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Abstract

The disease called cancer is actually the abnormal uncontrolled growth and proliferation of cells in our body by mutation.
Reprogramming of metabolism in order to carry on the growth and proliferation of cancer cells is one of the most important
changes seen in cancer cells. Altered metabolism is among the main causes of cancer. Cancer cells consume a lot of energy
therefore it starts seeking for alternative fuels and their metabolisms vary compared to normal cells. The most important of
these differences is aerobic glycolysis known as the ‘Warburg effect. AMP-activated protein kinase (AMPK) is an energy sensor
of our body and keeps it in a certain order. AMPK provides the balance between catabolism and anabolism. Another issue that
needs to be mentioned in cancer metabolism is the p53 gene. The p53 gene is the most frequently mutated gene in cancer cells
and is responsible for cell cycle and death. It is our circadian system that regulates metabolism in a 24-hour rhythm. In daily
nutrition, the time of feeding is as important as the amount of energy intake. Our circadian system regulates glucose, lipid and
energy metabolism, glucose homeostasis, as well as hunger and satiety cycles. Changes in metabolism occur when the order of
the circadian system has been left. This situation causes the metabolic diseases. Circadian disruption has a carcinogenic effect
on our body. We should try to protect our health by maintaining our circadian system. In this review we discuss the regulation

of energy homeostasis with glucose, alternative ways, and circadian rhythm disruption in cancer cells.
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Regulation of Energy Homeostasis in Cancer

Cancer cells are characterized by rapid growth, division
and uncontrolled proliferation. If cells become resistant
to apoptosis, abnormal clumps of cells called neoplasms
appear [1]. One of the first changes seen in cancer cells is
the alteration in their metabolism because cancer cells try
to acquire nutrients through different mechanisms and
additional ways to meet the increasing energy demand. This
change in metabolism was discovered by Otto Warburg in
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1920 [2]. Otto Warburg showed that cancer cells use high
amounts of glucose as an alternative carbon source for
anabolic reactions, as well as increased lactate production
under aerobic glycolysis conditions. In other words, he
observed that these cells had a high glycolysis rate even in
the presence of oxygen, and he called this aerobic glycolysis
[1,3-5]. In cancer cells, a large amount of lactate is produced
regardless of the oxygen amount in the environment. For
this reason, the metabolism of cancer cells is called aerobic
glycolysis (Warburg effect) [4-6]. Healthy cells do not
metabolize glucose to lactate in the presence of oxygen,
they only resort to anaerobic glycolysis or the metabolism of
glucose to lactic acid in the absence of oxygen.

Aerobic glycolysis in cancer cells has been investigated
for many years and has been accepted as one of the
metabolic distinguishing features of these cells [6]. Besides
glucose, cancer cells look for other alternative ways to
meet their needs. For this, they also use nutrients such as
glutamine, amino acids, lactate, acetate and macromolecules.
These differences in cancer cells are called metabolic
reprogramming [6,7].

Cancer Cells Is Need Much More Energy

Using of Glucose and the Other Substitutions by
Cancer Cells

There are two basic nutrients necessary for the survival
of mammalian cells to carry on their activities. These
nutrients are glucose and glutamine. Uptake of glucose into
cells is provided by a family of proteins known as the glucose
transporter (GLUT) [8]. Increased expression of GLUTSs
facilitates the survival of cancer cells. Regulated aerobic
glycolysis provides rapid production of ATP for energy
requirements at blood concentrations, nurtures anabolic
processes in biomass production, supports metastasis by
creating an lactate acid environment from pyruvate, is used
to produce oxaloacetate (OAA), alanine and aspartate amino
acids which are involved in the synthesis of biomolecules,
meet the intermediate carbon requirement for the formation
of macromolecules and mediates the controlled oxidation
of carbon skeletons as well as the capture of NADH and
FADH2. Briefly, it is a good source of nitrogen groups. For
these reasons it provides to meet the most of the energetic
and metabolic demands [7,8]. Glucose is actually the limiting
nutrient for cancer cells, but in the absence of glucose, these
cells can use glutamine, lipid, amino acids, and various
metabolic intermediates. This is called metabolic flexibility.
Cells rely on their metabolic flexibility to survive in the
absence of glucose [9,10].

