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Energy metabolism therapy for brain cancer
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Brain tumours that are malignant are a serious health issue that can affect
both children and adults and are frequently difficult to treat. In any case, late
examination recommends that adjustments of metabolic climate could be a
promising arrangement. It may be possible to manage brain cancer more
effectively by combining metabolic control analysis with the capacity of
normal cells to survive extreme changes in the physiological environment. By
switching the bioenergetics source from glucose to ketone bodies, this strategy
targets brain tumours through integrated anti-inflammatory, anti-angiogenic,
and pro-apoptotic mechanisms. Both orthotropic mouse brain tumour models
and human paediatric astrocytomas treated with dietary energy restriction
and the ketogenic diet have successfully tested this strategy.
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INTRODUCTION

Malignant brain tumours may be on the rise worldwide, affecting
both children and the elderly. However, despite this concerning
trend, the standard treatments for these tumours, including
surgical resection and radiation, have remained largely unchanged
for over fifty years. While these treatments may initially slow
tumour growth, they can ultimately facilitate recurrence and
increase growth rates through changes in morphogenetic fields.
Chemotherapy is also of limited benefit for most malignant
gliomas and can cause negative side effects that reduce quality
of life. Therapeutic targeting of brain tumour associated
mutations is complicated by the fact that these mutations may
arise as by-products of tissue disorganization, and their causal
relationship is unclear. Although some progress has been made
with temozolomide chemotherapy, it is clear that new approaches
are needed to manage malignant brain tumours effectively and
maintain a decent quality of life for patients [1-10].

LITERATURE REVIEW

Analyses of metabolic control

Metabolic control analysis is a method of analyzing and treating
complex diseases by evaluating the degree of flux in metabolic
pathways. This approach is based on the fact that compensatory
genetic and biochemical pathways regulate the bioenergetics
potential of cells and ultimately the phenotype. Abnormal energy
metabolism and biological chaos are characteristics of brain
tumours, and the general principles of metabolic control analysis
can be effective for brain cancer management. The hypothesis is
based on the known differences in energy metabolism between
normal and neoplastic brain cells. New therapeutic approaches,
which lower circulating glucose and elevate ketone bodies, target
brain tumours while enhancing the metabolic efficiency of normal
neurons and glia. This approach involves global manipulations
of metabolic networks to restore orderly adaptive behaviour to
widely disordered states involving complex gene-environmental
interactions [11-20].

Metabolism of energy in normal brain cells

The management of brain cancer through metabolic targeting
involves taking into consideration the energy metabolism of the
normal orthotropic tissue (Figure 1). A detailed understanding
of the metabolic pathways involved is essential for effective
management. In normal physiological conditions, the mature
brain primarily derives its energy from the aerobic oxidation of
glucose, with almost all of the glucose metabolized to pyruvate,
which is converted to Acetyl CoA before entering the TCA cycle.
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Fig. 1. A detailed understanding of the metabolic pathways involved is essential for
effective management.

Lactate is not used for energy metabolism in the adult brain,
although there is some controversy surrounding this claim. Fatty
acids do not pass through the blood-brain barrier as fuel substrates,
except for octanoate, which may be an exception. Therefore,
glucose is the primary, if not exclusive, metabolic fuel for the brain
under normal physiological conditions [21-25].

However, under fasting-induced reductions of blood glucose,
neurons and glia will metabolize ketones for energy. This is a
physiological adaptation to prolonged food restriction and is
conserved across species. Ketone bodies, consisting of acetoacetate
and P-hydroxybutyrate (8-OHB), are derived from fat catabolism
in the liver, and their concentration in the blood is inversely related
to that of glucose. Ketone bodies are transported into the brain
through the blood-brain barrier monocarboxylic transporters
(MCTs), whose expression is regulated, in part, by circulating
ketone and glucose levels [15,26-29].

B-OHB is the predominant blood ketone body and is rapidly
oxidized to Acety/l CoA in the mitochondria through an
enzymatic series involving 3-hydroxybutyrate dehydrogenase,
SCOT  (succinyl-CoA-acetoacetate-CoA  transferase), and
mitochondrial acetyl-CoA thiolase. Acetone is a non-enzymatic
by product of ketone body synthesis and is largely excreted in the
urine or exhaled from the lungs. Although the levels of glucose
and ketones in the brain are proportional to their levels in the
blood, the adult brain does not usually metabolize ketone bodies
for energy unless blood glucose levels are reduced [30-34].

