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Abstract 

Colorectal cancer (CRC) is a significant public health concern, and its development is associated with mitochon-
drial dysfunction. Mitochondria can adapt to the high metabolic demands of cancer cells owing to their plasticity 
and dynamic nature. The fusion–fission dynamics of mitochondria play a crucial role in signal transduction and meta-
bolic functions of CRC cells. Enhanced mitochondrial fission promotes the metabolic reprogramming of CRC cells, 
leading to cell proliferation, metastasis, and chemoresistance. Excessive fission can also trigger mitochondria-medi-
ated apoptosis. In contrast, excessive mitochondrial fusion leads to adenosine triphosphate (ATP) overproduction 
and abnormal tumor proliferation, whereas moderate fusion protects intestinal epithelial cells from oxidative stress-
induced mitochondrial damage, thus preventing colitis-associated cancer (CAC). Therefore, an imbalance in mito-
chondrial dynamics can either promote or inhibit CRC progression. This review provides an overview of the mecha-
nism underlying mitochondrial fusion–fission dynamics and their impact on CRC biology. This revealed the dual role 
of mitochondrial fusion–fission dynamics in CRC development and identified potential drug targets. Additionally, this 
study partially explored mitochondrial dynamics in immune and vascular endothelial cells in the tumor microenviron-
ment, suggesting promising prospects for targeting key fusion/fission effector proteins against CRC.
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Graphical Abstract

Introduction
Colorectal cancer (CRC) is the third most common 
cancer and second leading cause of cancer-related 
deaths in the United States [1]. Recent cancer statistics 
indicate that there will be an estimated 153,020 new 
CRC cases by 2023, resulting in 52,550 deaths [1, 2]. 
Although the overall incidence and mortality rates have 
decreased, there is a growing concern that the burden 
of CRC is shifting towards younger adults [3]. In recent 
years, significant advancements were made in CRC 
treatment through chemotherapy, molecular targeted 
therapies, and immune checkpoint inhibitors. However, 

recurrence and drug resistance hinder successful can-
cer treatment, resulting in a relatively poor prognosis, 
with a 5-year survival rate of approximately 60% [4, 5]. 
Moreover, approximately 20% of patients with CRC 
present metastases at the time of diagnosis, whereas 
25% of patients with early-stage CRC develop metasta-
ses during follow-up [6]. Unfortunately, the prognosis 
of patients with metastatic CRC is worse, with a 5-year 
survival rate of below 20% [6]. Therefore, it is crucial 
to delve deeper into the key molecular events involved 
in colorectal carcinogenesis and progression and to 
explore new therapeutic targets.
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Currently, metabolic reprogramming is the focus of 
oncological research. Recent evidence suggests that 
the unique metabolism of tumor cells characterized 
by reduced oxidative phosphorylation (OXPHOS) 
and increased glycolysis is regulated by mitochondrial 
dynamics [7–9]. Mitochondria are known as the ‘energy 
factories’ of eukaryotic cells that exhibit dynamic prop-
erties such as fusion, fission, and degradation, which 
are crucial for their optimal function in energy produc-
tion [10, 11]. They play significant roles in various cel-
lular processes, including cell differentiation, apoptosis, 
calcium homeostasis, innate immunity, and metabo-
lism of fatty acids (FAs) and amino acids [12, 13]. These 
active organelles are transported along the cytoskeleton 
and can adopt different shapes, such as merging into 
long or interconnected tubules or splitting into small 
spheroids. These morphological changes are regulated 
by the opposing fusion and fission processes [14]. Con-
tinual fusion and fission events of mitochondrial mem-
branes help regulate the morphology and quantity of 
mitochondria, ensuring their homogeneity and efficient 
functioning [14, 15]. Furthermore, imbalanced mito-
chondrial fusion–fission during the cell cycle appears to 
facilitate the entry of cancer cells into mitosis, thereby 
ensuring a proliferative and survival advantage [16].

‘Mitochondrial dynamics’ refers to various processes, 
such as fusion, fission, mitophagy, cristae remodeling, 
and transport. Mitophagy selectively eliminates dysfunc-
tional mitochondria to regulate their quality and quantity 
[17]. Although mitophagy is influenced by mitochon-
drial dynamics and plays a significant role in CRC biol-
ogy, these aspects were extensively discussed elsewhere 
[13, 18] and are beyond the scope of this review. This 
review focuses on the impact of fusion–fission dynamics 
on CRC cell biology. Here, we provide a brief overview 
of the mechanisms of mitochondrial fusion and fission, 
followed by a summary of how an imbalance in mito-
chondrial dynamics can facilitate or inhibit CRC devel-
opment. Furthermore, this study highlights the potential 
of targeting key effector proteins involved in mitochon-
drial dynamics for CRC treatment.

