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Abstract: Mitochondrial cristae pathobiology, involving
partial or total cristolysis, is a hallmark of human and
mammalian cancer. This feature represents the basis of
metabolic dysfunction in neoplastic cells. Consequently,
most cancer cells with mitochondrial cristae defects would
be incapable of producing adequate amounts of energy
through oxidative phosphorylation. ATP production through
increased glucose-driven cytosolic and glutamine-driven
mitochondrial substrate-level phosphorylation thus be-
comes necessary to compensate for OxPhos insufficiency.
The aim of this article is to offer a brief perspective on the
link between the mitochondrial cristae pathobiology and the
metabolic reprogramming in cancer cells, whose origin is
linked to chronic mitochondrial cristae lesion (named a) and
its eventual resolution by means of a progressive and
continuous process of tumor cell death (named w), induced
by metabolic targeting. Dietary and pharmacological meta-
bolic therapies that restrict the utilization of glucose and
glutamine in tumor cells while elevating circulating ketone
bodies represent a non-toxic therapeutic strategy for cancer
management. Metabolic therapy can induce a persistent
state of energy stress with a consequent increase in tumor
cell death and reduction of tumor mass while improving the
energy efficiency of non-neoplastic cells. Recent clinical
studies suggest that ketogenic metabolic therapies may bhe
therapeutically useful and well-tolerated in the long term.
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Introduction

Epidemiological impact, drug resistance, and toxic effects of
therapy are important aspects of cancer. According to Global
Statistics 2022 (GLOBOCAN 2022), cancer is a leading cause
of death [1]. There were an estimated 19.9 million new cases
and 9.7 million cancer deaths worldwide in 2022. An esti-
mated 35 million new cases are projected to occur in 2050 [1].
A variable mortality rate is observed depending on the
cancer subtype (Table 1). The most prevalent cancer sites are
lung, breast, colorectum, and prostate, together signifying
40.9 % of all cancers and reaching 38.8 % of all deaths [1].
Individuals with multimorbidity or polypharmacy have a
greater risk of cancer than healthy cohorts. Deaths from
early-onset cancers are also on the rise [2].

Drug resistance can arise in large part from the acidi-
fication of the tumor microenvironment following the
release of lactate and succinate waste products of glucose
and glutamine fermentation [3]. Mechanisms vary between
individual chemotherapeutic agents, but coincide in
compensatory glutathione detoxification, P-glycoprotein
upregulation, enhanced autophagy, DNA damage repair,
and cell cycle arrest [4, 5]. Adverse effects are common
following standard chemoradiotherapy that include, but are
not limited to, central nervous system toxicity, pseudo-
progression, vascular malformation, ischemia, gastrointes-
tinal distress, chronic inflammation, muscle swelling,
pneumonia, myocardial damage and hepatic failure, among
others [6-8]. This circumstance increases the risk of drug-
drug interactions, hospitalization, toxicity, cessation of
management, and mortality [9-13].

Otto Warburg et al. first championed aberrant energy
metabolism as the central issue in cancer initiation and
progression [14]. Based primarily on biochemical mea-
surements, Warburg postulated that damaged mitochon-
dria linked to insufficient oxygen-dependent respiration
caused compensatory ATP production through lactic acid
fermentation in cancer cells [15]. The widespread adoption
of electron microscopy over the last half century has
deepened our understanding of canonical ultrastructure,

8 Open Access. © 2025 the author(s), published by De Gruyter on behalf of Tech Science Press (TSP). [ (<) IX2NM| This work is licensed under the Creative Commons

Attribution 4.0 International License.


https://doi.org/10.1515/oncologie-2025-0379
mailto:g.arismendi@deusto.es

1066 —— Arismendi-Morillo et al.: From mitochondrial cristae pathobiology

Table 1: Cancer mortality in 2022.

