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Abstract

Background: Human cells may switch metabolism from aerobic to anaerobic or vice versa depending on cellular
conditions. The use of anaerobic cellular respiration is especially common in cells with metabolic disorders such
as cancer cells. However, despite the fact that metabolic alteration in cancer cells is well-established, its cause
is still not well understood. Objective: The purpose of this study is to address the origin of abnormal behavior
and metabolic changes in cancer cells to better understand the processes that are involved in the formation and
spread of cancer. Methods: This paper reviews and explains key concepts related to the evolutionary origin of
key metabolic pathways in cancer cells, considering the behavioral similarities between cancer cells and ancient
unicellular organisms. The evaluations help better understand the Warburg effect and the related cancer control
strategies. Results: The risk of cancer may be reduced by creating suitable and optimal conditions at the cellular
level, which can increase the chance of cell survival in the event of cellular stress. This may be achieved through
dietary and lifestyle modifications, such as adopting a balanced natural diet that meets cellular needs in a way
that leads to cancer control. Conclusions: Understanding the biological origin and causes of cancer initiation
and development is essential for the metabolic control of cancer as well as for improving therapeutic strategies.
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Introduction

The first living cells were single-celled organisms
that lived in the harsh conditions of the ancient Earth
with little atmospheric oxygen about 3-4 billion years
ago. These single-celled organisms, common ancestor of
all known forms of life on earth, respired anaerobically
in absence of oxygen and used sulfur oxidation using
hydrogen sulfide (H2S) as a cellular energy source [1-4].

From about 600 to 500 million years ago, when the
oxygen in the Earth’s atmosphere increased significantly,
as well as the ozone layer gradually formed that protected
the planet from harmful cosmic and ultraviolet rays, the
conditions for life on Earth changed significantly. The rise
of oxygen level was toxic to anaerobic systems, and much
of the anaerobic life died out, triggering a mass extinction
event. This ended the use of H2S as a common energy
source, and most H,S-dependent organisms died [4-6].

After the significant increase of atmospheric oxygen,
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only the fittest cells that could adapt to the altered
conditions could survive. The survived cells managed
to utilize the rich potential of oxygen in respiration, and
soon, oxygen became essential for metabolic activities in
oxygenated environments. Because oxygen is ideal for
generating energy from nutrients in cells, aerobic life in
oxygenated environments evolved significantly faster and
more efficiently than anaerobic life [4,7,8].

To conceptually understand the evolutionary path
of the first single cells in the harsh conditions of life on
ancient Earth, compare them to a car moving forward
on a rocky road with large bumps, using a lower gear
to continue with less speed but more power, consuming
extra fuel. Similarly, the evolutionary changes following
a significant increase in atmospheric oxygen levels can
be compared to a car going from a gravel road with large
bumps to an asphalt road, which allows the use of a
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higher gear for faster travel with lower fuel consumption,
although the intelligent driver still remembers to downshift
if he encounters tough road conditions again.

The aerobic processes that used oxygen as an oxidant
to convert nutrients into energy were significantly more
efficient at providing cellular energy. Enzymes were
also used by the cells to catalyze chemical reactions and
accelerate evolution of biochemical reactions. As a result,
with passage of time, some larger and more complex living
systems were evolved, eventually giving rise to plants,
animals, and humans [4, 9-11].

Single celled organisms on ancient earth were
self-sufficient and independent, caring only for themselves
and greedily seeking nutrients to survive. But in modern
multicellular systems, cells used a cooperative approach
and became more dependent on other cells, working
together to interact with the environment, take up nutrients
and water, get rid of wastes, and produce sufficient cellular
energy to survive [4,12].

The modern multicellular systems that use aerobic
cellular respiration processes in suitable oxygenated
environments have their roots in single-celled organisms
that respired anaerobically in the harsh living conditions
of ancient earth. Hence, modern aerobically respiring
cells, when faced with harsh conditions and subjected to
cellular stress, may switch metabolism from aerobic to
anaerobic (like shifting a car from high gear to low gear),
or vice versa, to increase their chances of survival [4,12].

