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Cancer is the second most common cause of mortality in the world. One of the

unresolved difficult pathological mechanism issues in malignant tumors is the

imbalance of substance and energy metabolism of tumor cells. Cells maintain life

through energy metabolism, and normal cells provide energy through

mitochondrial oxidative phosphorylation to generate ATP, while tumor cells

demonstrate different energy metabolism. Neuroendocrine control is crucial

for tumor cells’ consumption of nutrients and energy. As a result, better

combinatorial therapeutic approaches will be made possible by knowing the

neuroendocrine regulating mechanism of how the neuroendocrine system can

fuel cellular metabolism. Here, the basics of metabolic remodeling in tumor cells

for nutrients and metabolites are presented, showing how the neuroendocrine

system regulates substance and energy metabolic pathways to satisfy tumor cell

proliferation and survival requirements. In this context, targeting neuroendocrine

regulatory pathways in tumor cell metabolism can beneficially enhance or

temper tumor cell metabolism and serve as promising alternatives to

available treatments.

KEYWORDS
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1 Introduction

Cancer is a disease that seriously threatens people’s life and health and is one of the

leading causes of death each year, despite tremendous advances in detection and treatment

in recent decades. According to statistics, there were about 23.6 million new cases of cancer

worldwide and about 10 million people died from cancer in 2019 (1). Since 2000, the
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number of cancer cases and deaths as well as the crude incidence

and mortality of cancer in China have gradually increased (2).

Cancer is a heavy burden for both the patients themselves and the

whole of society. At present, the global situation is still not

optimistic. Therefore, it is crucial to find new regulated pathways

of tumor cell death and investigate their therapeutic potential.

In the study of cancer biology, cancer metabolism represents

one of the most important research directions. The synthesis,

release, conversion, and utilization of energy in the whole

metabolism are summarized under the term energy metabolism.

Glucose is primarily converted to energy by cells. The primary

energy source of normal cells is the aerobic oxidation of glucose,

whereas the energy metabolism of tumor cells differs significantly

from that of normal cells. The ability to reconfigure their metabolic

network gives cancer cells the ability to adapt and ensure survival in

the face of significant environmental change. During the 1920s,

Warburg observed that the rate of glycolysis in tumor cells was

significantly increased in tumor cells compared with normal cells.

This phenomenon was later termed the Warburg effect, also known

as aerobic glycolysis, which occurs in tumor cells even in the

presence of sufficient oxygen (3). Despite its low production

efficiency, glycolysis can rapidly produce ATP for tumor cells and

also produce a variety of macromolecules to meet the material and

energy requirements of tumor cells that proliferate rapidly.

Although oxidative phosphorylation in mitochondria is an

effective method for energy production, tumor cells prefer

glycolysis as their method for energy production. Different tumor

cells produce ATP in varying proportions from glycolysis and

oxidative phosphorylation. In 2011, reprogramming of energy

metabolism was named as one of the ten most important features

of tumors (4). Reprogramming of energy metabolism not only

provides energy and biomacromolecules for tumor cell growth and

proliferation, but also supports tumor cell survival under

stress conditions.

Surprisingly, a growing body of research has shown that

neuroendocrine systems regulate a variety of molecular dynamics

in substance and energy metabolism in tumors. To control

numerous elements of energy intake, consumption, digestion, and

absorption, the central nervous system (CNS) interacts with a

number of peripheral organs and tissues (5). For example, food-

induced changes in gastrointestinal tract tension can directly trigger

vagal afferents, or indirectly activate taste receptors through

chemical stimuli and trigger the production of gastrointestinal

peptides (5). The released peptides, including ghrelin, gastric

leptin, cholecystokinin, and peptide YY, or appetite-stimulating

substances such as glucagon-like peptide 1 increase the feeling of

satiety (5). Through circuits between the brainstem and

hypothalamus, nutrient levels in the blood influence food intake

(5). The circuits of homeostatic energy metabolism are called

hypothalamic circuits (6). Neuropeptide Y (NPY) and dopamine

pathways associated with sensory inputs of food such as smell and

taste, and influenced by physiological states such as hunger and

satiety, regulate food intake in the hypothalamus and

extrahypothalamic nuclei (7, 8). In addition to food intake, the

hypothalamic circuit controls other elements of energy

homeostasis, such as fat metabolism (9), adipose tissue
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distribution (10), glucose metabolism (11), and insulin sensitivity

(12). Energy expenditure, glucose and fat metabolism, and feeding

behavior have been shown to change under stress (13). However,

the neurobiology underlying these processes is constantly changing

to meet the demands of energy supply in tumors. This review aims

to highlight the molecular interface that neuroendocrine dynamics

represent as an important general physiological condition for

modulating tumor substance and energy metabolism and

clinically determining cancer progression, and to provide a

reference for basic research and clinical treatment of tumors by

targeting neuroendocrine molecules.
2 Energy metabolism in tumor cell

Energy metabolism is one of the fundamental features of an

organism’s life activities. Energy is needed for the growth and

reproduction of cells. One of the reasons cancer why is so

damaging to the body and so difficult to overcome is because of

its ability to alter metabolic pathways, and give tumor cells a greater

competitive advantage. Energy in cancer cells is provided mainly by

adenosine triphosphate (ATP), with most of the ATP in the cells

being generated by the breakdown of glucose, and a small amount

by the breakdown of glutamine and fatty acid metabolism.
2.1 Glucose metabolism

In normal cells, the energy required for cellular metabolism is

converted mainly from glycogen and other substances into 6-

phosphate-glucose, and then enters the mitochondria via the

glycolysis pathway, where it undergoes the tricarboxylic acid

(TCA) cycle and oxidative phosphorylation, providing 70% of the

energy required for its own metabolism. Glycolysis can only provide

a small portion of the energy, which is about 20-30% of the

metabolism of normal cells. The Warburg effect describes that

how cancer cells tend to absorb glucose and convert it

predominantly to lactate, even in the presence of oxygen, and

refers to the abnormal glucose metabolism in cancer cells

(Figure 1). The Warburg effect assumes that glycolysis is the main

energy supply pathway for tumor cells, and that tumor cells rely on

glycolysis for energy supply even when sufficient oxygen is available.

