immune modulation and provides a theoretical basis for the
development of ATP-based immunotherapy strategies. In
addition, CRT and HMGB1 are other important DAMPs
released following mitochondrial damage. CRT is released to
the cell surface after mitochondrial damage, serving as an
“eat me” signal to promote the phagocytosis of tumor cells by
macrophages and DCs and enhance antigen presentation,
thereby improving the immune system’s ability to recognize
and eliminate tumor cells [111]. HMGB1, released into the
extracellular space following cellular damage or death,
binds to receptors such as RAGE and TLR4, activating DCs
and macrophages, and promoting the secretion of
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inflammatory cytokines and T cell activation, further
amplifying the anti-tumor immune response [112].

In conclusion, DAMPs released after mitochondrial
damage activate different types of immune cells, triggering
complex immune network responses that effectively inhibit
tumor growth and spread. Future research should further
explore the potential of these DAMPs in cancer immuno-
therapy to develop more efficient and safe immunothera-
peutic strategies. Additionally, attention should be paid to
the relationship between mitochondrial damage and tumor
immune evasion in order to fully understand the complex
roles of mitochondria in tumorigenesis and progression.

Mitochondrial dysfunction and immune cell
metabolism

Mitochondrial dysfunction affects not only the tumor cells
themselves but also indirectly regulates the metabolic state
and activity of immune cells, thereby influencing the TME
[113]. The TME, characterized by hypoxia, nutrient defi-
ciency, and acidity, imposes severe survival pressures on
immune cells, especially T cells. As the core players in anti-
tumor immunity, the mitochondrial functional state of
T cells directly determines their activity and function. Un-
der hypoxic conditions, T cells face a blockade of the
mitochondrial OXPHOS pathway, leading to reduced ATP
production. To overcome this challenge, T cells undergo
metabolic reprogramming, relying on glycolysis to rapidly
generate energy. However, this short-term adaptation
strategy has long-term negative consequences, including a
reduction in T cell proliferation, weakened cytotoxicity,
and impaired memory cell formation, which significantly
diminishes the T cell-mediated anti-tumor immune
response, thus creating opportunities for tumor cells to
evade immune surveillance [114-116]. In addition to hyp-
oxia, tumor cells also secrete metabolic byproducts that
further disrupt the mitochondrial function of immune
cells. For example, the large amounts of lactate produced by
tumor cell glycolysis acidify the TME, directly impairing
T cell mitochondrial function [117, 118]. Meanwhile, argi-
nase secreted by tumor cells degrades arginine, a crucial
molecule for T cell mitochondrial function, further weak-
ening T cell activity [119, 120]. Not only are T cells affected,
but the TME also significantly impacts the mitochondrial
function of macrophages and natural killer (NK) cells. In
the TME, macrophages are polarized into the M2 pheno-
type, which is associated with reduced OXPHOS levels and
enhanced glycolytic activity, promoting tumor growth and
angiogenesis [121]. NK cells are also influenced by the TME,
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with mitochondrial dysfunction leading to weakened
cytotoxicity and reduced anti-tumor activity [122].

NAD+ is a key coenzyme in immune cell metabolism,
regulating mitochondrial function and metabolic pathways.
During the activation of T cells and macrophages in immune
responses, NAD+ maintains the energy balance of immune
cells by regulating mitochondrial metabolic pathways such
as OXPHOS and glycolysis [123]. However, mitochondrial
dysfunction in the TME often leads to increased NAD+ con-
sumption, which limits the energy supply to immune cells
and weakens their anti-tumor capabilities [124]. Tumor cells
reduce NAD+ levels in immune cells by secreting NAD+
degrading enzymes, such as CD38, thereby inhibiting im-
mune cell function [125]. Targeting NAD+ degrading en-
zymes or enhancing NAD+ synthesis can restore the
metabolic state of immune cells and boost their anti-tumor
ability [126-128]. NAD+ targeted therapies, particularly
through the inhibition of NAD+ degrading enzymes, have
emerged as novel immunotherapeutic strategies. This
approach not only restores immune cell function but also
improves their survival in the hypoxic, acidic, and nutrient-
deprived TME, thereby enhancing the immune response.
Moreover, NAD+ targeting strategies may synergize with
monoclonal antibody treatments, enhancing immune re-
sponses by restoring immune cell function. For instance,
CD38 inhibitors can reduce NAD+ consumption, restore
immune cell energy metabolism and anti-tumor function,
and when combined with monoclonal antibody therapies
(e.g., anti-PD-1), they enhance T cell anti-tumor responses
[129].