Modern cells typically obey the rules of cooperation,
do not move around the body, intelligently control their
growth and do not grow further when they encounter other
cells to respect their territory, and also divide nutrients
fairly to ensure that other organs can also survive. But
under stressful conditions and chronic exposure to
environmental stressors, cells struggling to survive
may undergo some mutations that lead to a return to the
behavior of their unicellular ancestors (an evolutionary
throwback), following which, they act greedily, take
over the body’s resources for their own survival, and
disrupt multicellular co-operation, which is a typical
behavior that is commonly observed in mutated cancer
cells [4, 9,10,12,13].

The cell mutations are not necessarily due to defects,
but are the result of metabolic switch and activation
of survival mechanisms that cells use to gain greater
resistance in harsh living conditions [4,14]. However,
under certain conditions, these mutations may lead to the
formation of a benign tumor that does not spread to other
parts of the body, or, depending on the cellular conditions
and accumulation rate of DNA mutations over time, it may
form aggressive cancerous malignant tumors that can be
life threatening [15-18].

Despite decades of research, the exact origins and
causes of behavioral abnormalities in cancer cells
have been a long-standing question, and the biological
mechanisms by which tumor cells survive and grow
remain unclear. Consequently, anticancer strategies for
cancer as a metabolic disease are not well understood
[4,19]. This article reviews key concepts related to
metabolic pathways in cancer cells, focusing on cancer
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control strategies according to Warburg’s theory of cancer.

The Warburg effect in cancer cells

The mystery of the respiration processes in cancer
cells was first revealed by Dr. Otto Heinrich Warburg
(1883-1970). Otto Warburg received his first doctoral
degree in chemistry in 1906, and earned a second doctorate
in medicine in 1911, as well as a degree in physiology
in 1913. Otto Warburg received the Nobel Prize in
Medicine and Physiology in 1931 for unraveling the
oxygen-transferring ferment of respiration [20]. In 1956,
Warburg published an article entitled ‘On the origin of
cancer cells’ in the journal of Science [21], which was
very influential for many scientists, and to date, more
than 14,000 scholarly articles have been produced citing
this article, and nearly 20,000 articles have discussed
Warburg’s work so far, each attempting to interpret it more
precisely. Warburg continued to work on fundamental
cancer research until his death in 1970 from pulmonary
embolism [20,22,23].

Warburg chemically analyzed cancer cells, and based
on laboratory measurements and monitoring levels of
glucose, acids, and bicarbonates, he experimentally
compared oxygen consumption and acid production
related to energy metabolism in normal cells and cancer
cells. Warburg observed that there are higher levels of
lactic acid in the blood vessels that exit the tumor than the
arteries that enter the tumor, meaning that, cancer tumors
produce significant amounts of lactic acid [20,22,23].

In normal conditions, healthy cells utilize aerobic
cellular respiration to produce the energy (ATP) they
need [24]:

Glucose (1 CH,0,) + Oxygen (6 O,) — Energy
(32 ATP) + Carbon dioxide (6 CO,) + Water (6 H,0)

But when cellular respiration is impaired, such as
in case of oxygen deprivation or hypoxia, a metabolic
switch takes place to use anaerobic cellular respiration
and fermentation processes, which based on Warburg’s
findings (later known as the Warburg effect), may consume
large amounts of glucose and produce significant amounts
of lactic acid as byproduct that leads to lactic acidosis as
follows [4,24]:

Glucose (16 C.H,,0,)— Energy (32 ATP) + Lactic
Acid (32 C,H,0,)

According to the Warburg effect, the processes
of anaerobic respiration and fermentation, which are
energetically inefficient and environmentally acidic and
toxic, originally occur in cells lacking oxygen, such as
those far from blood vessels, or, in case of hypoxia due
to low partial pressure of oxygen, impaired ability of
hemoglobin to carry oxygen, or around the cells that
consume high amounts of oxygen [20,24,25].