Overview of mitochondrial fusion–fission dynamics
Maintaining a balance between fusion and fission is 
crucial for preserving mitochondrial morphology and 
facilitating efficient exchange of contents between 
mitochondria.

Mitochondrial fusion is defined as the complete fusion 
of two mitochondria through end-to-end collision [13]. 
Mitochondria are composed of two membranes: the 
outer mitochondrial membrane (OMM) and inner mito-
chondrial membrane (IMM). Fusion begins with outer 
membrane fusion, followed by inner membrane fusion, 

which occurs in close proximity. The IMM contains the 
lumen (matrix) of the mitochondria, an inner bordering 
membrane parallel to the OMM, and a deep convoluted 
polymorphic invagination known as the crista. The crista 
enlarges the surface area of the inner membrane and 
conceals components necessary for mitochondrial respi-
ration. The OMM acts as a permeable platform that facil-
itates the convergence of cellular signals, which can be 
decoded and transmitted to mitochondria. It also estab-
lishes membrane contact with other organelles, such as 
the endoplasmic reticulum (ER), lysosomes, and melano-
somes [14]. When the four lipid bilayers merge, the con-
tents mix, and the matrix components diffuse to form a 
single, fused mitochondrion [16] (Fig. 1A). In addition to 
complete fusion, there is the so-called ‘kiss-and-run’ pat-
tern of transient fusion. Unlike complete fusion, transient 
fusion occurs when two mitochondria come together, 
partially exchange intact membrane proteins, and sepa-
rate, thereby maintaining their original topology. Tran-
sient fusion can occur even when optic atrophy 1 (OPA1) 
levels are too low or too high to support complete fusion. 
This type of fusion enhances the functional stability and 
plasticity of mitochondria and is necessary to support 
mitochondrial metabolism [19, 20].

Mitochondrial fusion is facilitated by three large 
GTPases from the dynamin superfamily: mitofusin 
1(Mfn1), Mfn2, and OPA1. Mfn1 and Mfn2 are located 
on the outer membrane, and fusion begins with the dock-
ing of two trans-Mfn molecules to form homooligo-
meric and heterooligomeric complexes. Conformational 
changes in these complexes and the subsequent forma-
tion of oligomers contribute to the outer membrane 
fusion. Outer membrane fusion requires both Mfn1 and 
Mfn2 to be present; in the absence of either Mfn1 or 
Mfn2, the outer membrane fails to fuse [21]. OPA1 is 
involved in inner membrane fusion. Unlike Mfn1/2, the 
presence of OPA1 in only one of the two opposing mito-
chondria is sufficient to initiate inner membrane fusion 
[22] (Fig. 1B). Without OPA1, the cells only fuse the outer 
mitochondrial membrane fusion and fail to progress to 
inner membrane fusion. The intermediate products of 
failed fusion are eventually degraded by division, leading 
to mitochondrial fragmentation [23]. In addition, OPA1 
plays a crucial role in maintaining the structure of the 
crista membrane, which is the primary site of OXPHOS. 
When OPA1 is deficient, the ultrastructure of the cristae 
is severely damaged, and respiratory chain complexes are 
significantly decreased [14].

Mitochondrial fission is the process of dividing a mito-
chondrion into two smaller mitochondria. This process 
begins with an interaction between the mitochondria and 
ER, causing mitochondrial tubule contraction [24]. The 
key step in fission is the recruitment and oligomerization 
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of dynamin-related protein 1 (Drp1), a major mito-
chondrial fission protein whose activity is regulated by 
phosphorylation [25]. Recruitment of Drp1 to the mito-
chondria is dependent on several key receptors present 
on the outer membrane. One such receptor is mito-
chondrial fission factor (Mff), whose depletion causes 
substantial mitochondrial elongation and reduced Drp1 
recruitment [26]. Other proteins, such as mitochondrial 
fission protein 1 (Fis1) and mitochondrial dynamics pro-
teins of 49 and 51  kDa (MiD49 and MiD51), also play 
crucial roles in the recruitment process [16]. After being 
recruited to the mitochondria-ER contact site, Drp1 
forms a helical structure in collaboration with actin, 
which initiates GTP hydrolysis and mediates the fission 
of the mitochondrial double membrane [27, 28]. Owing 
to certain biophysical limitations of Drp1, the final step 
of fission requires dynamin 2- and Golgi-derived PI (4)
P-containing vesicles to induce membrane division to 
complete fission [29, 30] (Fig. 1C).

Although the mechanisms underlying fusion and fis-
sion are distinct, they work in tandem to ensure efficient 
transport, fair mitochondrial inheritance, and effective 
OXPHOS. A significant defect in either process can lead 
to mitochondrial dysfunction and potentially cancer 
development. With a better grasp of the basics of mito-
chondrial fusion and fission, we can examine the role of 
mitochondrial dynamics in CRC progression.