Studies have shown that tumor cells transport extracellular glucose

into the cell via glucose transporters distributed on the cell

membrane and catabolize it to generate ATP using glycolytic

enzymes such as hexokinase, phosphoglucose isomerase, and the

product of the multistep metabolism of pyruvate. In the hypoxic

region of the tumor, a large amount of lactate is formed from

pyruvate by lactate dehydrogenase. Lactate is released to the outside

of the cell through the only carboxyl transporter in the cell

membrane and accumulates locally, creating an acidic

environment for tumor growth. This microenvironment promotes

tumor cell invasion into surrounding tissues (14). At the same time,

researchers found that tumor cells in the oxygenated area could take

up the lactic acid produced by cells in the hypoxic area and

synthesize glucose through gluconeogenesis, which can be used by
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tumor cells in the hypoxic area to realize energy cycle (14). Lactic

acid can also enter the bloodstream, reach the liver via

gluconeogenesis, and eventually generate liver glycogen or blood

glucose, resulting in a lactic acid cycle (15). In the oxygenated tumor

oxygen region, tumor cells also have the same energy me of the TCA

cycle as normal cells, i.e, the metabolite pyruvate enters the

mitochondria through oxidative decarboxylation to form acetyl-

CoA via transporters, and is oxidatively metabolized in the

TCA cycle.

Aerobic glycolysis is a unique metabolic mode of tumor cells.

The aerobic glucose metabolic pathway is actually a low-

productivity metabolic pathway. One molecule of glucose is

degraded to pyruvate via the glycolytic pathway, generating 2

molecules of ATP, whereas complete oxidation by oxidative

phosphorylation in mitochondria generates 32 to 33 molecules of

ATP. Tumor cells require a large amount of energy to proliferate

rapidly, but they choose glycolysis, which is less productive.

However, there is no obvious defect in the mitochondria of tumor

cells. It has been found that mitochondria maintain complete

functions in tumor cells, and the tumorigenic function of cancer

cell lines in vitro and in vivo is reduced when mitochondrial DNA is

specifically knocked down (4, 16).

Why do some tumor cells still prefer the less efficient pathway of

glycolysis as their primary energy source, even though

mitochondria are so efficient? First, the cytoplasm produces ATP

100 times faster than mitochondria, meaning the yield is low but the

rate is high. As long as glucose supply is sufficient, the ATP

produced by glycolysis per unit time is higher than that of

oxidative phosphorylation (17). Second, the increase in glycolysis

leads to the accumulation of metabolic intermediates that can

generate the demand for tumor cell proliferation through other

reactions. Finally, the massive accumulation of pyruvate during

glycolysis generates lactate under the action of lactate
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dehydrogenase A (LDHA), which is transported outside the cell

by monocarboxylic acid transporter 4 (MCT4), creating an acidic

environment outside the cell that promotes tumor cell growth,

invasion and metastasis.

In addition, tumor cells adapt to different survival conditions by

altering their metabolism, a process known as metabolic plasticity.

When using chemotherapeutic agents that target the proliferation

phase of tumor cells, cancer stem cells (CSCs) can circumvent the

killing effects of chemotherapeutic agents by regulating their own

metabolic processes to keep them in a “resting state” with low

energy metabolism. At the same time, CSCs also promote the

metabolism of the pentose phosphate pathway and increase their

own antioxidant capacity to adapt to different tumor

microenvironments (TMEs) (18). Elgendy et al (19) also

demonstrated through intermittent diet and drug administration

that tumor cells have metabolic plasticity that can switch between

glycolysis and oxidative phosphorylation to adapt to different

survival challenges. Adenosine-activated protein kinase (AMPK)

and HIF-1 are two important regulators of oxidative

phosphorylation and glycolysis. To explain the Warburg effect in

tumor metabolism, Sotgia et al (20) proposed that cancer-associated

fibroblasts in the vicinity of the tumor are “induced” by cancer cells

to switch energy metabolism to aerobic glycolysis and that these

interstitial cells are “induced” by cancer cells. Metabolites of fibers

can provide metabolic substrates for epithelial cancer cells as an

energy source. In this model, interstitial cell glycolysis produces L-

lactate and ketone bodies that provide raw materials for

mitochondrial metabolism, and their transport to epithelial tumor

cells with oxidative properties drives mitochondrial oxidative

phosphorylation. This metabolic mode is also referred to as the

“reverse Warburg effect” because mesenchymal cells, rather than

tumor cells, take over aerobic glycolysis. At the same time, this also

shows that tumor and tumor stromal cells belong to the same

metabolic symbiosis.
2.2 Glutamine metabolism

Glutamine is the most abundant non-essential amino acid in

human blood under normal conditions and accounts for about 50%

of the free amino acids in the human body (21). In stressful

situations, the body must supply glutamine to meet the demand,

and glutamine is absorbed by the body and classified as a

conditional non-essential amino acid. Under normal conditions,

glutamine is synthesized and stored primarily in skeletal muscle,

and some is also synthesized in adipose tissue, lung and liver, with

skeletal muscle having the highest glutamine synthase activity.