Tetik S, et al. Regulation of Energy Homeostasis in Cancer. Adv in Phar & Clin Tria 2022, 7(3): 000199.

Glutamine in the Cancer Cells

The high need for glutamine in cancer cells was described
by the American physiologist Harry Eagle in the 1950s [11].
Cancer cells can use glutamine via the glutamine transporter
SCL1A5 located at the plasma membrane, or glutamine
and other amino asids can be derived from the lysosomal
degradation of extracellular proteins [7].

Glutamine is a carbon source for energy production, it is
used as a carbon source in the synthesis of macromolecules
required in cell division, it can directly provide the required
acetyl-CoA under hypoxia. Glutamine is a nitrogen source
for biosynthetic reactions, the main route for the transport
of reduced nitrogen into cells, takes part in nucleotide
synthesis during proliferation with amido and amino groups
as nitrogen source, it has the advantage of providing two
nitrogen atoms in synthesizing amino acids and nucleotides
that are involved in growth. Glutamine is a regulator of
lipid production and a protector of redox homeostasis,
it also increases the NADPH / NADP+ ratio and maintain
cellular redox status and reduced glutathione (GSH) levels
by converting to pyruvate [12,13]. As glutamine can activate
alternative metabolisms, it is important for the survival of
cancer cell. In glutamine deprivation, macropinocytosis is
induced in cancer cells and a membrane crease system is
used to capture extracellular material, thereby scavenging
fluid and macromolecules [13].

Lactate for Energy Demanding of Cancer Cells

Lactate is the product of anaerobic glycolysis by lactate
dehydrogenase (LDH). It is an intermediate with a high
energy. It is taken up with the lactate monocarboxylase
family carrier group [12]. The accumulation oflactate outside
the cell causes an increase in hyaluronic acid and facilitates
the spread of cancer cells. It helps survive damaged cells by
reducing T cell activation and monocyte migration as well as
triggers chemoattraction and cell invasiveness by altering
tumor PH [8].

Over-expression of MCT1 in the lactate monocarboxylase
family induces p53 loss and glucose deprivation. By blocking
MCT1, MCT4, cancer cells can be prevented from accessing
lactate [12]. One of the advantages of using lactate versus
glucose is the shorter oxidative pathway of lactate and does
not require ATP accumulation compared to glycolysis. In
fact, catabolism of glucose to lactate results in low energy
efficiency, thus increasing the rate of glucose consumption
so that cells can meet their needs, which is the most common
metabolic phenotype seen in cancer cells [9,14]. Figure 1
shows the glucose and lactate shuttle in a cancer cell.
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Figure 1: Lactate shuttle in a cancer cell [1].

J

Lipids - Fatty Acid Metabolism in Cancer Cells

In case of insufficient glucose in cancer cells, these
cells try to meet their needs by fatty acid oxidation (FAO).
Normal cells take up fatty acids through diet, while cancer
cells show an increase in de novo fatty acid synthesis [4].
Lipids are essential components of membranes [5]. Lipids
are one of the essential energy sources and act as secondary
messengers in signal transmission in the cell. Therefore,
cancer cells need fatty acids to complete their organelles and
membranes [7,15].

Adenosine Monophosphate- Activating
Protein Kinase (AMPK) and Cancer
Metabolism

There are regulatory proteins that detect the levels of
adenosine triphosphate (ATP) and adenosine diphosphate
(ADP) to ensure the flow of energy in our body [16].

This is mainly achieved by the AMP-activating protein
kinase (AMPK) system and this system becomes active at high
AMP and low ATP concentrations. AMPK is a heterotrimeric
protein complex involved in the regulation of metabolic and
energy homeostasis [17]. The states of activity are due to the
use of high ATP during muscle contraction or the metabolic
stress that occurs in the case of hypoxia.