Figure 1 describes the Warburg effect, showing how
glucose is converted into energy in normal cells and cancer
cells [4,5]. Human cells normally respire aerobically and
use glucose as their preferred energy source, most of which
is converted to water and carbon dioxide as byproducts
of aerobic cellular respiration. But if there is not enough
oxygen, the cells produce energy through the processes of
anaerobic cellular respiration, where most of the glucose
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Figure 1. The Warburg Effect in Normal Cells and Cancer Cells [4,5]

consumed in anaerobically respiring cells is fermented to
lactate instead of being oxidized in pathways that require
acrobic respiration [4,24].

In all types of cellular respiration, the first step in the
breakdown of glucose in the cell to extract energy for
cellular metabolism is glycolysis, which is anaerobic and
does not require oxygen, whether oxygen is present or not
(this step is called aerobic glycolysis, which is not what
Warburg’s experiments focused on). In the next step, if
oxygen is present sufficiently, the pathway will continue
on to oxidative phosphorylation, in which, glucose reacts
with oxygen in aerobic cellular respiration to produce
energy. However, if there is no oxygen, normal cells use
anaerobic cellular respiration and fermentation processes,
a common starting point of human cancers in hypoxic
areas of the body according to the Warburg hypothesis
[24,25].

Conceptually, the processes involved in cellular
energy production can be compared to starting a car engine
and driving. When the car’s engine is to be started, it
doesn’t matter if the car is on a gravel road or an asphalt
road, in the first step, the car must be started in low gear
first. In the next step, if the road is asphalt, driving in
high gear can continue. However, if the road is rocky and
has big bumps, driving should be continued in low gear.
The comparison may help understand why glycolysis, an
anaerobic process, is the first step in all cellular respiration
processes, both aerobic and anaerobic [4]. That is why in
modern aerobically respiring cells evolved from anaerobic
life, energy production begins anaerobically, and then
proceeds either aerobically or anaerobically, depending
on the cellular conditions and availability of oxygen [4].

In potentially hypoxic areas of the body, such as
breast tissue in women, or the prostate gland in men,
chronic lack of oxygen is a common cause of cancer [25].
An impaired cellular respiration may also be caused by
other factors, such as deficiencies in essential nutrients,
viruses, infections, or exposure to cellular environmental
stressors including acids, chemicals, toxins, and radiation,
which in this case, cancer cells grow, multiply, and form
tumors even when oxygen is available. When cells are
affected by these factors, they use anaerobic cellular
respiration processes that produce lactic acid and acidify
the cell environment (the primary effect) [4,26,27].
The produced lactic acid itself is also a stressor for cells,

leading to inflammation and further cell mutations, and
eventually, formation of tumors (the secondary effect)
[4,28-32]. This is supported by research studies on prostate
cancer, indicating that acidity promotes tumor progression
in prostate cancer [33,34].

Natural remedies for controlling cancer
Warburg hypothesized that unfavorable conditions at
the cell level, such as pH imbalances, poor oxygenation, and
deficiency in key nutrients, may cause excessive mutations
during cellular adaptation to stressful conditions, resulting
in abnormal cell functioning. On the contrary, the chances
of survival of the affected cells may be significantly higher
if there are favorable conditions at the cellular level, in
terms of pH level, adequate oxygenation, and availability
of good sugars, essential vitamins, minerals, enzymes,
and coenzymes that play key roles in regulating cell
metabolism, differentiation, and maturation [26].
Particularly, for cancer tumors that have their roots
in oxygen deficiency (hypoxia), and/or an acidic cellular
environment (acidosis), providing an oxygenated,
nutrient-rich environment, with optimum alkalinity at the
cellular level, may retain healthy cells and inhibit growth
of cancer cells [4,26]. A research study on prostate cancer
has indicated that inhibiting external tumor acidity by
increasing alkalinity at the cell level may reduce the risk
of prostate cancer and help with cancer control [33,34].
Nutrition may be a key factor controlling cellular
conditions; hence, dietary habits may have a significant
impact on the risk of cancer [35]. A healthy plant-based
diet that leads to optimal cellular conditions concerning
alkalinity and adequate access to essential nutrients,
sufficient oxygenation, as well as a reduced exposure to
carcinogens, may lower the tension and stresses at the
cell level, leading to the control of cancer cells [4,24,26].
Research studies suggest that living a typical Western
lifestyle and consuming unhealthy fast foods and
sugar-loaded drinks frequently, as well as a high intake of
animal proteins and a low intake of plant-based foods may
increase the risk of developing cancer. In contrast, there
are shreds of evidence suggesting that traditional healthy
diets rich in plant foods can reduce the risk of cancer.
Particularly, an appropriate plant-based diet with balanced
alkalizing effect can provide essential vitamins, minerals,
enzymes, coenzymes, good bacteria, and antioxidants that