In conclusion, mitochondrial dysfunction alters the
metabolic state and activity of both tumor and immune cells,
shifting the dynamic balance of the tumor immune micro-
environment. This shift weakens the immune system’s anti-
tumor response, providing favorable conditions for tumor
growth and spread. Therefore, therapeutic strategies tar-
geting mitochondrial dysfunction, such as restoring mito-
chondrial function in immune cells or enhancing anti-tumor
immune responses through NAD+ targeting, may become
new directions for future cancer treatment.

Mitochondria-targeted immunotherapy

Mitochondrial-targeted immunotherapy is gradually
emerging as a frontier in cancer treatment research. Unlike
those methods, which aim to inhibit tumor growth by tar-
geting mitochondria within the tumor cells themselves,
mitochondria-targeted immunotherapy enhances the im-
mune system’s ability to combat cancer by leveraging
mitochondrial-mediated mechanisms to modulate immune
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cell function and activity. This approach not only activates
mitochondrial-driven apoptosis pathways in tumor cells but
also improves the metabolic status of immune cells, pro-
moting a more effective anti-tumor immune response.
Mitochondria-targeted immunotherapy specifically works
through several mechanisms. First, it enhances immune cell
function by optimizing mitochondrial performance, which is
crucial for maintaining energy production and cellular
metabolism in immune cells, thus boosting their anti-tumor
activity. For example, mitochondrial-targeted nutritional
supplements or drugs can be administered to immune cells
to improve their mitochondrial function, resulting in
improved efficacy in fighting cancer [130]. Second, this
immunotherapy approach facilitates the release of DAMPs
from tumor cells, which in turn activate immune responses
[131]. It also involves the modulation of immune checkpoint
inhibitors, such as programmed cell death 1 (PD-1) and
Cytotoxic T-lymphocyte associated protein 4 (CTLA-4) anti-
bodies, which block immunosuppressive signals in the TME
and activate key effector cells like T cells. By overcoming
tumor immune evasion, these treatments enhance the im-
mune system’s ability to attack tumors more efficiently [132].
Moreover, the combination of mitochondria-targeted
immunotherapy with chimeric antigen receptor T (CAR-T)
cell therapy and tumor vaccines further improves the effi-
cacy and safety of immunotherapy. CAR-T cell therapy
genetically engineers T cells to express chimeric antigen
receptors (CARs), allowing them to target and kill tumor cells
specifically [133]. Similarly, tumor vaccines enhance the
immune system by introducing tumor-specific antigens or
cells, thereby further stimulating the anti-tumor immune
response [134].

In summary, mitochondrial-targeted immunotherapy
enhances the anti-tumor capacity of the immune system
through multidimensional and multifaceted regulatory
mechanisms. As research continues to advance and tech-
nology progresses, these therapies are expected to play an
increasingly important role in cancer treatment, offering
improved therapeutic prospects for patients. At the same
time, further exploration of the potential links between
mitochondria and other immune regulation pathways may
lead to the development of more efficient and safer cancer
immunotherapy strategies.