Glutamine taken up and stored by skeletal muscle is gradually

released into the bloodstream and delivered to all parts of the body.

The proliferation of lymphocytes and macrophages stimulated by

antigens, and the renewal and maintenance of the intestinal mucosa

require large amounts of glutamine. Therefore, the intestine and

immune cells are important consumption organs for glutamine.

Glutamine metabolism is another characteristic of tumor cells

(22) (Figure 2). Glutamate is synthesized from glutamate and

ammonia under the catalysis of glutamine synthase (GS).
FIGURE 1

Schematic diagram of glucose metabolism in tumor cell.
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However, in tumor cells or rapidly proliferating cells, the de novo

synthesis of glutamine cannot meet the demand of cellular energy

metabolism for glutamine, so it is converted to a conditionally

essential amino acid. Glutamine enters the cell via the amino acid

transporters SLClA5 and SLC7A5/SLC3A2, and is deaminated into

glutamate in the mitochondria by glutaminase (GLS). Glutamate is

formed under the action of glutamate dehydrogenase (GDH) or

amino acid transaminase. Ketoglutarate (KG) is fed back into the

TCA cycle and provides energy to cells through oxidative

phosphorylation. The study found that tumor cells take up more

glutamine and less glucose than immune cells in the TME. At the

same time, it was observed that glutamine uptake and metabolism

can significantly inhibit glucose metabolism. The specific

mechanism is not clear (23), but it indicates that glutamine

metabolism is very important for tumor cells. However, in later

studies, glutamines was found to be an energy source only in some

tumor cells and not in all tumor cells (24).
2.3 Fatty acid metabolism

In recent years, researchers have paid more attention to fatty

acid metabolism in tumor cells because fatty acids are not only the

main components of membrane formation, but also a source of

energy supply and secondary messengers of signal transduction in

rapidly proliferating tumor cells (25). In a state of energy stress,

fatty acids in mitochondria produce acetyl-CoA through iodine

oxidation, accompanied by the production of NADH and FADH,

thereby supporting the cell’s biosynthetic pathway and producing

ATP. In addition, phosphatidylinositol 3-kinase (PI3K) regulates

several important signaling pathways. PI3K-AKT signaling pathway

promotes glucose uptake and glycolysis by activating glucose

transporter 1 (GLUT1) and hexokinase. PI3K-AKT signaling
Frontiers in Endocrinology 04
pathway can also enhance glutamine replenishment and lipid

remodeling by activating glutamate pyruvate transaminase (26).
3 Neuroendocrine system

The endocrine/neuroendocrine system includes the endocrine

organs like the pineal gland, adrenal gland, pituitary gland, thyroid

gland, and parathyroid gland, as well as clusters of endocrine cells

such as the pancreatic islets of Langerhans, bronchial neuroepithelial

bodies, scattered epithelial endocrine cells (such as gastrointestinal

endocrine cells), and neurons (27). In the literature, the terms

“endocrine” and “neuroendocrine” are frequently used

interchangeably, particularly when discussing neoplasms derived

from these cells. In this review, we use the condensed classification

system of the sympathetic nervous system (SNS) and hypothalamic–

pituitary–adrenal (HPA) gland axis as the neuroendocrine system.

The various distinct cell types composing this system produce and

secrete a wide variety of amino acids, including glycine, glutamate,

acetylcholine (ACh), and gamma-aminobutyric acid (GABA);

biogenic amines including the neurotransmitters epinephrine (E)

and norepinephrine (NE), and serotonin; neuropeptides including

neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP),

calcitonin gene-related peptide (CGRP), neurotensin, brainstem,

and many others; steroid hormones including adrenocorticotropic

hormone, growth hormone, hydrocortisone, and many others. The

HPA axis is activated at the molecular level by the production of

corticotrophin- releasing hormone and arginine vasopressin, both of

which induce the release of adrenocorticotropin from the anterior

pituitary gland as a crucial part of the hormonal response to

dangerous stimuli. The following generation of glucocorticoids

mediates the final output of the system (28, 29). Epinephrine and

norepinephrine are produced by the sympathetic division of the SNS

and the adrenal medulla, signaling physiological changes in response

to a dangerous scenario (28, 29), which act either locally (paracrine

function) or systemically via the vascular system (Table 1).

Neuroendocrine regulation is the crucial element of the adaptive

systems of organisms to regain homeostasis following environmental

and psychosocial stresses. Both the SNS and HPA axis have been

shown to modulate the substance and energy metabolism (28, 49),

and other specific molecular processes implicated in these dynamics

are also thought to influence the formation of tumors.
4 Crosstalk between neuroendocrine
regulation and tumor cell metabolism

Specific responses (inhibitory or excitatory) are displayed by

specialized subsets of brainstem and hypothalamus neurons in

response to variations in extracellular glucose concentrations (50).