Mitochondrial fission and CRC​
In CRC cells, enhanced mitochondrial fission is a com-
mon phenomenon that promotes or inhibits CRC pro-
gression. To better understand this relationship, we will 
explore the molecules associated with fission and drugs 
that have been developed thus far (Fig. 2 and Supplemen-
tary Table 1).

Fission promotes cell proliferation and migration
Key effector proteins/molecules mediating fission
Reducing the expression of the mitochondrial fis-
sion factor Drp1 results in elongated mitochondria, 
lowered mitochondrial membrane potential (MMP), 
increased cytochrome C release, and increased apop-
tosis in HCT116 and SW480 cells [31]. Drp1 also plays 
a crucial role in regulating FAs metabolism and mito-
chondrial morphology in CRC cells [32]. Treatment with 
FAs resulted in shorter average mitochondrial length 
and an increased number of mitochondria in HCT116 
cells, indicating that FAs promote mitochondrial divi-
sion. This involves Drp1 phosphorylation at Ser616 and 
enhanced interactions between Drp1 and Mff. However, 
this treatment did not affect the mRNA or protein levels 
of total Drp1 or other mitochondrial dynamics-related 
proteins, such as Mfn1, Mfn12, and OPA1. Functionally, 
activation of Drp1S616 promotes FAs oxidation, enhances 

Fig. 1   Mitochondrial structure and fusion–fission dynamics. A Mitochondrial structure, the mitochondrial lumen (matrix) is surrounded 
by the OMM and IMM. B Mitochondrial fusion involves outer membrane fusion and inner membrane fusion, facilitating ATP production 
and exchange of matrix content. C Mitochondrial fission involves ER interactions, Drp1 recruitment and constriction, and auxiliary segmentation 
of Dynamin 2, promoting ROS production, clearance of damaged mitochondria by autophagy, and equitable inheritance. ATP, adenosine 
triphosphate; Drp1, dynamin-related protein 1; ER, endoplasmic reticulum; FIS1, mitochondrial fission protein 1; IMM, inner mitochondrial 
membrane; Mff, mitochondrial fission factor; Mfn, mitofusins; OMM, outer mitochondrial membrane; OPA1, optic atrophy 1; ROS, reactive oxygen 
species
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Wnt/β-catenin pathway, and induces metabolic repro-
gramming [32]. In addition to FAs metabolism, mito-
chondrial fission reprograms glucose metabolism and 
promotes CRC cell growth, invasion, and migration. Acti-
vation of mitogen-activated protein kinase/extracellular 
signal-regulated kinase (MEK/ERK) signaling in CRC 
cells carrying BRAFV600E promotes the phosphorylation 
of Drp1S616. However, there was no significant change in 
the level of Mfn1/2, resulting in more fragmented mito-
chondria and a glycolytic phenotype in tumor cells. This 
glycolytic phenotype is characterized by a significant 
increase in glucose uptake and lactate production. Fur-
thermore, mitochondrial pyruvate dehydrogenase kinase 
1 (PDK1) is a potential therapeutic target owing to its 
positive effects on mitochondrial fragmentation [33]. 
In HT-29 cell lines, the regulation of RasG12V-induced 

cellular transformation is dependent on mitochondrial 
fission and Drp1, and the Drp1S616 phosphorylation sta-
tus is sufficient to characterize transformation-induced 
mitochondrial dysfunction that can identify BRAFV600E-
positive lesions [34]. ADP-ribosylation factor 1(ARF1) 
expression is linked to poor survival in CRC and acti-
vates ERK signaling by enhancing the interaction of IQ-
domain GTPase-activating protein 1 (IQGAP1) with ERK 
and MEK, promoting mitochondrial division and colon 
tumorigenesis [35]. These findings suggest that targeting 
mitochondrial fission may aid the development of inhibi-
tors of the oncogenic mitogen-activated protein kinase 
(MAPK) pathway [33–35].

Mitochondrial fission regulator 2 (MTFR2) is known 
for its role in regulating mitochondrial fission and is 
expressed at abnormal levels in various cancer tissues, 