Clinical applications and challenges

While mitochondrial-targeted therapies have advanced in
basic research, their clinical translation faces significant
challenges. Currently, drugs targeting mitochondrial respi-
ratory chain complexes or interfering with mitochondrial
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metabolic pathways have shown preliminary anti-tumor
potential in preclinical and clinical trial evaluations. For
example, IACS-010759, an inhibitor targeting mitochondrial
complex I, has also shown promising results in preclinical
studies and is now being evaluated in clinical trials for
advanced solid tumors and acute myelogenous leukemia
[135,136]. However, the efficacy and safety of these drugs still
require more rigorous and comprehensive validation and
optimization. A core challenge is delivering mitochondrial-
targeted drugs to tumor cells precisely while minimizing
toxicity to normal cells. Furthermore, finding ways to inte-
grate these emerging therapies with existing cancer treat-
ment modalities to synergistically enhance therapeutic
outcomes remains an urgent issue. The diversity and
complexity of mitochondrial functions, as well as significant
differences between tumor types and individual patients,
could have profound impacts on the actual efficacy and
safety of these targeted therapies [137].

Given these challenges, future research should focus
on several key directions: Firstly, further optimization of
mitochondrial-targeted drug delivery systems to ensure
precise targeting and efficient release of drugs; secondly,
deepening the exploration of new mitochondrial-related
targets and developing innovative therapeutic strategies
targeting these pathways; and finally, enhancing our un-
derstanding of the specific mechanisms by which mito-
chondria contribute to tumor initiation and progression, in
order to provide a more comprehensive understanding of
their role in tumor biology and support personalized
treatment approaches. By addressing these challenges, we
can overcome the current obstacles and promote the
widespread clinical application of mitochondrial-targeted
therapies, offering more effective treatment options for
cancer patients.

Conclusion and prospects

Mitochondria, as the central organelles within cells, play
indispensable roles in tumorigenesis, tumor progression,
and therapeutic response. The function and metabolic state
of mitochondria undergo dynamic changes throughout the
tumor process, profoundly influencing the biological char-
acteristics of tumor cells and their treatment sensitivity. In
addition to providing energy and material resources, mito-
chondria regulate processes such as apoptosis, proliferation,
and metabolic reprogramming, which significantly impact
tumor cell biology.

As cancer therapies continue to evolve, mitochondria
remain a critical target for therapeutic innovation [138].
Recent cutting-edge studies have revealed exciting new
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directions in mitochondrial medicine, particularly in the
development of therapies that exploit mitochondrial
dysfunction as a mechanism for selectively Kkilling cancer
cells. For example, mitochondria-targeted prodrugs that
accumulate in tumor cells have shown promising potential
in preclinical models, enabling the delivery of therapeutics
directly to the mitochondria, enhancing efficacy and
minimizing off-target effects [139, 140]. Additionally, mito-
chondrial fusion and fission modulators, which regulate
mitochondrial dynamics, are being explored as potential
therapeutic agents to counteract the metabolic plasticity
of cancer cells [141, 142]. One particularly innovative
approach involves the use of mitochondrial ROS-targeting
strategies, where increasing ROS levels within tumor cells
can overwhelm their antioxidant defenses, selectively tar-
geting cancerous cells while sparing normal tissues [143].
Moreover, mitochondrial-targeted immunotherapies,
which aim to enhance the mitochondrial function of im-
mune cells, are being developed to hoost the anti-tumor
immune response. For instance, targeting mitochondrial
apoptosis pathways has been proposed as a way to sensitize
tumors to immunotherapy, particularly checkpoint in-
hibitors like PD-1 and CTLA-4 [132].

In conclusion, the exploration of mitochondrial function
in cancer therapy is undergoing rapid advancements.
Emerging mitochondrial-targeted therapies are showing
promise not only in selectively inducing tumor cell death but
also in synergizing with existing therapies to enhance their
effectiveness. As we continue to deepen our understanding
of mitochondrial roles in cancer biology and therapeutic
resistance, we believe that mitochondrial-targeted therapies
will become a cornerstone in future cancer treatments, of-
fering more precise, efficient, and individualized treatment
options for patients.
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