For proper control of systemic physiology, these two brain areas

must work in close collaboration (51, 52). The lateral, arcuate, and

ventromedial hypothalamic nuclei were identified to include

hypothalamic glucose-sensing neurons in the 1960s (53); in contrast,

the nucleus of the solitary tract, region postrema, and dorsal motor
FIGURE 2

Schematic diagram of glutamine metabolism in tumor cell.
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nucleus of the vagus was revealed to contain brainstem glucose-sensing

neurons. Importantly, these neurons release mediators, which are

essential for maintaining physiological homeostasis, controlling sleep-

wake cycles, regulating food patterns, and other functions that are

disturbed in cancer (Figure 3). Therefore, understanding the role of

neurotransmitters play in the development of cancer provides a

foundation for a suggested connection between psychosocial and

physiological factors (54, 55). The functionality of migration of

tumor cells has also been revealed to be significantly influenced by

neurotransmitters and hormones (56). The section that follows will go

through the impact of numerous traditional neurotransmitters and

neuropeptides on the material and energy metabolism of tumors.

The hypothalamus and brainstem contain several neuroendocrine

mediators that are sensitive to variations in extracellular glucose levels.

These neuroendocrine mediators regulate a wide range of behavioral

and physiological processes, including hepatic gluconeogenesis, energy

balance, sleep/wake phases, eating behavior, and stress tolerance.

Therefore, the effects of cancer-related alterations in glucose on

central neuronal activity and subsequent physiology/behavior are

anticipated to be extensive. Understanding and modifying these

circuits may offer a unique strategy for treating co-morbidities linked

with cancer, such as disturbed sleep, exhaustion, cachexia/anorexia,

depression, and anxiety.
4.1 Epinephrine and norepinephrine

The catecholamines epinephrine (adrenal ine) and

norepinephrine (noradrenaline) are the best-known and most

studied neurotransmitters, formed from the amino acid tyrosine

and released mainly by sympathetic nerves and the adrenal medulla.

The interactions between epinephrine and norepinephrine and the
TABLE 1 Neuroendocrine mediators.

Neuroendocrine
system

Neuroendocrine mediators Reference

Amino acids Glycine (30)

Glutamate (31)

Acetylcholine (Ach) (32)

Gamma-aminobutyric acid (GABA) (33)

Epinephrine (NE) and
norepinephrine (E)

(34, 35)

Serotonin (36)

Neuropeptide including
neuropeptide Y (NPY)

(37)

Biogenic amines Vasoactive intestinal polypeptide
(VIP)

(38)

Calcitonin gene related peptide
(CGRP)

(39)

Neurotensin (40)

Taurine (41)

6-alanine (42)

Hypocretin/Orexin (HO) (43)

Prooplomelanocortin (POMC) (44)

Steroid hormones Adreno corticotropic hormone (45)

Growth hormone (46)

Hydrocortisone (47)

Melanin-Concentrating Hormone
(MCH)

(48)
FIGURE 3

Potentially changed glucose-sensitive neuroendocrine mediator in the context of cancer-induced hyperglycemia.
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alpha (a)- and beta (b)-adrenergic receptors (ARs), which are G-

protein-coupled 7-transmembrane receptors widely distributed in

most tissues of mammals, mediate their actions. Epinephrine and

norepinephrine, serve as stress hormones to respond to external

stress or danger to the sympathetic and adrenal nervous systems

(57, 58). Norepinephrine, in particular, plays a crucial role as a

neurotransmitter in the brain and at the output of the sympathetic

nervous system, which includes the network of peripheral nerves

that controls the body’s organs. It was reported that there is a

gender difference in responses to epinephrine. In men, but not in

women, the release of free fatty acids (FFA) from lower body

adipose tissue increased in response to epinephrine, whereas in

both sexes the release of palmitate increased in the upper body.

These results support some in vitro research and suggest that the

differences in body fat distribution between males and females may

be influenced by catecholamine activity (59). Furthermore, the

biological properties of malignant tumors, such as cancer cell

proliferation, invasion, metastasis, angiogenesis, resistance to

apoptos i s , and stromal compartments in the tumor

microenvironment, are strongly influenced by epinephrine and

norepinephrine (60). Isoproterenol, an a-adrenergic agonist, can

imitate the tumor growth and angiogenesis brought on by

prolonged stress, while propranolol, an a-adrenergic antagonist,

can prevent this (61). Importantly, epinephrine and norepinephrine

have been considered to be one of the main regulators in the

metabolism of tumor cells. In breast cancer survivors, epinephrine,

cortisol, and lactate responses appeared to be attenuated compared

with controls, while glucose and responses showed larger

magnitude changes. The adrenergic system regulates energy

balance in part by promoting thermogenesis and the release of

lipids from brown or white adipose tissues (62, 63), and human fat
Frontiers in Endocrinology 06
cells are equipped with adrenergic receptors (adrenoceptors) b1
(ADRB1), b2 (ADRB2) and b3 (ADRB3). Beta-adrenergic genes

have already been linked to a variety of cancers, including their

interactions with environmental or other risk factors (64–67).

Adrenoceptor polymorphisms and the dopamine beta-

hydroxylase enzyme, which produces norepinephrine, can modify

insulin resistance and change glucose signaling (68–71), which may

have an impact on the Warburg effect. Norepinephrine can activate

the metabolism of endothelial cells to block oxidative

phosphorylation and activate an angiogenic switch that promotes

the growth of cancer (72, 73). In pancreatic cancer, catecholamines

promote neurotrophins to be secret by b-ARs, which in turn raises

norepinephrine levels and aids tumor growth (74). Chronic stress-

induced epinephrine promotes the development of breast cancer

stem-like traits by rewiring the metabolism in a lactate

dehydrogenase A (LDHA) dependent manner (75) .

