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Abstract: The cancer paradigm is generally based on the somatic mutation model, asserting that
cancer is a disease of genetic origin. The mitochondrial–stem cell connection (MSCC) proposes that
tumorigenesis may result from an alteration of the mitochondria, specifically a chronic oxidative
phosphorylation (OxPhos) insufficiency in stem cells, which forms cancer stem cells (CSCs) and
leads to malignancy. Reviewed evidence suggests that the MSCC could provide a comprehensive
understanding of all the different stages of cancer. The metabolism of cancer cells is altered (OxPhos
insufficiency) and must be compensated by using the glycolysis and the glutaminolysis pathways,
which are essential to their growth. The altered mitochondria regulate the tumor microenviron-
ment, which is also necessary for cancer evolution. Therefore, the MSCC could help improve our
understanding of tumorigenesis, metastases, the efficiency of standard treatments, and relapses.

Keywords: tumorigenesis; cancer stem cells; oxidative phosphorylation; glycolysis; glutaminolysis;
tumor microenvironment; metastases

1. Introduction

Despite the therapeutic advances of the last century, inter alia, chemotherapy, radio-
therapy, and immunology, cancer’s incidence and mortality continue to rise. Many theories
have been proposed to explain the origin of cancer [1]. In the 1920s, the mitochondrial
metabolic theory suggested that cancer is caused by a disorder in cellular respiration [2,3].
A few decades later, the discovery of deoxyribonucleic acid (DNA) led to the somatic
mutation theory (SMT), hypothesizing that cancer results from an abnormal proliferation
of cells generated by the accumulation of mutations (DNA) within a single cell [4]. Another
more recent model is the cancer stem cells (CSCs) theory. In the latter model, the CSCs
are a small subpopulation of cells within tumors that possess the ability to self-renew,
differentiate, and form tumors [5]. Finally, the tissue organization field theory of cancer
(TOFT) suggests that cancer is a tissue-based disease and arises in disorganized tissue and
not in individual cells [6]. Nowadays, the SMT is the most widespread theory.

It is generally accepted that the environmental and biopsychosocial factors (ecosystem,
lifestyle, work environment, home environment, drugs, etc.) play an important role in tu-
morigenesis [7]. For instance, many traditional communities that follow a hunter–gatherer
diet and do not live in industrialized regions have a lower incidence of cancer [8]. Tumori-
genesis observed in animal models provides a basis for understanding the mechanisms
behind it. Generally, five methods are used to generate tumors: spontaneous mutations,
chemical agents/radiation, retroviruses, DNA microinjections, and local or systemic in-
jection of malignant cells [9]. Cancer induction by chemical agents or ionizing radiation
is far more effective than by other methods [10]. Yet, the somatic mutation theory may
not provide a complete explanation of cancer. For example, mutations in primordial genes
have been observed in healthy patients, and a few substances can be carcinogenic without
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being mutagenic. In the 1920s, Warburg developed an understanding of cancer based on
mitochondrial alterations. A few decades later, the introduction of the concept of CSCs fur-
thered the comprehension of cancer development. Our approach aims to combine the two
in order to provide supplementary insights into the different stages of cancer development,
specifically mitochondrial alterations in CSCs being able to reduce OxPhos efficiency.

2. The Somatic Mutation Model Alone May Not Explain Tumorigenesis

The Somatic Mutation Model asserts that a mutated gene is responsible for tumorigen-
esis. However, there is no evidence whatsoever that identified DNA mutations cause a cell
to go from normal to malignant [11,12]. All the cellular events and rearrangements that
lead to malignancy remain elusive [13] particularly in the early stages of tumorigenesis [14].
Because of this, in most cases, identifying a specific mutation that initiates tumorigenesis is
impossible [15]. Morales et al. [16] have shown that modification of HRAS gene increases
fibroblast telomerase activity, making cells immortal but not causing tumorigenesis. Loss of
oncogene expression may not be correlated with suppression of tumorigenesis, suggesting
that oncogenes may be an effect rather than a cause of cancer [17]. A recent analysis of
the data shows that almost all genes could be associated with cancer [18]. Tumor DNA
sequencing data have shown that cancer cells have multiple heterogeneous DNA muta-
tions [11]. Mutations may even be heterogeneous between tumors within the same cancer
category [19]. A tumor is genomically heterogeneous, with each cell having a different
mutational signature [20]. The SMT theory suggests that tumorigenesis arises from a series
of somatic mutations, perhaps at key points in the genome. This would result in a pattern of
mutations shared by the genomes of all cancer cells. However, the observed heterogeneity
invalidates the existence of a mutational pattern. Considering that somatic mutations may
be a consequence rather than a cause, genome heterogeneity would be better explained by
combining SMT with other factors described in the MSCC theory. It becomes difficult to
determine a causal mechanism with SMT concept, especially with tumors where we can
find more than 10,000 mutations in tumor cell gene exons [21]. On the other hand, many
genes defined as cancer driver genes have been found in normal, healthy cells [22–28].
These mutations even appear in important genes like KRAS and even TP53, known as
the “guardian of the genome” [29,30]. The TP53 gene also appears mutated in diseases
other than cancer, such as rheumatoid arthritis [31–33]. The most frequently mutated gene,
TP53, appears mutated in only 35% of all cancers [34]. Moreover, some carcinogens do not
always cause mutations [35–37] and this seems to contradict the theory. Non-genotoxic
carcinogens could cause cancer by modifying the endocrine system, inducing cytotoxicity,
increasing inflammation, suppressing the immune system, and causing oxidative stress [36].
Several inert substances, such as plastics, when implanted in the tissues of sensitive animal
hosts, induced tumors locally [38]. For example, substances such as methapyrilene, hex-
achlorobenzene, chloroform, p-dichlorobenzene, and d-limonene could result in a tumor
even if they do not release genotoxic compounds that induce mutations in candidate genes
(oncogenes, tumor suppressor genes) [39]. Overall, the criteria for establishing a causal
link between the somatic mutation theory and cancer are rarely met [40]. Therefore, in the
light of the evidence provided, somatic mutation could be a consequential and subsequent
phenomenon occurring after the onset of tumorigenesis [41].