The therapeutic efficacy of the ketogenic diet is best achieved when
coupled to dietary energy restriction, under which conditions
circulating glucose levels are gradually reduced, and ketone
body levels are elevated. It is essential to emphasize the term
"gradual” as ketone bodies cannot be used for energy following
acute hypoglycaemia. However, in vitro preparations show that
neuronal glial interactions are disrupted, and the blood-brain
barrier is absent. Therefore, the gradual transition from glucose
to ketone bodies for energy in vivo requires a flexible genome
for the coordinated integration of multiple metabolic networks
according to principles of metabolic control analysis [35, 36].

Ketone bodies are more energetically efficient than either
pyruvate or fatty acids because they are more reduced, with
a greater hydrogen/carbon ratio than pyruvate, and do not
uncouple the mitochondrial proton gradient as occurs with fatty
acid metabolism. Ketone bodies bypass cytoplasmic glycolysis
and directly enter the mitochondria, where they are oxidized to

Acetyl CoA. The amount of Acetyl-CoA formed from ketone

body metabolism is also greater than that formed from glucose
metabolism, which increases TCA cycle metabolites while
reducing the mitochondrial NAD couple, (NAD+)/(NADH),
and increasing the mitochondrial Q couple (Q)/(QH2) [14,16].
The difference between these couples enhances the mitochondrial
proton gradient, which, in turn, enhances the energy available
from the hydrolysis of ATP, AG'ATDP, the cell's key energy reserve
generated through the mitochondrial Fl AT Pase. Remarkably, the
ketone body-induced increase in the AG'ATP is also accomplished
using less oxygen. These and other findings led Vetch to designate
ketone bodies as a super fuel.

Free radicals and ketone bodies

Ketone body digestion offers not just the benefit of expanding
ATP creation while diminishing oxygen utilization, yet it
additionally can bring down the development of destructive free
revolutionaries. The semi Quinone of Q, which is the partially
reduced form of coenzyme Q, is found to spontancously react
with oxygen and be the primary source of mitochondrial free
radical generation. Notwithstanding, the oxidation of the several
reductions how much the semi Quinone structure, in this way
lessening superoxide creation. The reduced form of glutathione,
which is nearly in equilibrium with the cytosolic free NADP+/
NADPH concentration couple, is also increased by ketone
body metabolism, making hydrogen peroxide elimination easier.
Ketone metabolism reduces tissue inflammation caused by
reactive oxygen species by reducing free radicals. In conclusion,
ketone bodies possess anti-inflammatory properties in addition to
being a superior metabolic fuel to glucose [37-40].

Energy utilization in tumours of the brain

The normal brain can use both glucose and ketone bodies as
sources of energy. However, malignant brain tumours, whether in
humans or animal models, are not able to switch between these
energy sources and rely mostly on glucose for energy. This is due to
enhanced glycolysis that produces excess lactic acid, which can be
recycled back to the tumour as glucose. Ketone body metabolism
in tumours is mainly used for lipid synthesis rather than for energy
production [41, 42].

Brain tumours have reduced activity of the rate-controlling step for
utilizing B-OHB as a respiratory fuel, which prevents them from
using ketone bodies as an alternative energy source. Additionally,
most tumours, including brain tumours, have abnormalities in the
number and function of their mitochondria, which are required

for the oxidation of ketone bodies [43, 44].

Brain tumours exhibit increased glycolysis and lactic acid
production, coupled with reduced respiratory capacity. The
abnormality in respiratory capacity involves alterations in the
TCA cycle components, electron transport, and deficiencies in
oxidative phosphorylation. These defects make brain tumour
cells vulnerable to metabolic targeting through metabolic control

analysis [45, 46].

The Warburg hypothesis suggested that the increased glycolysis
of tumour cells occurs gradually to compensate for respiratory
failure. In contrast to normal brain cells, where glycolysis and
respiration are tightly coupled, tumour cells are defective in
integrating energy metabolism between glycolysis and respiration.
Activation of the oncogene may render cancer cells dependent



on aerobic glycolysis for continued growth and survival. Recent
studies suggest that disconnect between respiration and glycolysis
renders cancer cells vulnerable to metabolic targeting through
metabolic control analysis. Studies with the ketogenic diet and
dietary energy restriction support this possibility. [40-46]

DIETARY ENERGY AND CEREBRUM
DISEASE

The ketogenic diet:

In 1995, a pioneering study was conducted by Nebeling and
colleagues, which explored the use of a high-fat, low-carbohydrate
diet known as the Ketogenic Diet (KD) for treating malignant
brain cancer in humans. This diet had already been used for many
years as a successful therapy for refractory seizures in children
[15, 48, and 49]. The primary objective of the study was to alter
the primary substrate for energy metabolism from glucose to
ketone bodies, in order to disrupt tumour metabolism while
simultaneously maintaining the nutritional status of patients [47].