Catecholamines norepinephrine and epinephrine have been

demonstrated to play a role in metabolic reprogramming and

epithelial-to-mesenchymal transition in liver and colorectal

cancers (76, 77). PCK1 regulates glucose metabolism and

neuroendocrine differentiation through the activation of LIF/

ZBTB46 signaling in castration-resistant prostate cancer (78).

Together, these and other numerous studies provide compelling

evidence that epinephrine and norepinephrine play an important

role in the metabolism of substances and energy, which promotes

the growth and spread of tumors in multiple of cancer

types (Figure 4).

Epinephrine (EPI) and norepinephrine (NE) interact with

environmentally-regulated factors like obesity, hypertension,

unhealthy dietary components, physical inactivity, substance

abuse, and mental or emotional stress to promote the Warburg
FIGURE 4

Epinephrine and norepinephrine contribute to tumorigenesis.
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effect by facilitating glucose. These interactions are in addition to

the direct interaction of elevated central catecholamine release or

peripheral sympathetic-adrenomedullary signaling with epigenetic

and genetic risk factors including mutagenesis, and perhaps by

increasing insulin resistance. Additionally, it is suggested in this

research that many cancer cells produce and release catecholamine

molecules to autocrinely activate their own a-ARs and b-ARs. To
encourage cancer and metastasis, EPI and NE may potentially

interact with oxidative stress, systemic inflammation, and

immunological function.
4.2 Gamma-aminobutyric acid (g-GABA)

g-GABA is the adult mammalian brain’s major inhibitory

neurotransmitter for CNS. The ionotropic GABAA and GABAC

receptors as well as the metabotropic GABAB receptor are three

distinct types of GABA (A, B, and C) receptors. Numerous tumor

tissues have been found to contain GABA receptors, which control

the migration and proliferation of tumor cells (79, 80). The

GABAergic system and the growth of tumors appear to be closely

associated, according to recent research using human cancer cell

lines, animal models, and human tissues. In general, stimulation of

GABA receptors slows migration (81) and suppresses tumor cell

proliferation (82). These findings imply that the GABAergic system

contributes significantly to cell pathology, and it is possible that

GABA plays a substantial role in the prognosis of cancer patients.

Some cancers has been shown to have higher GABA levels, such as

breast cancer (80), ovarian cancer (80), gliomas (83), gastric cancer

(84), colon cancer (85), and prostate cancer (86). Typically, GABA

inhibits cancer cell growth through the GABAB receptor, but

stimulates cancer cell growth through the GABAA receptor

pathway (87). The GABAergic system and the growth of tumors

appear to be closely related, according to recent research using

human cancer cell lines, animal models, and human tissues.

Recently, it was demonstrated that two independent 13C-labeled

substrates, [1,6-13C2] glucose and [2-13C] acetate, which are

metabolized in neurons and glia differently, may be used to

evaluate the TCA cycle and neurotransmitter cycle fluxes of

glutamatergic and GABAergic neurons in vivo separately (88).

Using this technique in adult rats under halothane anesthesia, it

was found that cortical glutamatergic and GABAergic neurons

contribute 80% and 20%, respectively, of neuronal glucose

oxidation and neuronal/glial cycling (88). The g-GABA

abnormality is present in many diseases and can be served as

potential target. It was reported that abnormalities in Glu/GABA-

Gln are present in rat dyskinetic syndrome, and the amino acid

neurotransmitter imbalance was improved by “Tiapride,” which

also increased the expression of GS and EAAT2 protein, decreased

Glu levels, increased g-GABA levels, and increased g-GABA levels

(89). Additionally, treatment with 10 mM g-GABA considerably

slowed down the loss of malate and titratable acidity and increased

the levels of succinate and oxalate. Fruit treated with GABA had

higher cytosolic activities of nicotinamide adenine dinucleotide-

dependent malate dehydrogenase (cyNAD-MDH) and

phosphoenolpyruvate carboxylase (PEPC) than control fruit,
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whereas administration of 10 mM GABA significantly reduced

the loss of malate and titratable acidity and raised the

concentrations of succinate and oxalate. GABA-treated fruit had

larger cytosolic activities of nicotinamide adenine dinucleotide-

dependent malate dehydrogenase (cyNAD-MDH) and

phosphoenolpyruvate carboxylase (PEPC) than control fruit,

although cyNADP-ME and phosphoenolpyruvate carboxykinase

activities were lower. Notably, GABA administration drastically

decreased ethylene production while also downregulating the

expression of MdACS, MdACO, and MdERF. GABA therapy also

boosted the accumulation of GABA and improved the function of

the GABA shunt (89). The GABAA receptor agonist muscimol

promotes gastric cancer cell growth by triggering mitogen-activated

protein kinases (MAPK). Similar to this, GABA promotes the

formation of pancreatic cancer by increasing intracellular Ca2+

levels and the MAPK/ERK cascade by overexpressing GABRP, a

subunit of GABAA (90). Contrarily, activation of GABAB receptors

successfully prevents DNA synthesis and cell migration by

inhibiting isoproterenol-induced cAMP, p-CREB, cAMP response

element-luciferase activity, and ERK1/2 phosphorylation (91). The

GABA or GABAB agonist baclofen has been demonstrated to

promote Epidermal growth fac tor receptor (EGFR)

transactivation, which has been connected to the propensity of

prostate cancer cells to invade (92). According to these findings,

various GABA activation-induced effects on cancer development

and migration may vary on the kind of cancer or GABA receptor.