In healthy mammalian cells, AMP-activating protein
kinase (AMPK) is activated by metabolic stress, hypoxia,
ischemia, glucose deprivation, drug, xenobiotic species and
with mechanisms including increases in cellular AMP, ADP
and Ca? [16]. In the eukaryotic cell, the main energy sensor
is AMP-activated protein kinase (AMPK) [18].
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In any stress situation, when the energy state in the cell
is compromised, it activates and reduces energy-consuming
pathways, stimulating energy production and ensuring
survival [17,19,20]. It directly and indirectly phosphorylates
downstream targets of the activities of rate-limiting metabolic
enzymes, transcription and translation factors, proliferation
and growth pathways as well as epigenetic regulators. As a
result, cell growth and proliferation are declined [19,20].
Although there are many signaling pathways for cell growth
and proliferation, the most important of these signaling
pathways is the mTOR 1 complex, which is blocked by AMPK
activation [21]. AMPK acts as a fuel gauge and is activated by
reducing the ATP/AMP ratio [22]. AMPK inhibits pathways
that consume ATP while activates pathways that generate
ATP [17,19]. AMPK transcriptionally reprograms cell
metabolism during prolonged energy declines [23]. Another
thing to say about AMPK is for appetite. AMPK is the basis
of the balance between catabolism and anabolism in our
body. In the presence of sufficient energy storage, muscle
leptin stimulates AMPK and increases catabolism, while
hypotalamus leptin can inhibit AMPK as a suppressor of
hunger [18]. Hormones and AMPK are of great importance
in the regulation of energy expenditure and food intake in
response to environmental signals [19]. AMPK has a glucose
sensor property, so AMPK activation occurs in glucose
deficiency. As a result, it phosphorylates the enzymes that
provide ATP formation, activates the catabolic pathways
and suppresses the anabolic pathways. In addition, AMPK is
associated with blood glucose detection and stimulating liver
glucose production [16]. AMPK also directly phosphorylates
and inhibits acetyl-CoA carboxylase-2 (ACC2) and acetyl-
CoA carboxylase-1 (ACC1). Thus, it provides control of lipid
metabolism and prevents fatty acid synthesis. Sustained
AMPK activation limits glucose and lipid synthesis in cells
and promotes fatty acid oxidation [23]. AMPK conserves ATP
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by blocking anabolic pathways. Inhibits anabolic enzyme
activities by phosphorylation [18]. Figure 2 shows the
pathways in which AMPK is involved in cell metabolism. Cells

lacking AMPK cannot adapt to nutrient concentrations in the
disruption of energy balance [17].

Figure 2: The role of AMPK in cancer cells [24].

Tumor Suppressor P53 and Metabolic
Homeostasis

The p53 gene is the most frequently mutated gene
in cancer cells. It regulates cell cycle and death. It tries to
prevent tumor formation. It regulates the expression of
proteins related to metabolism. Therefore, it maintains cell
homeostasis [25,26]. P53 adapts in the presence or absence of
nutrients to maintain metabolic homeostasis. After a period
of fasting, p53 rises and tries to balance gluconeogenesis
and ketogenesis to adapt to starvation [5]. P53 interacts
with mTOR and AMPK to maintain metabolic homeostasis.
Affects pathways in carbohydrate and lipid metabolism,
controls autophagy [27]. The p53 gene inhibits glycolysis by
regulating the transcription of many genes that modulate
glycolysis [25,28-30]. It also takes part in regulating the p53
pentose phosphate pathway. It is very important that NADPH
reduces oxidized glutathione and maintains redox regulation
and is involved in the production of key components of
nucleotide synthesis for DNA repair when cells are faced
with DNA damage [25].