3. Role of Mitochondria in Tumorigenesis

Mitochondria are complex organelles that influence cancer initiation, growth, survival,
and metastasis [42,43]. Known carcinogens can cause mitochondrial dysfunction, especially
chemical agents/drugs [44–46], radiation [47], and viruses [48]. Thus, mitochondrial dam-
age may precede tumorigenesis [49]. Mitochondrial dysfunction is associated with altered
metabolisms and can promote tumorigenesis as well as metastases [50]. Mitochondrial
DNA (mtDNA) mutations have been reported in all cancer types [51,52] and are a major
source of driver mutation in cancer [53,54]. However, like somatic mutations, it is not
sufficient enough to explain all cancers. Indeed, no pathogenic mtDNA mutations were
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found in five mouse brain tumors [55]. So, it seems that genetic mutations are not the
cause of cancer, even in mitochondria, unless they can cause a chronic reduction in the
efficiency of oxidative phosphorylation (OxPhos) [56]. Cancer may result from progressive
disruption of adenosine triphosphate (ATP) synthesis by OxPhos, leading to compensatory
ATP synthesis [3]. Pedersen synthesized data from over twenty studies showing that no
highly malignant tumor had normal mitochondria in number and morphology. The total
number of mitochondria in tumor cells was significantly lower than in healthy cells, and
the total respiratory capacity of tumor mitochondria was lower than in healthy cells [57].
The degree of malignancy could be directly correlated with the degree of mitochondrial
structural abnormalities [58]. It has been shown that human cancers exhibiting structural
alterations in mitochondria cristae can suffer from swelling and partial or total cristoly-
sis [59,60]. Evidence suggests that various cancers exhibit abnormalities in mitochondrial
number, structure, or function [61]. The quantity of altered mitochondria changes depend-
ing on the type of cancer and their need to grow [62]. Disruption of OxPhos leads to the
accumulation of mutagenic and carcinogenic reactive oxygen species (ROS). Cancer cells
have higher levels of ROS than healthy cells due to mitochondrial dysfunction [63]. Ex-
ogenous ROS sources produce oxidative stress, which leads to mitochondrial dysfunction,
resulting in increased endogenous ROS production and potentially tumorigenesis [64].
In the 1920s, Warburg was the first to argue that cancer was initiated by damaged cellu-
lar respiration [2,65]. As nuclear mutations occur, mutations in mtDNA are considered
secondary risk factors and can only be linked to the origin of cancer if they also disrupt
OxPhos function [56]. However, OxPhos is rarely normal in cells containing many mtDNA
mutations, which is the case for many cancers [52]. Somatic mutations can only be due
to genotoxic carcinogens, limiting the possibility of non-genotoxic agents causing tumors,
as explained by SMT. Conversely, OxPhos inhibition or suppression can result from both
genotoxic carcinogens [46,66] and non-genotoxic carcinogens [67,68], allowing us to better
understand why these two types of compounds can cause cancer. Warburg also noted that
acute damage to respiration is more likely to cause cell death [2]. Indeed, a chronic effect
of radiation will lead to a decrease in OxPhos activity and ATP production compared to
an acute effect [66]. Although mitochondrial mutation is not essential for tumorigenesis,
chronic OxPhos insufficiency appears to be.

4. Nuclear Genetic Mutation Versus Mitochondrial Alteration in Tumorigenesis:
Experimental Studies

Insufficient OxPhos would be responsible for most of the nuclear genomic changes in
cancer, rather than the opposite [3]. Roskelley et al. [69] demonstrated that OxPhos was
either defective or insufficient in all cancer cells and that the genome stability depended
on OxPhos. Nuclear genomic modifications can occur via three pathways following mito-
chondrial dysfunction. The first is retrograde (RTG) signaling, which is the specific term
for mitochondrial signaling to the nucleus. It involves cellular responses to changes in the
state of mitochondria [70]. RTG1 and RTG3 proteins can individually enter the nucleus
and modify genome expression [3,71,72]. Chronic mitochondrial stress, also known as
mitostress, leads to RTG signals that create instability, overexpression of oncogenes, and
inactivation of tumor suppressor genes. The second phenomenon, called numtogenesis,
involves the transfer of mtDNA (or less specifically the transfer of mitochondrial compo-
nents) into the nuclear genome [73]. Mitostress can lead to mitochondrial dysfunction,
which in turn can lead to mitochondrial DNA transfer into the nucleus, resulting in genome
instability [62,74,75]. The final pathway involves ROS. Bartesaghi et al. [76] have shown
that the inhibition of mitochondrial metabolism leads to p53 mutation via a mechanism
involving ROS in CSCs. Chandra et al. [77] confirmed that mitochondrial dysfunction
induces genetic instability of the nuclear genome. The mechanisms that can generate cancer
are summarized in Figure 1 below:



Metabolites 2024, 14, 229 4 of 24

Metabolites 2024, 14, x FOR PEER REVIEW  4  of  25 
 

 

dysfunction induces genetic instability of the nuclear genome. The mechanisms that can 

generate cancer are summarized in Figure 1 below: 

 

Figure 1. Dysfunctional mitochondria drive the alterations seen in the nuclear genome. Insufficient 

OxPhos drives alteration of the nuclear genome through three pathways: Numtogenesis, ROS, and 

RTG Signals. As mitochondria control apoptosis, apoptosis dysfunction would be an expected out-

come after insufficient OxPhos. HIF-1α—Hypoxia-Inducible Factor 1α; OxPhos—Oxidative Phos-

phorylation; ROS—Reactive Oxygen Species; RTG—ReTroGrade. 