Contrary to the mechanism described above, our most recent

research showed that the GABAA receptor subunit promotes the

growth of pancreatic cancer by altering KCNN4-mediated Ca2+ in a

GABA-independent manner (93). Besides, it is intriguing that

GABA is present in the tumor microenvironment, which suggests

that it may be able to control inflammation by concentrating on

immune cells that have invaded the tumor (93). In summary, these

advances remind that nutrition has evidently metabolic

consequences that may change the incidence and progression of

cancer, reinforcing the metabolic cancer model.
4.3 Glutamate

In brain tissue, glutamate is widely distributed and has the

highest concentration all amino acids. Over the past 50 years,

numerous studies have been conducted on the functions of

glutamate in the brain, revealing a wealth of information about

glutamate. Early research by Krebs indicated that glutamate has an

important metabolic function in the brain (94). Waelsch and

colleagues made the first observation about the complicated

compartmentation of glutamate metabolism in the brain (95).

Neurotransmission in both cell types has the highest energetic

cost, which increases with cortical activity. Interpretation of

functional imaging results is significantly influenced by the

contribution of GABAergic neurons and inhibition to cortical

energy metabolism (88). Using NAD or NADP as cofactors,

glutamate dehydrogenase (GDH) catalyzes the oxidative

deamination of glutamate to a-ketoglutarate. GDH is found in

primarily in astrocytes in the mammalian brain, where it is likely
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involved in the metabolism of the transmitter glutamate. Thus,

while GTP primarily controls housekeeping GDH, the availability

of ADP or L-leucine has a significant impact on GDH activity in

neural tissue. GDH specific to neural tissue is likely to be activated

under circumstances that promote hydrolysis of ATP to ADP (e.g.,

during intense glutamatergic transmission), increasing glutamate

flux through this pathway (96). In synaptosomes and cultured

neurons that do not produce GDH, the rate of oxidative

glutamine metabolism was significantly lowered when glucose was

restricted. In contrast, the absence of GDH expression had no

impact on glutamine metabolism when glucose was present. In

brain mitochondria from GDH KO mice, respiration powered by

glutamate was significantly lower, and synaptosomes were unable to

increase their respiration in response to increased energy demand.

The importance of GDH for neurons, especially during times of

high energy demand, is highlighted by its role in the metabolism of

glutamine and the capacity for respiration. This may be due to the

significant allosteric activation of GDH by ADP (97). Using 13C,

astroglia plays a role in energy metabolism of human brain. The

primary pathway for the neurotransmitter glutamate repletion has

been identified, and nuclear magnetic resonance spectroscopy has

been used to study astrocytic oxidative metabolism (98). The

pa thophy s i o l ogy o f hype r ammonemia and hepa t i c

encephalopathy appears to be heavily influenced by abnormalities

in glutamate metabolism and glutamatergic neurotransmission. The

pa thogenes i s o f hepa t i c encepha lopa thy and other

hyperammonemia conditions involves an abnormality in

astroglial glutamate uptake caused by ammonia (99).

Additionally, in the absence of ad hoc activity-related metabolic

restrictions, the glutamate-glutamine cycle does not control the

relative energy requirements of neurons and astrocytes, and as a

result, their intake of glucose and the exchange of lactate (100).

Glutamate-induced Ca2+ loads cause mitochondria to sequester Ca2

+, which then uncouples respiration and results in metabolic

acidosis. The acidification brought on by glutamate is a sign of

metabolic stress and may suggest that mitochondria are crucial in

the process of glutamate-induced neuronal death (101).
4.4 Dopamine

Dopamine served as a minor intermediary in the synthesis of

noradrenaline in 1957. Today, it is a significant neurotransmitter in

the brain. It was reported that dopamine plays a key role in

modulating learning and motivation. Excitatory and inhibitory

synaptic transmission are altered by dopamine. While the nature

of neuromodulation of inhibitory transmission is still under

discussion, it appears that activation of the dopamine 1 (D1)

receptor specifically promotes N-methyl-D-aspartic acid receptor

(NMDA) but not a-amino-3-hydroxy-5-methyl-4-isoxazole-

propionicaci (AMPA) synaptic transmission in the cortex and

striatum. Because of their dependence on voltage, NMDA

currents are less active when the postsynaptic cell is not firing

than they are when it is depolarized. Large networks of pyramidal

neurons may be induced to enter bistable states resembling working

memory, according to experimental and theoretical data (102). The
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capacity of the striatum to store dopamine as assessed by L-[18F]-

fluorodopa uptake was normal, but dopamine (D2) receptor

binding was decreased in huntington’s disease compared with

normal subjects (103). In addition, glutathione is a critical

neuroprotectant for midbrain neurons in conditions when energy

metabolism is compromised and show that an oxidative challenge

occurs during suppression of energy metabolism by malonate (104).

Parkinson’s disease (PD) neurons had damaged PI3K/Akt, mTOR,

eIF4/p70S6K, and Hif-1 pathways, which are part of a network

regulating energy metabolism and cell survival in response to

growth factors, oxidative stress, and nutrient deprivation. The

primary hubs of this network, which is important for longevity

and may be a target for therapeutic intervention along with the

stimulation of mitochondrial biogenesis, are PI3K/Akt and mTOR

signaling (105). Recently, a distinct metabolomic profile linked to

parkin dysfunction and demonstrate the value of combining

metabolomics with an iPSC-derived dopaminergic neuronal

model of parkinson’s disease to gain fresh understanding of the

pathogenesis of the disease (105). The striatum and prefrontal

cortex of the spontaneously hypertensive rat model of attention

deficit hyperactivity disorder (ADHD) show impaired energy

metabolism and disturbed dopamine and glutamate signaling

(106). Several metabolic abnormalities, including insulin

resistance, abdominal obesity, dyslipidemia, and hypertension,

make up the metabolic syndrome. Its pathogenesis may be

influenced by faulty dopamine D2 receptor (D2R) signaling,

according to earlier studies. D2R activation simultaneously

improves various metabolic traits in obese women (107). The

failure of dopamine and glutamate’s connection in controlling

energy metabolism results in neuronal death (108). Midbrain

dopaminergic cells with Lesch-Nyhan disease have limited

developmental potential and impaired energy metabolism (109).