The mevolanate pathway is another mechanism in cancer
progression. In case of nutrient starvation, p53 activates
and inhibits fatty acid synthesis, increases lipid catabolism
by increasing fatty acid oxidation (FAO) [25,31]. Increased
lipid biosynthesis is seen in almost all cancer cells. On the
other hand, mutant p53 reduces NADPH production, inhibits
glucose-6-phosphate dehydrogenase (G6PD) activity, and
inhibits lipid accumulation. As a result, lost in p53 activity
or mutations in p53 may contribute to cancer progression by
accelerating lipid accumulation [26]. Since p53 is activated
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in the presence of stress, it inhibits mTORC1 in order to stop
the cell’s growth, division and energy consumption in any
poor condition [27,32].

Effect of Circadian Rhythm on Nutrition and
Cancer

In our daily life, we are exposed to many changes
such as hot, cold, light and dark. In order to adapt to these
changes, our body has developed circadian timing systems
over time. Nutrition, metabolism, gastrointestinal system,
endocrine system, body temperature, cardiovascular
activity regulations are regulated by changes due to light
and darkness [16,33,34]. Health problems begin to occur
when the order established by our circadian system is
disturbed as well as when food intake decreases or increases
abnormally. Obesity, diabetes, impaired glucose tolerance,
concentration disorders, depression, cardiovascular diseases
are the leading health problems that may occur. Cause the
development of cancer [35-40]. The feeding times and daily
activities are programmed to be during the day time. In 2007,
a study was conducted on shift workers by the World Health
Organization International Agency for Research on Cancer
(IARQC). As aresult, it is concluded that the circadian systems
of shift workers are disrupted and this disruption has a
carcinogenic effect [41].

The circadian clock system in our body is divided into two
parts. The suprachiasmic nucleus (SCN) of the hypothalamus
is the main site where these rhythms occur. Circadian
oxidizers that produce circadian rhythms is located in this
region.
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Secondly, there is the peripheral clock found in
various tissues in the body (such as liver, adipose tissue,
gastrointestinal tract, retina, heart) [33,34,37-39,42]. Mainly,
the central clock regulates metabolism. Peripheral tissues,
on the other hand, integrate signals from the central clock
with environmental and behavioral factors (sleep, nutrition,
light) and their own autonomous rhythm to keep metabolism
in rhythm [35,37,39]. The circadian rhythm is determined
by internal and external factors. While our central clock is
affected by light, the rhythm in peripheral tissues is formed by
the inputs from the central clock, external factors (nutrition,
light, sleep, physical activity) and metabolites [34,35].
The proteins found in the SCN are period (per) and crypto
chrome (cry). Alongside these proteins are the transcription
factors Bmall and Clock. Mutation of Per1 causes more food
consumption during the daytime [34]. SCN outputs can
control energy homeostasis depending on the sympathetic
and parasympathetic systems [33]. Although our circadian
system has resilience, peripheral tissue clocks are sensitive
to the composition and timing of the food consumed. When
the timings in this order shift, chronic diseases occur over

time. Figure 3 shows the internal and external factors
affecting the circadian rhythm [35,39]. During the daytime,
our body prepares itself for nourishment, gastric emptying
and gastrointestinal motility are at their peak in the
morning. Intestinal microbiota increases energy metabolism
in the active phase in accordance with the daily rhythm, and
helps detoxification in the resting phase. Appetite is time-
controlled and delayed bedtime increases food consumption.
The feeding/fasting cycles affect the phosphorylation of
energy sensors. In high-fat diets, the nutrition/hunger
cycles become atrophied, the energy consumed in the
resting state increases, the circadian rhythm in the clock
genes decreases [37,39]. During the day, fasting and fullness
times activate adenosine monophosphate (AMP) kinase and
mTOR pathways, which have an significant role in metabolic
homeostasis [34]. Resetting the disrupted circadian rhythm,
treatment methods can be established to prevent conditions
such as cancer and immune system dysfunction. The primary
reset mechanism is with the master clock in the upper
chiasmic core. The second mechanism occurs in response to
mealtime during the nutritional fasting cycle [38].