The study included two female children with non-resectable
advanced grade brain tumours, anaplastic astrocytoma stage IV
and cerebellar astrocytoma stage II1. Despite extensive radiation
and chemotherapy, measurable tumour remained in both subjects.
However, both children responded exceptionally well to the KD
and experienced long-term tumour management without further
chemo or radiation therapy [47]. In fact, as of the time of writing,
one of the patients was still alive and well (Nebeling, personal
communication). Positron Emission Tomography with fluro-deoxy-
glucose (FDG-PET) also demonstrated a 21.8% reduction in glucose
uptake at the tumour site in both subjects on the KD [47].

Despite the sound logic and significant findings of this study, no
further human studies or clinical trials have been conducted on
the therapeutic efficacy of the KD for brain cancer. The reasons
for this are unclear, but it may be due to the preference of the
major Brain Tumour Consortia for using "hand-me-down" drug
therapies from other cancer studies, rather than exploring more
effective biological or non-chemotherapeutic approaches [7].
This is unfortunate, as recent findings in animal models of brain
tumours suggest that the therapeutic potential of the restricted
KD, which involves reduced glucose and elevated B-OHB, is
likely greater than that of any current brain tumour chemotherapy
[20]. Furthermore, the KD would eliminate or reduce the need
for adjuvant anticonvulsant and steroidal medications for brain
tumour patients, as the KD has antiepileptic and anticonvulsant
effects and, when restricted in caloric intake, naturally elevates
circulating glucocorticoid levels [15, 49-51].

These findings suggest that the KD could be an effective
multifactorial diet therapy for malignant brain cancer and should
be considered as an alternative therapeutic option.

Dietary energy limitation:

Recently, the findings of the Nebeling group on the efficacy of the
Ketogenic Diet (KD) for treating brain cancer were confirmed
in a series of orthotropic mouse brain tumour models that were
treated with the KD and dietary energy restriction [37, 32, 52,
53]. The KD is a high-fat, low-carbohydrate diet that has been

used for decades to treat refractory seizures in children, and the
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objective of the Nebeling study was to disrupt tumour metabolism
by shifting the primary substrate for energy metabolism from
glucose to ketone bodies while maintaining the nutritional status
of patients.

The DR-induced inhibition of brain tumour growth is directly
correlated with reduced levels of glucose and elevated levels
of ketone bodies [20, 37]. DR is a natural dictary therapy that
improves health, prevents tumour formation, and reduces
[83-88]. DR improves mitochondrial
respiratory function and glutathione redox state in normal cells.
Thus, DR naturally inhibits glycolysis and tumour growth while
enhancing the health and vitality of normal cells and tissues.

inflammation also

The anti-angiogenic effects of DR arise from reduced tumour
energy metabolism [37, 32, 52, 53]. The antigenic properties of
most human gliomas are closely linked to metabolic activity, and
DR reduces cerebral blood flow and oxygen consumption, which
further stress brain tumour cells that are already weakened from
reduced glucose levels [28]. In addition to reducing angiogenesis,
DR also increases brain tumour apoptosis [52, 53]. The pro-
apoptotic effects of DR occur in large part from the reduction
in glycolytic energy that most tumours rely on for growth. This
reduction in glycolytic energy would reduce lactate levels and hydroxyl
radical production, which are known to enhance tumour inflammation
and cytokine production through glial activation [54-57].

DR also reduces inflammation and the inflammatory properties
of macrophages while enhancing their phagocytic activities.
An uncoupling of the detrimental inflammatory properties of
tumour associated macrophages from their beneficial phagocytic
properties is considered essential for the eventual management of
brain cancer. Hence, diet therapies that lower glucose availability
and clevate ketone bodies can reduce brain tumour growth
through integrated anti-inflammatory, anti-angiogenic, and pro-
apoptotic mechanisms.