Catecholamine toxicity may result from interactions with the

mitochondrial electron transport system as well as from the

induction of an oxidative stress state, and this was further

supported by the fact that ADP was able to reverse the dose-

dependent inhibition of NADH dehydrogenase activity caused by

dopamine (110).
4.5 Serotonin

Serotonin (5-hydroxytryptamine [5-HT]) is a monoamine that

has a variety of effects on the peripheral organs as well as the CNS.

In the brain, 5-HT is a neurotransmitter that regulates mood, sleep,

behavior, appetite, and other functions (111). Serotonin is also an

important regulator of the inputs to the energy balance, including

energy intake and energy expenditure. Serotonin in the CNS plays a

complex and intricate role in appetite and subsequent nutrient

intake (112). Receptor agonists for the treatment of obesity have

been approved due to serotonin’s inhibition of appetite (113). The

rate-limiting enzyme tryptophan hydroxylase (TPH) transforms the

amino acid tryptophan into 5-hydroxtryptophan (5-HTP), which is

then converted to 5-HT by aromatic acid decarboxylase. TPH2 is

expressed in the CNS and peripheral neuronal tissues, whereas

TPH1 is present in peripheral nonneuronal tissues. These two
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isoforms of TPH were discovered to be expressed in a mutually

exclusive pattern in the early 2000s (114). Since 2010, scientists have

become more aware of how peripheral serotonin controls systemic

energy metabolism. The enterochromaffin cells of the gut produce

the majority of the 5-HT present in the body. However, 5-HT is also

generated by many metabolic organs and has been shown to have

biological effects that are endocrine, paracrine, and autocrine in

nature. 5-HT promotes proliferation and mass enlargement of

pancreatic b-cells. 5-HT encourages lipogenesis and prevents

adaptive thermogenesis in adipose tissues. 5-HT activates hepatic

stellate cells and causes lipogenesis and gluconeogenesis in the liver

(115). It was reported that dairy cows in late lactation treated with

5-HTP had improved energy metabolism, reduced urinary calcium

loss, and increased milk calcium secretion. To ascertain any

advantages for post-partum calcium and glucose metabolism,

additional research should focus on the effects of increased

serotonin during the transition period. Chronic acetyl-l-carnitine

administration reduced the conversion of glucose to lactate,

elevated energy metabolite levels, and changed the levels of

monoamine neurotransmitters in the mouse brain (116). Recent

genetic studies suggest that leptin signaling physiological processes,

most notably leptin’s control over appetite and the accumulation of

bone mass, are primarily involved in the inhibition of serotonin

synthesis and released by brainstem neurons (117). Collectively, 5-

HT plays an emerging role in regulating metabolism in cancer cells.
4.6 Neuropeptides

Neuropeptide Y (NPY) is one of the most prevalent

neuropeptides in the brain, with 36 amino acids (118, 119). In

order to regulate hunger and energy balance, agouti-related

protein neurons (AgRP) in the CNS emit NPY, which was first

identified as a powerful neuropeptide that stimulates appetite

(120–122). The central regulatory effects of NPY on circadian

rhythm, the cardiovascular system, stress, and anxiety were

gradually demonstrated as this peptide’s role in the body’s

regulation of these processes became better understood (123).

Mammals have five different types of NPY receptors (Y1, Y2, Y4,

Y5, and Y6), which are found throughout the CNS (124, 125) and

linked to various stages of oncogenesis, allowing NPY to exercise

its biological effects. When Y2-R is activated, it appears to

encourage angiogenesis, whereas Y1-R appears to be involved in

the regulation of cancer cell growth. Furthermore, a thorough

investigation of the NPY receptor revealed that it is expressed in

peripheral tissues such as adipose tissue, the pancreas, and bone

(126, 127). As a result, the peripheral effect of NPY has drawn a lot

of attention. For instance, activating the NPY receptor in the

pancreas can lower hyperglycemia and b-cell apoptosis (128).

Adipocyte proliferation and adipogenesis are promoted by NPY in

adipose tissue (127). This suggests that in addition to being

secreted in the brain by peripheral tissues, NPY also plays

significant regulatory roles in the endocrine system (129, 130).

In addition to these conventional functions, neuropeptides have

been shown to promote tumor growth (131, 132). Numerous

neuropeptides, including SP and NPY (133) have been thoroughly
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investigated in malignancies. Neuropeptide receptors are often

GPCRs, which is a superfamily of receptors. For instance, the

neurokinin-1 (NK-1) receptor, which is connected to the Gq

family of G proteins, is primarily responsible for the

pharmacological activity of SP. Upon activation, the NK-1

receptor produces the second messenger’s inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG) (134). Through its

effects on energy homeostasis, the NPY system has complex and

significant implications for the development of cancer. Botox

particularly, but not only, suppresses NPY in cancer using in

vitromodels and tissues from a prior human chemical denervation

investigation. NPY nerve quantification is an independent

predictor of prostate cancer-specific mortality. Last but not least,

radiation-induced apoptosis is reduced when prostate cancer cells

are cocultured with dorsal root ganglia/nerves, and NPY-positive

nerves are increased in the prostates of patients who failed

radiation therapy, suggesting that NPY nerves may be involved

in radiation therapy resistance (135). In summary, understanding

the role of NPY in whole-body energy balance could provide

insight on mechanisms underlying the pathogenesis of cancer.
5 Therapeutic implications of the
interaction between energy
metabolism and neuroendocrine
regulation

In the past ten years, numerous advancements have been made

to reprogram the highly dynamic and heterogeneous energy

metabolism of cancer cells. Cancer was first recognized as a

disease with altered metabolism one hundred years ago.