RTG signals, numtogenesis, and persistent ROS lead to the expression of numerous 

oncogenes and the inactivation of tumor suppressor genes, which will allow the develop-

ment of the tumor environment and abnormal energy metabolism. Chronic mitostress can 

lead to the alteration of other cellular mitochondria, further reducing cellular respiratory 

capacity. 

Studies both in vitro and in vivo have shown that tumorigenicity is suppressed when 

the cytoplasm of non-tumorigenic cells  (containing normal mitochondria)  is combined 

with tumor cell nuclei [78–86]. Nucleus genetic mutations would not be sufficient, as sug-

gested by repeated cases where cells from various cancer types were normalized when 

Figure 1. Dysfunctional mitochondria drive the alterations seen in the nuclear genome. Insufficient
OxPhos drives alteration of the nuclear genome through three pathways: Numtogenesis, ROS, and
RTG Signals. As mitochondria control apoptosis, apoptosis dysfunction would be an expected
outcome after insufficient OxPhos. HIF-1α—Hypoxia-Inducible Factor 1α; OxPhos—Oxidative
Phosphorylation; ROS—Reactive Oxygen Species; RTG—ReTroGrade.

RTG signals, numtogenesis, and persistent ROS lead to the expression of numerous
oncogenes and the inactivation of tumor suppressor genes, which will allow the devel-
opment of the tumor environment and abnormal energy metabolism. Chronic mitostress
can lead to the alteration of other cellular mitochondria, further reducing cellular respira-
tory capacity.

Studies both in vitro and in vivo have shown that tumorigenicity is suppressed when
the cytoplasm of non-tumorigenic cells (containing normal mitochondria) is combined with
tumor cell nuclei [78–86]. Nucleus genetic mutations would not be sufficient, as suggested
by repeated cases where cells from various cancer types were normalized when placed in a
normal environment [87–89]. Introducing normal mitochondria into highly malignant cells
could reverse malignancy and down-regulate several oncogenic pathways. The opposite
effect was produced when tumor mitochondria were transferred into the cytoplasm of
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normal cells [58,90]. These results further suggest that tumorigenesis depends more on
mitochondrial dysfunction than on the presence of mutations in the nucleus. In contrast to
normal mitochondria’s suppressive effects on tumorigenicity, tumorigenicity is enhanced
when the nuclei of nontumorigenic cells are combined with tumor cells’ cytoplasm or with
altered mitochondria [91,92]. All this information is summarized below in Figure 2:
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Figure 2. Nuclear genetic mutation versus mitochondrial dysfunction. Normal cell mitochondria and
a normal cell nucleus are depicted in green, with mitochondrial and nuclear morphology indicative
of normal respiration and nuclear gene expression, respectively. Tumor cell mitochondria and tumor
cell nuclei are depicted in red with abnormal mitochondrial and nuclear morphology indicative of
abnormal respiration and genomic instability. (1) Normal cell (NC) mitochondria and normal cell
(NC) nucleus beget normal cells. (2) Tumor cell (TC) mitochondria and tumor cell (TC) nucleus beget
tumor cells. (3) Delivery of a TC nucleus into an NC cytoplasm (with NC mitochondria) begets
normal cells despite the persistence of tumor-associated genomic abnormalities. (4) Delivery of an
NC nucleus into a TC cytoplasm (with TC mitochondria) begets tumor cells or dead cells but not
normal cells. This image was extracted and reproduced with a new design with the agreement of
Seyfried [3].

These observations are consistent with Darlington’s original view that tumor cells arise
from defects in the cytoplasm rather than defects in the nucleus [93]. Additionally, recent
studies show that the injection of normal mitochondria in tumor cells can negatively regu-
late several oncogenic pathways and abnormal growth of glioma, melanoma, and metastatic
breast cancer cells [90,94–97]. Cuezva and Ristow showed that normal mitochondrial respi-
ration suppresses tumorigenesis [98,99]. Finally, mitochondrial transplantation—in which
functional mitochondria are transplanted into cancer cells—could increase cancer cell death
exactly like apoptosis. Mitochondrial transfers work differently. They are a natural process
of sharing mitochondria between cells, favoring cancer cells. This induces an increase in
chemoresistance and the invasive nature of cancer cells that receive the mitochondria of
cells from the tumor microenvironment [100].