Cancer type Mortality, %
Pancreas 91.4
Liver 87.5
Esophagus 87.1
Brain, central nervous system 77.2
Lung 73.2
Stomach 68.1
Ovary 63.7
Leukemia 62.6
Cervix uteri 52.6
Colorectum 46.9
Non-hodgkin lymphoma 455
Blader 39.8
Kidney 35.8
Female breast 28.8
Hodgkin lymphoma 27.5
Prostate 27.1

Adapted from reference [1].

including the dynamic yet regulated organization of
cristae [16-18]. In this review, we aim to link the pathobi-
ology of mitochondrial cristae (The a) observed in cancer
cells to compensatory bioenergetic pathways (i.e., cyto-
plasmic and mitochondrial substrate level phosphoryla-
tion) and tumor cell death induced by ketogenic metabolic
therapy (The w, i.e., blocking the utilization of metabolites
that fuel cytosolic and mitochondrial substrate-level
phosphorylation).

Loss of canonical cristae structure is
associated with increased
dependency on substrate-level
phosphorylation (The A)

According to the mitochondrial metabolic theory of
carcinogenesis, most major cancers arise from a two-step
bioenergetic transition [19-21]. The first transition in-
volves a chronic, sublethal injury of the mitochondrial
structure, function, or number by ambient factors, ulti-
mately compromising the functional efficiency of oxida-
tive phosphorylation (OxPhos) [20, 21]. The electron
transport chain (complexes I-IV) and ATP synthase
(complex V) are localized to cristae [21, 22]. The efficiency
of ATP synthesis is intimately linked to the structure of
cristae and to the content and composition of cardiolipin,
a phospholipid enriched in the inner mitochondrial
(cristae) membrane [23]. Indeed, mitochondrial shape is
necessary for the proper assembly and stabilization of
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super complexes, multi-protein assemblies of complexes
I-1IV, that drive OxPhos [22-24]. Moreover, invagination
within the inner mitochondrial membrane is essential for
complex V dimerization and efficiency [24-26]. Abnor-
malities in cristae shape (unfolded, disarray, cristolysis)
will lower OxPhos efficiency and, in turn, impair cellular
metabolism [22, 24]. The super complexes of the OxPhos
system are disorganized when cristae are unfolded, thus
making the electron transport chain less efficient (i.e.,
decreased coupling of ADP phosphorylation and oxygen
consumption) [24]. Cristolysis is linked to the metabolic
reprogramming of cancer cells involving the compensa-
tory shift to cytosolic and mitochondrial substrate-level
phosphorylation flux, driven primarily by glucose and
glutamine, respectively [21, 27]. The disarrangement of
mitochondrial cristae, such as partial or total cristolysis,
is in large part responsible for the shift from OxPhos-
linked ATP synthesis to substrate-level phosphorylation-
linked ATP synthesis that is the metabolic hallmark of
cancer (Figure 1) [21, 27-29].

The second transition involves the upregulation of the
glycolysis and the glutaminolysis pathways, which become
necessary to replace the diminished energy synthesis from
OxPhos with energy synthesis through substrate-level
phosphorylation (Figure 2) [21]. Indeed, voracious glucose
uptake is a hallmark of cancer cells; over 85 % of the glucose
consumed by cancer cells does not reach the mitochondria to
be completely oxidized by the Krebs cycle [30]. Instead, it is
used for biosynthesis and ATP production through cytosolic
substrate-level phosphorylation. Much of the remaining
glucose carbons are found outside the cell as lactate [31].
Hypoxia inducible factors (HIFs) and c-MYC are master
transcriptional regulators of the glycolysis and gluta-
minolysis pathways, respectively [32, 33]. HIFs and ¢-MYC
targeting compounds are under active investigation and
may serve as a new approach toward selective chemother-
apies [34-36].