Fig. 2   Mitochondrial fission and CRC biology: mechanisms and potential targets. A Fission promotes cell proliferation, metastasis, and drug 
resistance. B Excessive fission triggers mitochondria-mediated apoptosis. AMPK, AMP-activated protein kinase; CDK1, cyclin-dependent kinase 
1; CRC, colorectal cancer; Drp1, dynamin-related protein 1; ERK, extracellular signal-regulated kinase; FIS1, mitochondrial fission protein 1; FAs, 
fatty acids; JNK, Jun N-terminal kinase; LATS2, large tumor suppressor kinase 2; LKB1, Liver kinase B1; MCU, mitochondrial calcium uniporter; MEK, 
mitogen-extracellular activated protein kinase; Mff, mitochondrial fission factor; MIEF, mitochondrial elongation factor 1; MMP, mitochondrial 
membrane potential; mPTP, mitochondrial permeability transition pore; MTFR2, mitochondrial fission regulator 2; OPA1, optic atrophy 1; OXPHOS, 
oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase 1; PTEN, phosphatase and tensin homolog; RAGE, receptor advanced glycation 
end product; ROS, reactive oxygen species; SIRT, Sirtuin; TCA, tricarboxylic acid cycle
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including CRC tissues. In fact, a significant decrease in 
cancer cell proliferation, invasion, and migration was 
observed when MTFR2 was knocked down in HCT116 
cells [36]. The miR-27a/Forkhead Box J3 (FOXJ3) axis 
regulates mitochondrial dynamics and biogenesis, result-
ing in shorter, fewer, and punctate mitochondria. Con-
focal microscopy showed an increase in mitochondrial 
abundance, accompanied by increased levels of mito-
chondrial electron transport chain (ETC) complexes and 
mitochondrial fusion proteins (Mfn1, Mfn2, and OPA1), 
and lower levels of fission proteins (Mff and Drp1) in 
CRC cells [37]. The ovarian tumor-associated protease 
deubiquitinase 6 A (OTUD6A) is overexpressed in human 
CRC tissues and stabilizes Drp1 through deubiquitina-
tion. The MDVD domain of Drp1 is the key region for 
its interaction with OTUD6A, and aberrant expression of 
OTUD6A in HCT116 and DLD1 cells prolongs the half-
life of Drp1, thereby promoting cell proliferation and col-
ony formation. Conversely, OTUD6A deletion leads to a 
significant increase in mitochondrial length and decrease 
in  mitochondrial fragmentation [38]. Chemoresistance 
is a major barrier for effective cancer treatment. 5-Fluo-
rouracil (5-FU)-, doxorubicin-, or oxaliplatin-resistant 
colon cancer cells show remarkable mitochondrial frag-
mentation owing to reduced fusion and increased divi-
sion, which is consistent with low ROS accumulation 
[39–41]. Mechanistically, mettl14-dependent maturation 
of pri-miR-17 directly induces mitochondrial fission, 
leading to 5-FU chemoresistance [40]. Although Drp1 
phosphorylation (Ser616) may be involved in chemore-
sistance, high Drp1 phosphorylation triggered by ERK 
can activate autophagy through the receptor advanced 
glycation end product (RAGE)/ERK1/2 pathway, result-
ing in chemoresistance and regeneration of cancer cells 
[41].

Compounds inhibiting mitochondrial fission
In addition to the above research on key effector proteins 
or molecules, multiple studies on the anti-cancer activ-
ity of naturally occurring compounds or specific drugs 
confirmed that mitochondrial fission promotes CRC 
progression. Mitochondrial division inhibitor 1 (Mdivi-
1) is a commonly used Drp1 inhibitor that inhibits mito-
chondrial fission, reduces oxidative metabolism in CRC 
cells, and impedes cell proliferation [42]. HCT116 cells 
treated with ellagic acid (a polyphenolic compound) 
resulted in hyperfusion in the originally small and punc-
tate mitochondria, which leads to reduced mitochondrial 
membrane potential and impaired mitochondrial respi-
ration. Additionally, dephosphorylation of Drp1S616 was 
observed, along with decreased expression of cell prolif-
eration and cell cycle markers, cyclin-dependent kinase 1 
(CDK1), cyclin B, and Ki67 [43]. This phenomenon also 

occurs in CRC cells exposed to Paris Saponin II [44], 
sodium butyrate [45], and the Wnt/β-catenin signaling 
inhibitor ICG-001 [46]. Paris saponin II dephosphoryl-
ates Drp1S616 and inhibits Drp1 recruitment by activating 
the nuclear factor-kappa B (NF-κB) pathway, triggering 
cell cycle arrest and apoptosis [44]. Furthermore, ICG-
001 activates the early ER stress response to exert anti-
proliferative activity [46]. Corosolic acid is a natural 
pentacyclic triterpenoid that suppresses Drp1 phospho-
rylation at Ser616 (CDK1-dependent) and induces Drp1 
phosphorylation at Ser637 (protein kinase-dependent). 
Heterodimerization of human epidermal growth fac-
tor receptor 2 (HER2) and HER3 inhibits the migration 
of Drp1 to the mitochondrial surface, thereby inhibiting 
mitochondrial division. Although corosolic acid did not 
significantly affect OPA1 and Mfn1/2 expression, it shows 
promise as a novel inhibitor of HER2/HER3 heterodi-
merization in CRC [47]. Atractylenolide I increases ROS 
content, impairs mitochondrial membrane integrity, and 
induces apoptosis in CRC cells. It also suppresses NLRP3 
(NACHT, LRR, and PYD domain–containing protein 3) 
inflammasome activation in colitis-associated cancer 
(CAC) by inhibiting Drp1-mediated mitochondrial fis-
sion [48]. Pectin is a polysaccharide that decreases Drp-1 
expression and increases the expression of proteins 
linked to mitochondrial fusion and cellular senescence, 
such as β-galactosidase and p53, resulting in reduced cell 
viability and cellular senescence [49]. The anti-allergic 
drug azelastine may exert anti-colon cancer effects by 
inhibiting ARF1-mediated mitochondrial fission via the 
ERK signaling pathway [35]. Metformin is a drug com-
monly used to treat type 2 diabetes mellitus that delays 
the progression of CAC by activating the liver kinase B1/
AMP-activated protein kinase (LKB1/AMPK) pathway 
and protects the mitochondrial structure of colonic epi-
thelial cells while inhibiting H2O2-induced mitochondrial 
division [50].