5. Cancer Stem Cells (CSCs) Are Induced by Mitochondrial Damage in Stem Cells: The
Origin of Tumorigenesis

CSCs share similar properties with embryonic and adult stem cells: they self-renew in
order to maintain the CSCs reservoir, as opposed to non-cancer stem cells (non-CSCs) [101].
They also have the ability of multi-potentiality, which means they can differentiate into all
of the cellular components present in the tumor or organ in question, resulting in tumor
heterogeneity [101]. Unlike differentiated cancer cells, CSCs are highly tumorigenic [102–104]
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and can generate a tumor identical to the original one [105]. They have been identified
in all different types of cancers [101,106]. CSCs are highly involved in tumorigenesis,
metastasis, treatment resistance, and tumor progression [107]. Most, if not all, cancers are
believed to arise from a small number of CSCs [108]. The proportion of CSCs in tumor
tissues, usually representing only around 2% of the total tumor mass, can vary signif-
icantly between different types of cancer [109,110]. Studies have shown that as few as
100 CSCs from the brain, breast, pancreas, lung, and colon can initiate tumors, whereas
over 10,000 cells of other non-CSCs cannot do so [111–113]. Injection of 1000 prostate CSCs
consistently develops tumors in immunodeficient mice, whereas injection of non-CSCs
does not [114]. Mitochondria determine the function of CSCs, including ROS generation,
ATP generation by OxPhos, and mitochondrial dynamics. They also determine the fate of
these cells, including maintenance, differentiation, survival, proliferation, and resistance.
These characteristics (metabolism, oxidative stress, and cell cycle) are altered in CSCs of all
types of cancers [115,116]. CSCs alter their mitochondrial characteristics such as number,
morphology, dynamic, associated signaling pathways, and turnover of damaged mitochon-
dria to limit ROS production. CSCs can maintain their reservoir of healthy mitochondria
through several processes. First, there is mitochondrial fusion, which consists of the fusion
of two mitochondria together, which helps maintain mitochondrial homogeneity, support
mitochondrial genome integrity, and maintains the balance between energy production
and cell mass. Fusion is generally controlled by proteins (mitofusin 1 and 2 and optical
atrophy protein 1). However, the findings connecting mitochondrial fusion with CSCs
behavior have not yet been proven [117]. Secondly, mitochondrial fission divides a given
mitochondria into two daughter mitochondria. It is achieved by the positive regulation of
dynamin-related protein 1, which can be recruited into the mitochondrial membrane from
the cytoplasm with the help of mitochondrial receptor proteins (mitochondrial fission 1
protein, mitochondrial dynamics proteins of 49 and 51, mitochondrial fission factor, and
dynamin 2). Finally, mitophagy serves to eliminate any damaged or defective mitochon-
dria. Mitophagy is categorized into two subtypes depending upon the protein involved,
such as PTEN-induced kinase 1/Parkin-dependent mitophagy and receptor-mediated mi-
tophagy [106]. All of these processes contribute to providing energy for better adaptation of
CSCs with stress microenvironment. Age-related deterioration induces ROS accumulation,
OxPhos inefficiency, and dysfunction of autophagy/mitophagy mechanisms necessary
for maintaining stem cell homeostasis [118], which could increase the risk of cancer with
age [118,119]. As previously stated, chemical agents are highly efficient to induce cancer
in vivo [10]. In chemically induced cancers, the lesion usually occurs first in the tissue stem
cells [120]. Therefore, ROS disrupts mitochondrial homeostasis and OxPhos [45], resulting
in the tumorigenicity by CSCs [121]. Consequently, it is suggested that the mitochondrial–
stem cell connection (MSCC) highlighted by impaired OxPhos in one or more stem cells
could lead to the formation of CSCs and, thus, tumorigenesis. This is shown below in
Figure 3:

To illustrate the MSCC, a community of dwarfs in Ecuador called Laron dwarfs has a
very low incidence of cancer [122,123]. They have a congenital deficiency of Insulin-like
Growth Factor one (IGF-1) due to a syndrome called Laron syndrome [124]. Inhibition
of IGF-1 receptors has been shown to stimulate pathways that regulate mitochondrial
maintenance, including mitophagy [125]. It was demonstrated in dwarf mice with Laron
syndrome that they could have a higher number of bone marrow stem cells [126]. Ames
dwarf mice generally live longer than other mice, and the lack of growth hormone (GH)
secretion results in undetectable levels of plasma IGF-1, just like Laron dwarfs. The conse-
quences of the absence of IGF-1 in those mice are an increase in mitochondrial respiratory
activity (OxPhos), a decrease in ROS production, and a mitochondrial DNA/nuclear DNA
ratio identical to other mice [127]. In contrast, the upregulation of IGF-1 receptors promotes
stem cell tumorigenesis and inflammation [128]. All this seems to confirm the hypothesis
of tumorigenesis due to altered OxPhos in one or more stem cells.
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6. The Metabolism of Cancer Cells Compensates for OxPhos Insufficiency