Asian Pacific Journal of Cancer Biology* Vol 9+ Issue 1 77



apjcb.waocp.com

have protective effects against cancer [24,34].

The risk of cancer may substantially be lowered
by considering a healthy plant-based diet that includes
adequate consumption of raw almonds, lemons, dates,
mangoes, figs, grapes, garlic, red onions, green leafy
vegetables, tomatoes, carrots, celery, cucumbers, sprouted
wheat, sprouted peas, olive oil, spices and ginger, as a
salad, side dish, snack in between meals, or a meal in
appropriate combinations with properly cooked healthy
vegetarian foods such as legumes, rice, potato, green
beans, and green peas. Overall, dietary interventions
aimed at reducing consumption of animal proteins,
and increasing intake of healthy plant proteins can be
beneficial and effective in preventing and controlling
cancers [36-38].

Supporting the above findings, are studies that found
African-Americans who followed fatty meat-heavy diets
(a typical Western diet) had a significantly higher risk
of colorectal cancer than those consuming rural African
foods rich in beans and vegetables [39], frequently
consuming raw garlic can significantly reduce the risk of
lung cancer [40], a high intake of animal proteins may be
associated with higher risks of various cancer types such
as breast, prostate, colorectal, and lung cancers [41], an
appropriate plant-base diet significantly reduces the risk of
cancer [42], and a high intake of raw and fresh vegetables,
fruits, nuts and seeds, has been shown to control cancer
in many cases [43].

In addition to following a suitable and healthy
diet consisting of natural foods and drinking enough
chemical-free water for hydration and detoxification of
the body [34], cancer prevention and control also requires
dietary restrictions on acidifying foods and beverages
such as peanuts, coffee, alcohol, sugary drinks, fried
foods, commercial dairy products, processed meats,
salt-preserved foods, and pickled vegetables, as well as
limiting consumption of packaged processed foods and
drinks that contain various chemicals [13].

Knowing the key role of healthy nutrition in cancer
prevention, Warburg considered the consumption of
natural products and healthy foods as a dietary habit, he
prepared his own meals from natural foods, and avoided
factory prepared foods and processed foods as much as
he could. As a result, despite having a family history of
cancer, he successfully avoided cancer throughout his
life [20,44].

In conclusions, understanding the origin of cancer
and the metabolic pathways in cancer cells can help with
metabolic control of the disease.

A fundamental cause of cancer is behavioral changes
and mutations in a normal cell under the effect of
cellular stress, that leads to a return to the behavior of
ancient single-celled organisms, resulting in the cells
overconsuming our body’s resources for their own
survival and growing out of control.

The risk of developing cancer increases with chronic
cellular stress caused by lack of oxygen and key nutrients,
as well as exposure to excess acidity and carcinogens.

Providing an oxygen-rich cellular environment
with optimal alkalinity, as well as delivering essential
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nutrients from natural healthy foods to the body cells,
may reduce the tension at the cell level, leading to control
of the disease, as well as improving body resistance to
developing cancers.

A nutrient-rich healthy diet that includes appropriate
plant-based foods, along with a healthy life style and
reducing exposure to the environmental carcinogens,
may be effective in providing appropriate condition at
the cell level and reducing the cellular stresses, and help
with controlling cell mutations and cancers.
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