Taken together, mitochondrial fission is commonly 
enhanced in CRC owing to aberrantly expressed genes. 
This process occurs through ERK-mediated phospho-
rylation of Drp1 at Ser616 while inhibiting phospho-
rylation at Ser637, leading to metabolic reprogramming, 
enhanced cell proliferation, invasion, migration, chem-
oresistance, and inhibition of apoptosis. Mitochondrial 
fission primarily activates the oncogenic MAPK path-
way. The main focus of some anti-cancer drugs is to 
inhibit mitochondrial division by preventing the recruit-
ment of Drp1, inhibiting ERK1/2 phosphorylation, and 
dephosphorylating Drp1 at Ser616 (Fig. 2A). These find-
ings will aid the development of new small-molecule 
inhibitors of CRC.
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Excessive fission induces apoptosis
Molecules mediating excessive fission
Normal mitochondrial fission plays a crucial role in 
enhancing the efficiency of energy metabolism. How-
ever, excessive fission adversely affects the viability of 
CRC cells. Mitochondrial deacetylases, Sirtuin-3 (SIRT3), 
and SIRT1 are enzymes found within the mitochondria 
that actively promote the proliferation and migration 
of tumor cells. Marked mitochondrial fragmentation is 
observed when SIRT3 and SIRT1 are deficient or inhib-
ited in CRC cells, accompanied by ROS overproduction, 
decreased MMP, open mitochondrial permeability tran-
sition pore (mPTP), upregulated fission indicators, and 
decreased fusion indicators, ultimately inducing abnor-
mal mitochondrial division and CRC apoptosis [51, 52]. 
SIRT3 deletion activates caspase-9-related death pro-
grams by inhibiting Akt/phosphatase and tensin homolog 
(PTEN) signaling [51], whereas SIRT1 inhibition pri-
marily increases the acetylation of the mitochondrial 
calcium uniporter (MCU) at the K332 site, resulting in 
mitochondrial Ca2+ enrichment and depolarization, and 
the SIRT1 inhibitor Inauhzin targets this process [52]. 
Decreased expression of large tumor suppressor kinase 
2 (LATS2) may cause cancer cells to become resistant to 
5-FU chemotherapy. Conversely, LATS2 upregulation in 
SW480 cells induces higher levels of mitochondrial divi-
sion, activates the Bax-related mitochondrial apoptotic 
pathway, decreases ATP content, and enhances apop-
totic response to 5-FU [53]. Mechanistically, LATS2 
overexpression further amplifies Jun N-terminal kinase 
(JNK)-mitochondrial elongation factor 1 (MIEF1)-related 
mitochondrial fission activated by 5-FU [53]. Matrine is 
a natural compound that activates MIEF1–related mito-
chondrial fission and inhibits the survival of SW480 cells 
through the LATS2-Hippo pathway [54]. YAP overex-
pression was observed in human rectal cancer cells. YAP 
deficiency contributes to the activation of JNK/Drp1S616 
and the recruitment of Drp1, which causes mitochon-
drial fission. These abnormal mitochondrial divisions 
result in the leakage of HtrA2/Omi into the cytoplasm, 
which ultimately induces apoptosis in rectal cancer cells 
via the mitochondrial apoptosis pathway [55].

Although several studies have reported increased 
Drp1 expression in CRC, its exact role in CRC develop-
ment remains unclear and requires further investigation. 
To investigate the involvement of Drp1 in colon cancer, 
Kim et  al. [56] analyzed the levels of Drp1 in human 
colon cancer tissues; Drp1 levels were lower and higher 
than those in adjacent normal tissues in 75% (9 pairs) 
and 25% (3 pairs) of the tumor tissues, respectively. The 
study also revealed a significant decrease in Drp1 levels, 
specifically in mid- to late-stage colon cancer (P < 0.01), 
suggesting a potential association between the lack of 

Drp1 or a deficiency in the mitochondrial division and 
progression of colon cancer. Furthermore, the decline in 
Drp1 levels was greater in male patients than in female 
patients. These findings are in contrast with those of pre-
vious studies and indicate that the effects of changes in 
Drp1 levels may vary depending on the cell type, tissue, 
or physiological context.