Cell metabolism is altered in cancer. Cancer cells can find many alternative path-
ways for their energy needs using glucose, glutamine, lipids, amino acids, and ketone
bodies [115,129] and the CSCs have the same energy requirements as non-CSCs [130–132].
Healthy cells produce energy in the form of ATP mainly via two processes, the substrate-
level phosphorylation and the OxPhos [133]. Under normal conditions, during the complete
oxidation of glucose, 32 ATP molecules are produced through OxPhos [134]. The best-
known effect is the Warburg effect: in all cancers, glucose fermentation enables cell growth
since mitochondrial respiration is not sufficient. According to Warburg, glucose fermen-
tation compensates for respiratory failure, and cancer cells continue to ferment whether
oxygen is present or not [2,65,135,136]. This phenomenon (Warburg effect) is known as aero-
bic fermentation. The glycolytic pathway can increase ATP production 100 times faster than
OxPhos can [137,138]. On the other hand, the inhibition of glycolysis leads to the death of
CSCs [129]. This metabolism allows us to understand the low incidence of cancer in Laron
dwarfs. Indeed, the Laron dwarfs have a normal glycemic index, hypoinsulinemia, reduced
responses to glucose and insulin, and they have adequate cellular glucose uptake, which all
result in the reduced potential development of the Warburg Effect in this population [139].
Another important pathway that compensates for deficiencies in OxPhos is glutaminolysis.
The importance of glutamine-driven mitochondrial substrate-level phosphorylation (mSLP)
in the glutaminolysis pathway is the second source of ATP for insufficient OxPhos [140].
Glutamine depletion would cause an increase in ROS and lead to a gradual decrease of
CSCs [141]. The more malignant a cell becomes the greater the necessity for substrate-level
phosphorylation (glycolysis, glutaminolysis) for dysregulated cell growth [142]. Therefore,
the degree of malignancy can be linked directly to the energy transition from OxPhos to
substrate-level phosphorylation [61]. OxPhos insufficiency leads to the up-regulation of
hypoxia-inducible factor 1α (HIF-1α) and c-Myc by oncogenes, increasing glucose and
glutamine transporters and thus the glycolysis and glutaminolysis pathways [72,143]. It
is also due to these main fuels that it is possible to detect cancers, proving the necessity
and ability of tumor cells to capture these fuels. Indeed, radioactive glucose is used as a
cancer detection method [144]. Cancer cells take up radioactive glucose, allowing positron
emission tomography (PET-Scan) to detect them. The same process is also possible with
radioactive glutamine [145]. The glycolysis and glutaminolysis pathways are summarized
below in Figure 4:
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Paradoxically, the energy needs of cancer cells and healthy cells are sensibly identical.
The ∆G′ of ATP (standard energy of ATP hydrolysis under physiological conditions) is
relatively similar for healthy and cancerous cells. It should be minus 56 kilojoules, meaning
that the efficiency of using ATP is similar in cancer cells and normal cells [61]. Indeed,
cancer cells are locked into producing ATP through substrate-level phosphorylation, which
is insufficient and dependent on an abundant availability of fermentable fuels like glucose
and glutamine. To compensate, cancer cells can express the cytoplasmic pyruvate kinase
muscle isozyme 1 and 2 (PKM1 and PKM2) isoforms at the last step of glycolysis. PKM1
produces ATP while PKM2 produces little to none [146,147]. Estimating the number of ATP
molecules produced by cancer cells can be challenging. Generally, two ATP molecules are
produced in the cytoplasm and two others in the mitochondria, but many cancers express
the PKM2 and PKM1 isoforms, with only PKM1 generally creating ATP. Consequently,
since both PKM isoforms produce lactate but only PKM1 produces ATP, lactate production
cannot be used as an accurate marker for ATP synthesis through cytoplasmic glycolysis
in tumor cells [147]. Persi et al. [148] showed through their analyses that the high rate of
ATP production observed in cancer comes from the cytosol and not from the mitochondria.
However, Persi et al. do not take into account the PKM isoforms and the synthesis of ATP by
phosphorylation at the mitochondrial substrate induced by glutamine. There is still some
confusion regarding CSCs and the use of OxPhos in some studies [117]. First of all, CSCs
are known to be able to survive in hypoxic environments and, therefore, in the absence of
OxPhos [149]. Indeed, hypoxia maintains CSCs stemness and promotes resistance through
the activation of self-renewal signaling pathways [150]. The confusion may also be largely
due to a tool problem. Indeed, the oxygen consumption rate (OCR) is not an accurate
surrogate for ATP synthesis through OxPhos in tumor cells. The Seahorse tool is generally
used as the primary tool to detect ATP from OxPhos in CSCs [115], but it can only infer
that ATP flux is linked to OCR, and it is not yet able to distinguish ATP synthesis from
mSLP or OxPhos [61,151]. For these reasons, in cancer cells, OxPhos is neither necessary
nor sufficient for tumorigenesis [152] and for cancer progression, as tumor cells can grow
in cyanide or in deep hypoxia [153–157]. Pastò et al. [158] also state in their paper that
CSCs cannot survive in the absence of pyruvate (the glycolysis end-product) and glutamine.
However, it remains unclear whether glycolysis and OxPhos (of healthy mitochondria) can
coexist or are mutually exclusive [159]. Thus, as no tumor cells seem to be able to grow and
survive in the absence of glucose and glutamine [3,160,161], cancer could correspond more
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to a metabolic pathology [12]. Glucose and glutamine-driven fermentation by glycolysis
and glutaminolysis pathways are cancer cells’ metabolic signatures [151].

7. CSCs and Macrophages: The Origin of Metastases

CSCs induced by the MSCC are directly involved in metastases. Several authors have
reported the presence of CSCs in metastases of different cancer types [162–165]. Unlike their
differentiated progeny, CSCs can undergo unlimited self-renewing division [166,167] and,
therefore, are able to recreate a distant tumor [168]. For metastases to form, cancer cells must
be capable of intravasating into the bloodstream, surviving there, attaching, and recreating
a tumor and its microenvironment. CSCs’ involvement in the metastatic process seems
evident given their adaptive properties [169] partly due to their multipotent capacity [101].
They can initiate a new tumor while conserving the primary tumor’s cellular signature [170].
However, CSCs, such as CT-2A and VM-NM1 (murine glioma cell lines), cannot metastasize
alone [171]. Another structure seems to have to intervene, namely the macrophages.
Macrophages are commonly considered to be one of the key structures in metastases, as
they have the capacity to intravasate [172] and may represent up to 50% of the tumor
mass [173]. They are generally referred to as “tumor-associated macrophages” [174,175].
A phenomenon called fusion hybridization may involve macrophages to form a hybrid
cell necessary for metastases. This fusion can occur with CSCs and/or differentiated
macrophages [171]. Moreover, data suggests that macrophages can also allow non-CSCs to
reacquire stemness properties [176], a phenomenon known as dedifferentiation [177,178].
However, CSCs may have a higher propensity to fuse with macrophages as their proximity
or direct contact with intratumoral macrophages is more frequent than with non-CSCs [176].
Thus, the systemic metastases can rarely originate directly from CSCs, but most often from
fusion hybridization between CSCs and macrophages [171].