The ultrastructural correlation of OxPhos insuffi-
ciency is found in changes in mitochondrial-endoplasmic
reticulum contact sites (MERCS) [37]. The activity of several
enzymes of the Krebs cycle and the inositol triphosphate
receptor (IP3R) Ca®* signaling pathway are linked with the
integrity and thickness of MERCS [38]. Furthermore, the
variability of MERCS can be modified by functional re-
quirements needed to adapt to different cell demands [38].
The MERCS-resident mammalian target of rapamycin
complex 2 (mTORC2) controls MERCS integrity and mito-
chondrial function. mTORC2 is the core of the MERCS
signaling hub that controls growth and metabolism [38-
41]. mTORC2 is linked to glycolysis and glutaminolysis [42].
Glucose is required to activate mTORC2 and promote
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Figure 1: Mitochondria in human glioblastoma exhibits electron-lucent mitochondrial matrix («) associated with disarrangement of cristae and partial or
total cristolysis (bold arrows). (A) Scale Bar: 0.45 pm. (B) Scale Bar: 0.45 pm. (C) Scale Bar: 0.60 pm. Notes: (A) and (B) are adapted from reference [28].
(C) is adapted from reference [29].

-

Figure 2: Glioblastoma mitochondrion with total cristolysis. ATP synthesis through substrate-level phosphorylation through fermentation pathways.
Cristolysis is linked to the metabolic reprogramming of cancer cells involving the compensatory shift to cytoplasmic substrate-level phosphorylation using
glucose and mitochondrial substrate-level phosphorylation using glutamine. These processes hold the AG’ATP hydrolysis at —56 kJ/mol, thus maintaining
cancer cell viability in either the presence or the absence of oxygen. Scale Bar: 0.65 pm. Notes: Adapted from references [20] and [29].
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tumor growth by means of an auto-activation loop of
mTORC2. Cancer cells maintain active mTORC2 signaling to
drive dysregulated cell proliferation and survival if suffi-
cient nutrients are present in the microenvironment
(Figure 3) [39]. mTORC2 activation elicits an increase in
GLUT1/3 and ¢-MYC. The subsequent increase in glucose
and glutamine utilization as metabolic substrates for
biomass and ATP synthesis drives cell proliferation [43].
Therefore, the ultrastructural abnormalities in mitochon-
dria and MERCS represent an aspect of the submicroscopic
basis of the metabolic process of cancer cells and the
compensatory energy through mitochondrial substrate-
level phosphorylation (Figure 4). Glutamine-driven gluta-
minolysis, which enters the Krebs cycle at the point of

Figure 4: Variations in mitochondria-endoplasmic reticulum contact
sites (MERCS) ultrastructure are observed in glioma. Mitochondria

(m) and endoplasmic reticulum profiles (er) in direct association are seen
(opposite U designates MERCS). Multiplicity in the density, length, and
alpha-ketoglutarate, provides the upstream metabolite for  width of the MERCS are linked to cancer cell metabolic reprogramming
mitochondrial substrate-level phosphorylation [27]. Mito- (metabolic shifts to glycolysis, glutaminolysis, and reactive oxygen species

chondrial substrate-level phosphorylation occurs during metabolism). The MERCS diversity found in gliomas have also been

observed in other cancers and include abnormalities in calcium homeo-
stasis, proliferation, metastasis, and chemotherapeutic resistance. Scale
Bar: 0.45 pm.

the conversion of succinyl-CoA to succinate, which is
catalyzed by succinyl-CoA ligase within the mitochondrial
matrix. Accordingly, *C-succinate was observed in the

extracellular matrix in cells cultured in ®C-glutamine [27]. . . .
Furthermore, reversal of the Krebs cycle has been shown Metabolic thera pies eXp|0It

as a compensatory mechanism to regenerate NAD+ and structural changes in mitochondria
use Krebs cycle intermediates as alternative electron ac-

ceptors under OxPhos inhibition [32, 33]. This concept tO SE|ECtiVE|y target fermentable

supports Warburg’s central hypothesis that ATP synthesis fuels and induce cancer cell death
through OxPhos was intimately linked to mitochondrial

structure [15]. The mitochondrial and MERCS morpholog- (the Q)

ical abnormalities appear dependent on the tumor

microenvironment and do not seem to be specific for any The goal of oncology is to eradicate tumors without collateral
tumor type [37]. toxicity to normal tissues. Acceptable limits of toxicity need

TGLUT 1/3  e—p 1 Glucose Uptake

T cMyC
Metabolic
Reprogramming
Cell Chemotherapy and
Proliferation Apoptosis Resistance

(Survival)