Compounds enhancing mitochondrial fission
Several compounds, including inauhzin [52], matrine 
[54], Tanshinone IIA [57, 58], lycorine [59], and Aloe 
gel glucomannan [60] were developed to induce mito-
chondrial fission in CRC cells. Tanshinone IIA activates 
JNK-Mff and Mst1-Hippo signaling pathways,  resulting 
in apoptosis and  inhibition of cell proliferation  [57, 58]. 
Lycorine and Aloe gel glucomannan increase mitochon-
drial fission and mitophagy signaling in colon cancer 
cells, leading to ROS overproduction, which contributes 
to cell death [59, 60]. Mitochondrial fission also plays 
an important role in chemotherapy-induced apopto-
sis. Treatment with triptolide and an apoptosis inducer 
kit (AIK) in HCT-116 cells upregulates the levels of 
p-Drp1S616 and induces mitochondrial fission. Simi-
larly, camptothecin treatment increases the p-Drp1S616/ 
p-Drp1S637 ratio in the DLD1 cell line [61]. Myoferlin 
(MYOF) is a vital vesicular transporter protein, and its 
small-molecule inhibitor (YQ456) can dephosphorylate 
Drp1 at S637 in CRC cells, resulting in sustained mito-
chondrial fission and, ultimately, cell death [62]. These 
findings suggest that the activation of mitochondrial fis-
sion may contribute to halting CRC progression. How-
ever, further studies are required to fully elucidate these 
processes.

In summary, mitochondrial fission appears to play a 
dual role in CRC progression. Activated Drp1S616 pro-
motes mitochondrial fission, metabolic reprogramming, 
activation of oncogenic signaling pathways, cell prolif-
eration, invasion, migration, and resistance to chemo-
therapy. However, excessive mitochondrial fission owing 
to deficiency or overexpression of key genes triggers the 
Bcl-2 family-mediated mitochondrial apoptotic path-
way (Fig.  2B). Therefore, while mitochondrial fission 
enhances CRC cell growth, excessive fission can induce 
apoptosis. This evidence could be valuable to identify tar-
geted inhibitors for CRC.

Mitochondrial fusion and CRC​
Mitochondrial fusion is the opposite process of mito-
chondrial fission, and its dysfunction plays an important 
role in the progression of CRC (Fig. 3 and Supplementary 
Table 1).
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Fusion attenuates oxidative stress‑induced mitochondrial 
damage
Mitochondrial fusion may inhibit the development 
of CAC in the early stages. Insulin-like growth fac-
tor-1 receptor (IGF-1R) is considered a significant ele-
ment in CRC owing to its potential to encourage cell 
cycle advancement and hinder apoptosis. Heterozygous 
knockdown of IGF-1R safeguards colonic epithelial 
cells from oxidative stress-induced mitochondrial dam-
age through the LKB1/AMPK signaling pathway and 
activates fusion to maintain the structural integrity of 
mitochondria, which prevents colitis-associated can-
cers induced by azoxymethane/dextran sodium sulfate 
(AOM/DSS) [63]. Knockdown of the mitochondrial gene 
MCCC2 inhibits CRC cell proliferation, invasion, and 
migration, which is mainly achieved by upregulating the 
expression of the fusion markers MFN and OPA1 [64]. 
A study on the mitochondrial biogenesis and kinetics 
of CRC cells exposed to oil production waste products 
(OPWPs) extracts and hydroxytyrosol shows that treated 
CRC cells showed elongated and tubular mitochondria, 
forming a complex network structure [65]. The levels of 
Mfn1/2 were increased, whereas those of Mff were sig-
nificantly reduced. Mechanistically, OPWPs extracts 
and hydroxytyrosol promote mitochondrial fusion 
and upregulate the OXPHOS pathway via the PPARγ/
PGC-1α axis, ultimately inhibiting cell proliferation and 
inducing apoptosis [65]. Tumor cells rely on glycolysis 
for ATP production. Intervention of colon cancer cells 
with 2-deoxy-D-glucose (2-DG) causes an imbalance in 
mitochondrial fusion and fission proteins, which mainly 
upregulates Mfn1/2 and downregulates Drp1. This 
results in mitochondrial fusion and network structure 
formation, accompanied by a notable inhibition of glyco-
lysis [33, 66]. Interestingly, this intervention had no effect 
on the viability of colon cancer cells [66] (Fig. 3A).