8. The Tumor Microenvironment of CSCs: A Necessary Consequence of
Mitochondrial Impairment

The tumor microenvironment plays a crucial role in the development and growth
of tumors, and it is identical for cancer cells and cancer stem cells. Chronic OxPhos
insufficiency affects the nucleus, in particular genomic instability. OxPhos insufficiency
leads to the up-regulation of HIF-1α and the c-Myc (see Figure 1) by oncogenes, increasing
glucose and glutamine transporters and thus the glycolysis and glutaminolysis pathways,
which allows the development of the tumor microenvironment and their various elements.
The tumor microenvironment includes pH, hypoxia, entropy, pressure and deformation,
temperature, stroma, cytoplasmic water, and bioelectricity. All of these elements, essential
for the maintenance and survival of cancer cells (CSCs and non-CSCs), are presented below:

8.1. Pressure and Deformation of Tissues

Paradoxically, tumor tissues are often detected by palpation despite cancer cells being
softer than normal cells and cellular stiffness decreasing with cancer progression [179].
The rigidity may not originate from the tumor cells themselves but rather from their
microenvironment. Tumors often exhibit high osmotic pressure, which is mainly caused
by tumor debris and an increase in extracellular matrix components. This is a consistent
characteristic of the tumor microenvironment [180]. The high osmotic pressure in tumors
is consistent with the high pressure of the following fluids: interstitial fluid, blood, and
lymph [181,182].

8.2. pH

One of the consequences of the Warburg Effect is the alteration of cellular pH. Indeed,
the Warburg Effect leads to an increase in the absorption of glucose, which will be trans-
formed into pyruvate and then into lactic acid [183]. The expression of PKM1 and PKM2
at the last step of glycolysis, observed in many tumors, contributes to the production of
lactic acid [146,184]. The glutaminolysis pathway produces very little lactate [147]. The
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end-product of the glutaminolysis pathway is succinate (see Figure 4), which also con-
tributes to extracellular acidification [185,186]. Furthermore, hyperosmolarity contributes
to pH acidification by increasing extracellular Na+ concentration levels, which promotes
aerobic glycolysis and leads to lactate accumulation [180,187,188]. Lactagenesis is a highly
orchestrated effort that contributes to glycolysis, glutaminolysis, lactate production, a de-
crease of mitochondrial functions, angiogenesis, immunosuppression, cell migration, and
metastases [185,189,190]. Lactic acid will be evacuated as waste into the extracellular envi-
ronment, thus decreasing the extracellular pH [191]. In normal cells, the intracellular pH
typically ranges from 6.9 to 7.2, while the extracellular pH ranges from 7.2 to 7.4. Nuclear
magnetic resonance imaging studies have shown a range between 7.2 and 7.7 of intracellular
tumor pH, while the extracellular tumor pH ranges between 6.2 and 6.8 [192–194]. The high
production of protons and their migration to the extracellular environment are responsible
for establishing this pH gradient in cancer cells [195]. Therefore, the genomic instability
and somatic mutations observed in most cancers are a result of the chronic production of
ROS (caused by the alteration of OxPhos) and microenvironment acidification [76]. Solid
and liquid tumors seem to have the same fuels, glucose, and glutamine [186,196–199], and,
therefore, they have the same acidic environment. Indeed, a dependency on glucose and
glutamine fermentation leads to the extracellular accumulation of lactic acid and succinic
acid, which will acidify the microenvironment, leading to tumor progression.

8.3. Hypoxia

Hypoxia is another major component of the tumor environment. Mitochondria-
derived ROS can promote cancer initiation through oxidative stress and cancer cell progres-
sion via hypoxia-inducing factors, particularly HIF-1α [54]. The activation of RTGs leads
to the persistent expression of various oncogenes such as HIF-1α, which induces hypoxia
and positively regulates the glycolysis and glutaminolysis pathways (and indirectly the
pH) [142]. HIF is also expressed when ROS production increases [200]. Tumor cells are
exposed to a continuum of oxygen concentration. The larger the tumor is, the farther some
cancer cells will be from the large vessels, resulting in these distant cells being found in a
hypoxic environment [201,202]. The more hypoxic a cell is, the less access it has to OxPhos,
leading the cell to rely more on substrate-level phosphorylation as an energy source [61,203].
Hypoxia also contributes to the alteration of anti-tumor immune responses [204].

8.4. Entropy

Entropy represents the difficulties of waste evacuation. Cells typically generate heat
through the mitochondria and ATP, and this process is disrupted in cancer cells. This
leads to increased waste and a disorder called entropy, which is necessary for the cellular
heterogeneity of cancer [205]. The loss of energy (ATP) has an immediate influence on the
transport of matter and on the preservation of cellular information, leading to disturbance
and, therefore, an increase in entropy [206].