It is worth noting that previous studies have shown that the anti-
tumour effects of DR result from caloric restriction per se and not
from the restriction of any specific dietary component, such as
proteins, vitamins, minerals, fats, or carbohydrates [36, 54, 55].
Despite the logic of these studies and the dramatic findings, no
further human studies or clinical trials have been conducted on
the therapeutic efficacy of the KD for brain cancer. The reason for
this is not clear but may reflect a preference of the major Brain
Tumour Consortia for using "hand-me-down" drug therapies
from other cancer studies rather than exploring more effective
biological or non-chemotherapeutic approaches [7]. However,
recent findings in brain tumour animal models suggest that the
therapeutic potential of the restricted KD, involving reduced
glucose and elevated 3-OHB, is likely to be greater than that of
any current brain tumour chemotherapy [20]. Moreover, the KD
would eliminate or reduce the need for adjuvant anticonvulsant
and steroidal medications for brain tumour patients, as the KD
has antiepileptic and anticonvulsant effects, and when restricted
in caloric intake, it will naturally elevate circulating glucocorticoid
levels [15, 49-51]. These findings suggest that the KD would be
an effective multifactorial diet therapy for malignant brain cancer
and should be considered as an alternative therapeutic option.

Brain Cancer's Metabolic Control: A
Developmental Viewpoint:

The authors of this article suggest a new approach to managing
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brain cancer that focuses on the differences in energy metabolism
between normal brain cells and tumour cells. They propose
combining metabolic control analysis with the evolutionary
capacity of normal cells to adapt to extreme shifts in physiological
environment to create a novel strategy for brain cancer
management [58, 26].

According to the authors, the adaptation of normal cells to
environmental extremes is conserved within the genome, and only
cells with a flexible genome will be capable of surviving abrupt
changes in metabolic landscape. Cells with genomic defects
that limit flexibility should be less adaptable to metabolic stress
and therefore vulnerable to elimination through principles of
metabolic control analysis. This approach focuses more on the
genetic capabilities of normal cells than on the genetic defects of
tumour cells [59, 60].

Brain cancer is a metabolic disorder that involves the dysregulation
of glycolysis and respiration, which can be managed through
abrupt changes in metabolic environment. The amount of energy
needed to maintain the activity of transmembrane ion pumps
is greater than that needed for mitosis, and the survival of cells
depends on maintaining an adequate AG' of ATP hydrolysis.
Tumour cells with limited genomic flexibility should therefore
be less capable than normal cells in utilizing alternative energy

substrates to maintain their AG' of ATP hydrolysis [16, 61, 52, 62].

The energy used to maintain pump function and cell viability
in normal brain cells comes from either glycolysis or acrobic
respiration. In the case of brain tumours, this energy is mostly
derived from glycolysis, making them vulnerable to reductions
in circulating glucose levels as these mutant cells would have
difficulty oxidizing alternative fuels (ketone bodies) through
respiration [63, 47].

The authors propose a strategy for managing brain tumours that
enhances the respiratory potential of normal brain cells while

metabolically targeting tumour cells. The approach would involve
a sequential series of therapeutic steps and should be effective
against any primary or secondary brain tumour regardless of cell of
origin, anatomical location, or histological grade. Step one would
lower circulating glucose levels and elevate circulating f-OHB
levels through diet therapies or ketone body supplementation.
Glucose ranges between 3.0-3.5 mm (55-65 mg/dl) and
(-OHB ranges between 4-5 mm should be effective for tumour
management in most patients [29, 30, 65-66].

The authors suggest that reduced glucose and elevated ketones
could also antagonize tumour cachexia. The proposed strategy
could be used to indirectly target genetically defective and less
metabolically flexible brain tumour cells by exploiting the
genomic and metabolic flexibility of normal brain cells. The
authors conclude that this new approach could lead to the
development of effective clinical therapies for brain tumours
[58].

Step two of this proposed therapeutic strategy involves the
surgical removal of brain tumours if necessary. Smaller tumours
with clear boundaries and reduced blood flow are easier to remove
than larger tumours with poorly defined boundaries and extensive
blood flow. After surgery, the diet therapy can be adjusted to aid
in healing and maintain metabolic pressure on any remaining
tumour cells. Step three involves the use of conventional or novel
targeted therapies, which may not have long-term benefits initially,
but can be highly effective after weakening and metabolically
isolating the tumour cells through the first two steps. Glycolysis
inhibitors, which may harm normal cells, could also be more
effective at this stage. Weight cycling strategies and specific amino
acid restrictions may also aid in eradicating or slowing tumour
cell growth. The goal of this approach is to consistently alter the
physiological and metabolic environment of both the tumour
and host, with only the most adaptable cells expected to survive.
This approach is based on principles of evolutionary biology and
metabolic control analysis, and is expected to be more successful
than current approaches [59-70].
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