Excessive fusion promotes cell proliferation and migration
The chromodomain helicase DNA-binding protein 
(CHD) family has been linked to tumors. In particular, 
CDH6 is overexpressed in CRC cells. Aberrant acti-
vation of the EGF signal impedes glycogen synthase 
kinase-3β (GSK3β)-mediated CHD6 ubiquitination 
and degradation, resulting in structurally stable CHD6 
entering the nucleus and binding to transcription factor 
4 (TCF4) and β-catenin in response to Wnt signaling. 
This enhances the transcription of transmembrane pro-
tein 65 (TMEM65), a mitochondrial inner membrane 
protein, leading to sustained mitochondrial fusion, 
ATP overproduction, tumor growth, and metastasis. 
Knocking out the CHD6 gene in CRC cells shortens 
mitochondrial length and reduces the number of cris-
tae, ultimately inducing apoptosis [67]. The absence 

of glutamine in cancer cells can cause a significant 
increase in ROS levels, leading to structural damage to 
mitochondria. In response, mitochondria fuse to dilute 
damaged proteins and repair damage, thereby main-
taining the integrity of mitochondrial DNA [68]. Acti-
vation of mitochondrial depolarization in CRC cells 
was observed upon using a new Rho/ROCK inhibitor, 
RKI-1447. This activation leads to cleavage of OPA1 
protein, resulting in impaired mitochondrial fusion, a 
decrease in mitochondrial respiration rate, excessive 
production of ROS, an increase in the expression of ER 
stress-associated molecules like p-eIF2α and CHOP, 
and ultimately induces ER stress-associated cell apop-
tosis [69] (Fig. 3B).

In summary, excessive mitochondrial fusion promotes 
cancer cell growth by generating large amounts of energy 
and repairing damaged mitochondrial structures. How-
ever, mitochondrial fusion can also protect the intestinal 
epithelial cells from oxidative stress-induced damage, 
thereby preventing the development of CAC. Addition-
ally, mitochondrial fusion can inhibit the glycolytic path-
way, which may slow CRC progression. However, further 
studies are required to fully understand these findings.

Mitochondrial dynamics in the tumor 
microenvironment
Imbalances in mitochondrial dynamics were observed 
in CRC cells and in immune and endothelial cells in 
the tumor microenvironment. Recent studies demon-
strate the critical role of mitochondrial division in mac-
rophages for the effective phagocytosis of live tumors 
and apoptotic cells [70–72]. Furthermore, mitochon-
drial fission is essential to initiate the immune response 
in bone marrow-derived macrophages, enabling them to 
regulate tumor metastasis [73]. The phagocytic effect of 
macrophages is enhanced when they are stimulated with 
therapeutic monoclonal antibodies [70]. Mechanistically, 
mitochondrial fission increases the intracytoplasmic cal-
cium ion concentration, which subsequently disrupts 
the liquid-liquid phase separation (LLP) of the Wiskott-
Aldrich syndrome protein–Wiskott-Aldrich syndrome 
interacting protein (WASP–WIP) complex in mac-
rophages and promotes actin rearrangement, ultimately 
enhancing the phagocytic activity of macrophages. Over-
expression of a protease competing with macrophages 
for glutamine in colon cancer cells [glutamine-fructose-
6-phosphate transaminase 2 (GFPT2)] can impair mito-
chondrial fission in macrophages, leading to a weakened 
phagocytic response and drug resistance [70]. The results 
of this study indicated that focusing on the process of 
mitochondrial fission in macrophages could potentially 
enhance the effectiveness of therapeutic antibodies. The 
differentiation of T cells into effector T (TE) cells (which 
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divide mitochondria) or memory T (TM) cells (which 
fuse mitochondria) is closely associated with mitochon-
drial dynamic-mediated metabolic reprogramming [74]. 
He et al. [75] observed a notable tumor growth delay  in 
Sirt3 K223R-OT1 TM   mouse model upon injection of 
OVA-expressing mouse MC38 (MC38-OVA) tumor cells. 
Mechanistically, activation of the SENP1-Sirt3 axis could 
inhibit OPA1 fragmentation in TM cells and enhance 
mitochondrial fusion, thereby promoting T cell memory 
development.These findings suggest that activating mito-
chondrial fission in macrophages or mitochondrial fusion 
in T cells may improve antitumor immunity (Fig. 4).