8.5. Temperature

One study has shown that the temperature in tumor environments is generally around
1 ◦C higher than in healthy environments [207]. Moreover, mitochondrial temperature is
higher in cancer cells compared to normal cells [208].

8.6. Stroma

The stroma includes the extracellular matrix, fibrous proteins such as collagen, growth
factors, antibodies, metabolites, mesenchymal support cells, blood vessels, lymphatic ves-
sels, nerves, and immune system cells [209]. In some instances, the alteration in mtDNA
can activate mitochondrial retrograde pathways. These pathways lead to epithelial-to-
mesenchymal transition-like reprogramming that can promote tumorigenesis and mi-
gration. Moreover, mitochondrial RTG signals could regulate Wnt signaling, which can



Metabolites 2024, 14, 229 11 of 24

promote tumorigenesis [117]. Stroma has a significant impact on the formation of the tumor
microenvironment [210].

8.7. Bioelectricity and Cancer

Cancer is characterized by an excessive accumulation of electrons, which reduces
the cells’ electrical conduction. Higher rates of glycolysis lead to increased electron trans-
fer [211], which is a major contributing factor to the increased production of ROS [212].
In eukaryotic cells, microtubules generating the electromagnetic field comprise tubulin
heterodimers with a strong electric dipole. The Warburg Effect in cancer cells results in
a reduction in electromagnetic field strength, disrupted coherence, and an increase in
oscillation frequency [213]. A comparison of the space between the internal membrane
and the mitochondrial matrix of healthy and cancer cells reveals a reduction in the proton
gradient, an establishment of the ordered water layer, an increase in electron emissions, and
consequently, damping of the electromagnetic field in cancer cells [214]. Behnam et al. [215]
suggested targeting the mitochondria with magnetic fields in order to restore the initial
mitochondrial magnetic field by reducing the quantity of electrons.

8.8. Cytoplasmic Water

In a healthy environment, water molecules carry out three types of motion in space
known as vibration, self-rotation, and translation [216]. In cancer, the dynamics of hydra-
tion water molecules remain virtually unchanged during the transition from healthy to
cancer cells. However, the rotational movements of cytoplasmic water undergo signifi-
cant changes during the transition from healthy to cancer cells [217]. Tanner et al. [218]
observed alterations and loss of rotation in malignant cells as opposed to healthy cells. It is
possible that the rotation of cytoplasmic water molecules is altered due to the loss of the
mitochondrial magnetic field.

All of these phenomena are summarized below in Figure 5:
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The microenvironment has a major role in all stages of cancer, from initiation to metas-
tases [219,220], and mitochondria can regulate and modify the microenvironment [221].

9. The CSCs (and Their Mitochondria), an Explanation of the Current Treatments
and Relapses

In light of the MSCC, restoring the OxPhos metabolism of CSCs represents a relevant
therapeutic lead for potential cancer management [109,222–224], perhaps in combination
with therapies that also target macrophages [225]. Indeed, most current cancer drugs tar-
get tumor growth by inhibiting DNA synthesis or cell division of actively dividing cancer
cells [226–228], but CSCs are often in a quiescent state [229]. The quiescent state explains the
slow growth of cancers [230]. Indeed, chemoradiotherapy targets bulk cancer cells, leading
to their death, while CSCs are free to grow and improve their resistance [106,231–234]. CSCs
can continue to proliferate as they lack the mutation of the oncogene “targeted” by the
drug and, therefore, do not respond to treatment [235,236]. This may explain the slight
improvement with new therapies. Ladanie et al. showed that over the past fifteen years,
the improvement in overall survival by new therapies is 2.4 months [237]. Another study
reports an improvement of 3.4 months over the last thirty years [238]. Additionally, current
therapies do not restore OxPhos and can sometimes alter it [44,223,239–242]. The lack of
OxPhos restoration allows a better understanding of why many patients only have a partial
response and end up relapsing, showing a tumor that is often more resistant and more
conducive to the formation of metastases [243,244]. Indeed, chemoradiotherapy can induce
prometastatic niches in other organs [245], in which macrophages will then frequently fuse
with CSCs to reinforce resistance to treatments [174]. Moreover, the majority of detected
cancers are non-metastatic and typically require surgery in combination with standard mul-
titherapy [246]. A significant proportion of healing can be attributed to the combination of
existing treatments that target the bulk of cancer cells [231] and surgeries that remove CSCs
through excision. Indeed, melanomas, thyroid cancers, kidney cancers, prostate cancers,
uterine corpus cancers, testicular cancers, and breast cancers are excellent examples of the
effectiveness of surgery on non-metastatic cancers [247]. Another example is pancreatic
cancer, which has the lowest survival rate among all cancers. When the tumor is resectable
(rare), excision is the only possible cure for this cancer [248]. The primary challenge in
cancer treatment remains metastases [249], which account for approximately 90% of cancer
deaths [249] and are rarely operable [247]. Standard therapies do not eliminate CSCs
(and their mitochondria) [231,239,240,250], which, associated with macrophages, can form
metastases [171]. The relapse phenomenon follows the same logic. Considering that CSCs
cannot be targeted and represent ≈ 2% of the total tumor mass [109,110,251,252], the vast
majority of tumor-forming cells (bulk cancer cells, macrophages, etc.) can die after con-
ventional therapies [231,253,254], allowing the reduction or even temporary disappearance
of the tumor [255]. Yet, the new PET-Scan models have a detection limit of 4 mm [256],
knowing that a 5 mm cancer has approximately 10 million cells and a 1 mm cancer has
approximately 100,000 cells [257]. Since the lower detection limit of a PET-Scan is around
105 to 106 malignant cells [258], CSCs can fall below the PET-Scan detection threshold,
giving the impression of remission before reappearing a few months or years later. Many
agents can target the pathways that are associated with CSCs, such as Vismodegib, Glas-
degib, MK-0752, OMP-54F28, and Selinexor [259]. However, these agents do not specifically
target the mitochondria and, more particularly, do not induce the restoration of OxPhos.
Many other therapeutic strategies have been proposed to target mitochondria, such as
Resveratrol, Metformin, and Melatonin. These can target the mitochondrial dynamics or
OxPhos [260]. For example, drugs such as Metformin or Phenformin can alter OxPhos by
electron transport chain (ETC) inhibitors. Antibiotics such as Doxycycline, Tigecycline, and
Bedaquiline can target mitochondrial biogenesis. The drug Mdivi-1 targets mitochondrial
dynamics, while 188Re-liposome and the inhibitor liensinine block the mitophagy [115,117].
Most of the time, these treatments do not restore mitochondrial homeostasis [130], but
mainly restore or alter only a few parts of the dysfunction. This seems to be insufficient.