Figure 3: Glucose derived from extracellular nutrients is required to activate mTORC2 and promote tumor growth and resistance. Glucose is converted
into acetyl-CoA by the pyruvate dehydrogenase complex (PDH) action. Acetyl-CoA produces the activation of mTORC2 by acetylation of RICTOR. mTORC2
signaling facilitates the metabolic reprogramming, tumor growth, and resistance. This is a nutrient availability-dependent process, by means of an auto-
activation loop of mTORC2. The goal of metabolic therapy is to limit the availability or utilization of glucose and consequently the signal transduction of
mTORC2, cell proliferation, and survival are diminished. Scale Bar: 0.166 um. Note: Adapted from reference [37].
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to be balanced with the potential for a successful outcome
[44, 45]. Very low-carbohydrate diets, which are able to
achieve nutritional ketosis by raising plasma beta-
hydroxybutyrate and reducing plasma glucose, are a safe
approach, especially when compared with traditional anti-
cancer therapy [46, 47]. Dietary interventions have been
shown to enhance anticancer therapy and improve cancer
outcomes [48, 49]. Most preclinical and some clinical studies
support the use of calorie-restricted ketogenic diets as an
adjuvant cancer therapy [46-54]. Cancer cells exhibit
increased reliance on the availability of glucose and gluta-
mine for survival compared to healthy tissue due to mito-
chondrial cristolysis (Figures 2 and 3) [20, 21]. For example,
renal cell carcinoma is increasingly recognized as a meta-
bolic disease based on these metabolic phenotypes [55-57].
Furthermore, this metabolic reprogramming occurs across
multiple types of cancer, suggesting a similar phenotype and
origin [20, 21]. These fuels could be targeted using non-toxic
metabolic therapies using diet-drug combinations [44].
Restricting both fermentable fuels by implementing a
calorie-restricted ketogenic diet alongside pharmacological
agents that inhibit glutaminolysis (The @, i.e., blocking the
utilization of metabolites that fuel cytosolic and mitochon-
drial substrate-level phosphorylation), while increasing
nonfermentable fuels like ketone bodies, becomes a logical
approach for management [47, 50]. Ketogenic dietary in-
terventions can impair the ability of cancer cells to access
necessary fuels, such as glucose, which can diminish the
signal transduction of mTORC2, proliferation, and survival.

The simultaneous targeting of glycolysis and gluta-
minolysis pathways has been shown to significantly improve
progression-free and overall survival [50]. There are pre-
clinical and clinical studies reporting the effects of the
ketogenic diet on tumor progression and survival in a vast
number of tumor types including: glioblastoma, astrocy-
toma, medulloblastoma, neuroblastoma, leukemia, carci-
noma of prostate, colon, breast, lung, kidney, liver, ovarian,
endometrium, pancreas, pancreato-billary, bladder, gastric,
melanoma, advanced metastatic disease and head and neck
cancer. Overall, good safety and tolerability as well as an
increase in quality of life have been reported in board range
of cancers [44-62]. However, concerns remain about limi-
tations in adherence, gastrointestinal distress, and changes
in micronutrient consumption [59]. Poor dietary adherence
with no significant reduction in circulating glucose levels
could be responsible in part for the lack of therapeutic effect
in some studies of GBM patients [60]. Additionally, weight
loss can be a concern as it is often used as a marker for
disease progression and cachexia [61]. Proper patient-
specific nutritional counseling may help retain lean muscle
mass and decrease adipose tissue [47], which can be viewed
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as healthy weight loss. It is imperative that clinicians and
dieticians acknowledge and employ interventions to mini-
mize these hurdles [47]. Regardless, promising preclinical
and clinical data support the continued development of di-
etary interventions in cancer, which would be combined
with standard treatments and metabolic inhibitors [44-62].

Pathobiological vision

The benefit of metabolic therapies against cancer is
expressed pathologically as a significant tumor mass
reduction (complete or partial response). This process is
linked to tumor cell apoptosis (Figure 5). Metabolic therapy
(simultaneous targeting of the glycolysis and glutaminolysis
pathways) will starve the tumor cells of their essential fuels
while also reducing inflammation in the tumor microenvi-
ronment (i.e, therapeutic starvation). Inflammation is
driven by low pH due to the accumulation of glucose-derived
lactic acid and glutamine-derived succinic acid [63].