Figure 3: Internal and external factors affecting circadian rhythm [35].

Hormones that are very crucial in our metabolism such
as insulin, glucagon, adiponectin, corticosterone, leptin,
grehlin (known as hunger hormone and stimulates food
intake) have a circadian rhythm. This rhythm affects our
metabolic balance [33,37]. Adipose tissues secrete hormones
and metabolites that play a role in energy balance along with
incoming appetite signals. Leptin is released through the
circadian cycle. Its secretions is at its peak at night [40]. One
of the important hormones affected by the circadian system
is melatonin. It takes part in biological and physiological
regulations of the body. Its main role is to regulate the
circadian rhythm by maintaining the biological clock in the
body. These hormones are stimulated by darkness at night
and suppressed by light during the day. Nowadays, melatonin
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levels start to drop as there is much more artificial light
exposure at night [33,40,42]. The active time of the day is the
period of energy intake and expenditure. During this period,
we have insulin sensitivity and high glucose tolerance. It is
forming increased of blood insulin level, glucose uptake by
cells, glycogen synthesis and faty deposits in this period. The
sleep phase of the day is our resting period. In this phase,
usually stored energy is used. Glucose intolerance and
insulin resistance occur in sleep disorders such as aging, shift
working hours, and excessive exposure to artificial light at
night [43]. Figure 4 shows the cycle of our body, depending
on day and night, as well as the protein and transcription
factors found in our central clock.
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Figure 4: Effects of our central and peripheral clock on our cells [44].

The oxidation-reduction reactions taking place in the
cell, the interactions between hormone receptors and genes
are the main roles that regulate energy metabolism. The
other group that has important functions in our circadian
clock system is the sirtuin (SIRT) genes [40]. Sirtuinl
(SIRT1) is a homologue of the NAD+-dependent histone
deacetylase SIR2, which is found in transcriptional silencing,
genome stability and is very important in calorie restriction
(Froy, 2010). SIRT1 is involved in metabolic processes such
as lipid metabolism, insulin sensitivity, gluconeogenesis, and
modulates BMAL1 activity. SIRT3 and SIRT5 are involved in
regulating intracellular pathways such as fatty acid oxidation
and oxidative phosphorylation [33,40].

Consumption of food regularly at certain times of the
day is very important for the organism and for rhythmic
gene expression [40]. Over time, the addition of high-calorie
foods (refined foods, increased sugar consumption, corn
syrup, etc.) into our lives and their involvement into 3 meals
a day, the increase in sedentary life has led to an increase
in obesity and various diseases [34]. Gastrointestinal
discomfort such as bloating, constipation and diarrhea
may occur in situations that disrupt the circadian rhythm
such as shift working hours and travels. Recently, one
of the main causes of metabolic disorders is thought to
be disruptions in the circadian system, and treatment
approaches are being developed. These approaches are
called chronopharmacology, chronon nutrition, and
chronon exercise [40].
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Suprachiasmatic Nuclei (SCN) Misalignment
Can Occur when the Timing of Eating Is
Changed.

Diseases may occur as a result. Breakfast is a very
important meal in the cooperation of the central clock and
peripheral tissues [37]. Delaying the intake of food can lead
to negative consequences. For instance, eating lunch at 16.00
instead of 13.00 causes an increase in glucose and a decrease
in carbohydrate oxidation in case of fasting [35].

Although the sensitivity of cells to glucose is at its highest
pointin the morning, insulin secretion peaks in the afternoon
(12.00-18.00) and is at its lowest point at night while
sleeping. The rhythm in peripheral insulin sensitivity is due
to the basic intracellular pathways and circulating factors
accompanying glucose uptake. The storage of glycogen in
the muscles lacks the circadian rhythm. Studies showed
that healthy individuals have weaker glycemic control in the
evening and at night, glucose tolerance shows a circadian
rhythm, and peripheral insulin sensitivity is affected by
internal and external factors [35]. Inappropriate sleep timing
negatively affects carbohydrate and lipid metabolism.