Metabolites 2024, 14, 229 13 of 24

In addition, therapies that might involve targeting mitochondria in tumor cells have to
be used cautiously. Mitochondrial targeting can have lethal off-target effects on OxPhos
metabolism in normal host cells. These toxic effects include nausea, seizures, and even
coma [261,262]. Therapies aimed at increasing OxPhos, such as hyperbaric oxygen therapy,
could be relevant. This would increase the activity of OxPhos and would have tumor
suppressor effects [263]. A ketogenic diet or fasting could inhibit the fuels necessary for
cancer cells while increasing the activity of OxPhos as well [264].

10. Key Points of the MSCC

Chronic insufficiency of OxPhos in a stem cell may be a keystone of cancer and its
different steps, according to MSCC. The approach provided by the MSCC is summarized
in Figure 6.
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cells induces cancer stem cells (CSCs). (3) CSCs can be divided into other CSCs or non-cancer stem cells
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(non-CSCs). (4) Metabolism of cancer cells compensates for OxPhos insufficiency with glycolysis
and glutaminolysis. The chronic ROS, the RTG signals, and the numtogenesis induce overexpression
of oncogenes and inactivation of tumor-suppressor genes, which contribute to abnormal energy
metabolism in cancer. (5) The abnormal metabolism and oncogenes contribute to generating the
tumor microenvironment (TME). The acidification, inflammation, and chronic production of ROS
contribute to genome instability and somatic mutations. (6) Metastases are produced by CSCs directly
(rare) or by fusion hybridization with macrophages. (7) Local surgeries in non-metastatic cancers can
target non-CSCs and CSCs. (8) CSCs and their fusion hybridizations with macrophages are present
in low numbers and can fall below detection thresholds. (9) Therapies can target only non-CSCs.
CSCs—Cancer Stem Cells; non-CSCs—non-Cancer Stem Cells; OxPhos—Oxidative Phosphorylation;
ROS—Reactive Oxygen Species; RTG—ReTroGrade; TME—Tumor Microenvironment.

(1) Tumorigenesis: OxPhos alteration in one or more stem cells (MSCC) creates the
CSCs, which could lead to tumorigenesis.

(2) Growth and survival: OxPhos insufficiency induces genomic instability and alters
the expression of oncogenes and tumor-suppressor genes, which can contribute to the
tumor microenvironment and abnormal energy metabolism required for tumor survival
and progression. Cancer cells (CSCs and non-CSCs) depend critically on fermentable fuels,
namely glucose and glutamine.

(3) Metastases: The metastases can rarely originate from either CSCs (induced by MSCC)
directly but more frequently from fusion hybridization between CSCs and macrophages. The
tumor progression and malignancy can be directly linked to the energy transition from
OxPhos to substrate-level phosphorylation (glycolysis, glutaminolysis). Thus, the higher
the degree of mitochondrial abnormalities (decrease in OxPhos), the greater the degree
of malignancy.

(4) Healings, failures, and relapses: Curing cases can be explained by the capacity
of standard care to target the CSCs, while treatment failures may be attributed to their
inability to do so. Relapses may occur due to the low number of CSCs (alone or fused with
macrophages), which could fall below detection thresholds despite their presence.

11. Conclusions

According to the MSCC approach, tumorigenesis could result from a mitochondrial
alteration (metabolic model) in one or several stem cells (CSCs models) forming the CSCs.
Genomic instability and somatic mutations are effects of insufficient OxPhos leading to
abnormal energy metabolism and a tumor microenvironment (TOFT), contributing to
cancer cell progression and survival. The reviewed information shows that the respiratory
impairment of stem cells could be one keystone of cancer and is necessary for all the
different steps, from tumorigenesis to metastases. The metabolism also plays a significant
role in cancer, since the tumor must compensate for the altered OxPhos, mostly through
glycolysis and glutaminolysis. This MSCC approach opens up many therapeutic leads
for cancer management. The first would involve the simultaneous restricting of glucose
and glutamine availability while transitioning the body to non-fermentable fuels like
ketone bodies and fatty acids. The second approach would be specifically restoring cellular
respiration (OxPhos) in CSCs. An important goal in preclinical models and human cancer
patients will be to demonstrate that the restoration of OxPhos, combined with simultaneous
targeting of glucose and glutamine while under therapeutic ketosis, should permit the
elimination of CSCs and thus reduce tumorigenesis and metastases.
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