In addition to immune cells, the mitochondrial dynam-
ics of tumor endothelial cells (TECs) are closely linked 
to cancer cell proliferation and metastasis. Vascular 

endothelial growth factor (VEGF) stimulates the expres-
sion of the fusion protein OPA1 in endothelial cells, 
inhibits the NF-κB pathway, promotes angiogenesis and 
lymphangiogenesis, and induces CRC cell growth and 
metastasis [76] (Fig.  4). Cachexia that leads to muscle 
and fat depletion is a major complication of CRC. In C26 
tumor-bearing mice, treatment with or without Folfiri 
(a chemotherapeutic agent) causes muscle atrophy and 
reduces the expression of mitochondrial fusion markers 
(OPA1 and Mfn2), fission markers (Drp1), and biogen-
esis markers (PGC-1α) in muscle cells. These findings 
suggest that tumors and chemotherapy can cause muscle 
loss through similar mechanisms, leading to changes in 
mitochondrial homeostasis. This highlights the potential 
of targeting myocyte mitochondrial dynamics to develop 

Fig. 3   Mitochondrial fusion and CRC biology: mechanisms and potential targets. A Fusion attenuates oxidative stress-induced mitochondrial 
damage and inhibits the development of CAC. B Excessive fusion promotes cell proliferation, metastasis, and apoptosis resistance. 2-DG, 
2-deoxy-D-glucose; ATP, adenosine triphosphate; CAC, colitis-associated cancer; CHD6, chromodomain helicase 6; CRC, colorectal cancer; GSK3β, 
glycogen synthase kinase-3β; OPA1, optic atrophy 1; OPWPs, oil production waste products; OXPHOS, oxidative phosphorylation; TCA, tricarboxylic 
acid cycle; TMEM65, transmembrane protein 65
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combination therapeutic strategies that can effectively 
counteract tumor growth and mitigate the side effects of 
chemotherapy [77].

Conclusions and future perspectives
Recent studies have focused on discovering new pre-
ventive and therapeutic methods to combat CRC. Mito-
chondria play an important role in cellular metabolism. 
Cancer cells often reprogram their energy metabolism 
pathways to promote glycolysis and reduce the use of 
OXPHOS; this is known as the Warburg effect [78]. 
Mitochondrial function is closely associated with mito-
chondrial dynamics. Therefore, an in-depth understand-
ing of mitochondrial dynamics is crucial to elucidating 
the pathological processes of CRC. This review reveals 
that mitochondrial fission/fusion plays a dual role in the 
development of CRC, with Drp1 and OPA1 serving as 
key effector proteins that mediate mitochondrial fission/
fusion. Enhanced mitochondrial fission promotes the 
metabolic reprogramming of CRC cells, leading to cell 
proliferation, invasion, metastasis, and chemoresistance. 

In contrast, excessive fission activates the mitochon-
drial apoptotic pathway. Abnormal mitochondrial fusion 
results in ATP overproduction and abnormal tumor pro-
liferation, whereas moderate fusion protects intestinal 
epithelial cells from oxidative stress-induced mitochon-
drial damage and prevents CAC. These findings indicate 
promising prospects for the development of inhibitors or 
promoters that target key effector proteins involved in 
mitochondrial dynamics in CRC cells. Such interventions 
can inhibit cell proliferation, migration, and drug resist-
ance by restoring the fusion–fission balance or promot-
ing apoptosis by inducing a fusion–fission imbalance. 
Furthermore, emerging evidence highlights the poten-
tial of interventions in the mitochondrial fusion–fission 
dynamics of immune cells and TECs in the intestinal 
tumor microenvironment to enhance immunotherapy.

A better understanding of the role of mitochondrial 
dynamics in CRC development, requires future studies 
to focus on several key areas. First, further investigation 
is needed to determine the structure-function relation-
ships of key proteins involved in mitochondrial dynamics 

Fig. 4   Mitochondrial dynamics in the tumor microenvironment. Mitochondrial fusion–fission dynamics in macrophages and T cells correlate 
with their immune activity. Targeting mitochondrial dynamics in immune cells enhances antitumor immunity. Mitochondrial fusion in TECs 
promotes angiogenesis and hematogenous metastasis. CRC, colorectal cancer; LLPs, liquid-liquid phase separations; OPA1, optic atrophy 1; TECs, 
tumor endothelial cells; VEGF, vascular endothelial growth factor; WASP–WIP, Wiskott–Aldrich syndrome protein–Wiskott–Aldrich syndrome 
interacting protein
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to identify potential drug targets. Second, it is important 
to clarify the causal relationship between imbalances in 
mitochondrial dynamics in CRC cells and various cel-
lular processes. This includes determining whether it is 
the primary cause or a secondary effect of certain patho-
logical processes and investigating whether the effects 
are consistent across different cell types. Third, current 
studies have oversimplified the relationship between 
mitochondrial elongation and fission and their respec-
tive effects on OXPHOS and glycolysis. Future research 
should explore the intricate relationship between mito-
chondrial morphology and energy metabolic pathways. 
In summary, mitochondrial fusion–fission dynamics are 
causally linked to various pathological processes in CRC 
cells, including energy metabolism, proliferation, inva-
sion, migration, apoptosis, and drug resistance. Ongoing 
drug design efforts targeting the key effector proteins of 
mitochondrial fusion/fission have the potential to pre-
vent and treat CRC.
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