It is seen that daytime sleep increases glucose and
insulin and increases triglyceride levels. When daytime sleep
becomes a habit, a 3% decrease in energy expenditure is
observed, which creates a condition more conducive to weight
gain in night shift workers [35]. Changing sleep patterns can
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cause improper circadian regulation. Improper circadian
alignment also causes changes in appetite hormones [45].
Figure 5 shows the circadian clock that our body has set

up and the circadian clock that has been disrupted due to
external factors.

Figure 5: External factors in the circadian rhythm [35].

Circadian Rhythm and Cancer

The light center is the timing mark for our clock. It affects
the time of food intake and the phases of the peripheral
clocks. When we are exposed to bright light during the day,
our melatonin secretion increases at night. Exposure to
bright light in the morning appears to improve carbohydrate
metabolism and fat loss. Exposure to bright light during the
day can have positive results, but on the contrary, exposure
to bright light in the evening can have just as much negative

results. These negative results include increase insulin
resistance, increase postprandial insulin, glucose, glucagon-
like peptide 1 (GLP1) levels, impair carbohydrate digestion;
increase the risk of cancer and metabolic diseases [35].

Homeostasis of cancerous tissues and cells, uncontrolled
proliferation, evasion from the triggered immune system,
and high energy demand shows the relationship between
circadian rhythm and cancer (Figure 6) [46,47].

Figure 6: Disruption of circadian rhythm and results on cancer cells [47].
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Thousands of genes from different cells express the
circadian rhythm. In other words, processes such as DNA
damage repair or protein folding Cause homeostasis.
Disruption of the circadian rhythm disturbs the cellular
process and creates a suitable environment for tumor
genesis [48]. The circadian regulation controls the
expression of factors with paracrine or endocrine function.
Some tumors produce excessive amounts of these endocrine
factors (hormones, neurotransmitters, etc.) and disrupt the
circadian rhythm.

The relationship between chronic circadian rhythm
disorder and cancer has been demonstrated in the
development of human breast and prostate cancer [49].
In animal studies, it has been shown that tumor-free
distal organs are affected by tumors that disrupt circadian
rhythms [50]. On the other hand, changes in circadian gene
expression affect the life expectancy of cancer patients
[51]. Disruption of the circadian gene expression changes
the tumor microenvironment. It also changes the circadian
rhythm [52]. As a result, components such as oncogenes,
tumor suppressors, hormones, and cytokines as hemostasis
regulators control the homeostasis balance by disrupting the
circadian rhythm.

Conclusion

Metabolism alterations are one of the main changes
seen in cancer cells for acquiring nutrients and meeting
the increasing energy demand. Glucose and the alternative
sources such as glutamine provides rapid production of
ATP and support metastasis by creating an lactate acid
environment from pyruvate therefore it provides energy for
the cancer cells. On the other hand, glutamine can be involved
in the survival of cancer cell by synthesizing macromolecules
required in cell division. In addition to the role of nutrients in
metabolism and cancer cell survival, the p53 that regulates
cell cycle and death adapts in the presence or absence of
nutrients to maintain metabolic homeostasis as well. The
emerging connection between the circadian clock and
cancer is another raising new hopes for cancer prevention.
Circadian rhythm that control fasting and fullness times
activate kinase pathways which have an significant role in
metabolic homeostasis. In addition circadian rhythm affects
our metabolic balance by regulating hormones that are very
crucial in our metabolism. The circadian rhythm is expressed
by the thousands of genes involved in DNA damage repair
or protein folding, therefore changes in circadian rhythm
disturbs the cellular processes and leads tumor formation.
Therefore, we can say that regulation of energy homeostasis
in cancer cells are maintained by multi-pathways and effects.
This are included simple intermediate molecules which
are related with each other in complex rail way. The health
homeostatic system should be save, however cancer cells
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should be live with proliferation. We need more information
about mix pathways and all regulations to overcome of
energy regulation on cancer cell.
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