According to Potts’ concept of environmental forcing
and adaptability, tumor cells would be less able than normal
cells to acclimate metabolically under low nutrient condi-
tions due to their OxPhos insufficiency and somatic muta-
tions [64, 65]. The relative metabolic stress induced by
fasting or fasting-mimicking interventions such as the
ketogenic diet (glucose, insulin and nutrient deprivation) is a
potent activator of apoptosis. The apoptotic responses are
the result of the interplay between the functional state of
mitochondria and environmental signals. Metabolic stress
induced by nutrient deprivation will induce proapoptotic
signaling [66]. Prolonged periods of nutrient deprivation can
induce cancer cell death (Iethal metabolic shock and differ-
ential stress sensitization (Figure 5) [67]. The multiple
genomic defects that occur in most tumor cells, together with
mitochondrial dysfunction, will prevent the metabolic flex-
ibility needed for rapid adaptation to nutrient stress, thus
leading to tumor cell death through a combination of auto-
phagy and autolytic cannibalism [68].

The differential effects of metabolic and non-metabolic
cancer therapies on mitochondrial pathobiology remain
largely unexplored. In order to achieve a deeper under-
standing of these aspects, it is imperative the study the
molecular and ultrastructural pathology of mitochondria,
mitochondrial cristae, mitochondrial contact site and
cristae organizing system (MICOS), mitochondria-
endoplasmic reticulum contacts (MERCS), as well as, cell
death mechanisms in response to ATP and nutrient insuf-
ficiency (apoptotic cell death, autophagic-dependent cell
death, autoptic cell death, ferroptosis, pyroptosis). At the
same time, it will be necessary to expand the clinical testing
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Figure 5: Tumor cell death by apoptosis is a remarkable finding of the effect of calorie-restricted ketogenic diet and glutamine targeting therapy. Gross
and histopathological effects of VM-M3 glioblastoma high-grade glioma mouse model. (A) Macroscopic view of the brain with tumor (left side) in mice fed
with a high-carbohydrate standard diet in unrestricted amounts. (B) Macroscopic view of the brain with a tumor (left side) in mice fed with a ketogenic diet
in restricted amounts (calorie restriction). (C) Histopathological aspect of the neoplasm in mice fed with a high-carbohydrate standard diet in unrestricted
amounts. (D) Histopathological aspect of the neoplasm in mice fed with a ketogenic diet in restricted amounts. Partial response (=45 % reduction) is
observed. (E) Densely packed tumor cells with abundant mitoses (arrows) are seen. (F) Abundant apoptotic tumor cells with eosinic cytoplasm and
condensed chromatin (arrows) are seen. There are evident differences between untreated and treated subjects in both macroscopic and microscopic
examination. The treatment is expressed by apoptotic induction in tumor cells. Note: Images (A-D) are original, (E) and (F) are adapted from
reference [67].

of diet-drug combinations, such as, ketogenics diets and Concl usions

fasting alongside glycolysis and glutaminolysis inhibitors,

to establish, the optimal administration protocols that The origin of cancer is linked to a persistent dysfunction of
leverage the structural and functional abnormalities mitochondrial cristae. Loss of cristae will result in OxPhos
described in tumor mitochondria. insufficiency compensated by cytosolic and mitochondrial
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substrate-level phosphorylation for ATP production, as
evidenced by incompletely oxidized end products of the
glycolysis and the glutaminolysis pathways. Abnormal-
ities in MERCS are present in many cancers and may play a
vital role in regulating apoptotic signaling in dysfunc-
tional mitochondria through mTORC2 and calcium
signaling. Metabolic therapies could induce therapeutic
starvation with subsequent pathological and clinical re-
sponses derived from the interplay between the func-
tional state of mitochondria and their environmental
signals. The underlying structural and metabolic abnor-
malities discussed above provide the rationale for
exploring metabolic therapies in a wide range of cancer
subtypes.
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