Migration, invasion, and metastasis are significantly influenced by

metabolic alterations in the tumor cell. Despite a lengthy study

history, the intricate connections between tumor metabolism,

tumor development, and immunosuppression continue to be

fascinating fields of study. For the creation of anti-cancer

medications, modifications in tumor cell metabolism, such as

increased glycolysis, glutaminolysis, and fatty acid metabolism,

constitute appealing targets (136). Targeting the metabolism of

tumor cells, however, is a strategy that can indirectly affect stromal

components like fibroblasts or immune cells in addition to directly

killing tumor cells.

In many distinct forms of human malignancies, the

neurotransmitters variably control a wide range of activities of

cancer cells, endothelial cells, and immune cells. The increasing

involvement of the neurotransmitter system in tumor biology and

the tumor microenvironment is now better understood, creating

new potential for the development of cancer-targeted treatments.

Many traditional neurotransmitter-related medications, including

b-AR antagonists, serotonin receptor antagonists, AChR

antagonists, and DR agonists, may have clinical consequences in

the treatment of cancer and be interesting candidates for

combination drug therapy. Further research should be done on

surgical or chemical denervation and targeting neurotrophic

signaling to avoid neoneurogenesis as a cancer treatment option.
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It is interesting to note that recent research suggests that a number

of neurotransmitters, including 5-HT, dopamine, NE, and

histamine, may act as substrates for protein posttranslational

modification, such as the well-known crotonylation of histones

(137). Selective serotonin reuptake inhibitors (SSRIs) or other small

compounds that act on biogenic amines or transglutaminase may

therefore prove to be a cutting-edge treatment for cancer. However,

additional research is necessary to solidify the use of these

medications in the arsenal of cancer therapy and to prevent

side effects.

Notably, several neurotransmitters and their analogs,

antagonists, and agonists for their receptors have therapeutic

benefits and are used as medications for various illnesses,

including cancer. Around 2008, a team of French physicians

published a paper suggesting the use of propranolol, which

inhibits b-ARs (i.e., receptors that EPI and NE activate), to

reduce or eradicate benign tumors known as infantile

hemangiomas in newborns (138). Since then, numerous

academic publications have been written about this subject,

and therapeutically, propranolol has taken the place of other

treatments for malignancies (139). Meanwhile, studies using in

vitro preparations, in vivo rodent models, and retrospective

epidemiological studies of human subjects have suggested that

propranolol is therapeutic in a variety of cancer types

(counteracting both tumorigenesis and metastasis, including

when combined with other pharmacological agents) (140, 141).

According to a recent, well-known retrospective study, women

with ovarian cancer who used non-selective beta-blockers (like

propranolol) had a median overall survival of 94.9 months,

compared with 42 months for non-users (142). Propranolol

guards against disease recurrence in people with thick

cutaneous melanoma, according to a prospective human

subjects study (143). Numerous preclinical and clinical studies

suggest that propranolol may have therapeutic benefits for

angiosarcoma, poor prognosis or refractory cancer (144, 145).

Additionally, propranolol is the subject of numerous ongoing

clinical trials for a range of different neoplasms. Prazosin (which

blocks the alpha1 adrenoceptor) and other medications other

than propranolol that also block adrenoceptors are therapeutic

in rat models, and additional research has suggested that NE

itself promotes cancer (146, 147). In addition, to modify

tumorigenesis and metastasis, the molecules serotonin,

acetylcholine, and melatonin may act centrally or interact with

the sympathetic-adrenomedullary system in the periphery (148,

149). Propranolol, a non-selective beta-adrenoceptor (beta1 and

beta2) blocking medication, is being studied more and more for

its potential to prevent or treat a variety of human cancers (150).

However, in a specific situation, cancer cells need not produce

their own NE/EPI or release it in an autocrine manner in order to

be responsive to propranolol treatment, as this medication or

those in its family (carvedilol, nebivolol) may lower blood sugar

by altering pancreatic insulin release or improving insulin

sensitivity (151). Propranolol and related beta-blockers,

including in breast cancer cells, may enhance glycemic control

through modulation of GLUT4 glucose transporter expression
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and hexokinase-2 (152, 153). In this case, propranolol might also

inhibit beta-adrenoceptors on the cancer cell’s extracellular

surfaces, which would be responding to NE/EPI from non-

autocrine sources like the adrenal glands. Additionally,

propranolol (or related medications) can still inhibit beta-

adrenoceptors on the surface of cancer cells, dampening

intracellular molecular pathways linked to cancer, even in the

absence of the Warburg effect in cancer cells. Additionally,

propranolol or closely related medications may still be able to

lower blood sugar levels via the pancreas or improve insulin

sensitivity even in cases where cancer cells exhibit the Warburg

effect but lack adrenoceptors.

Differences between normal and mutant oncogenic enzymes

and cancer cells’ addiction to nutrients to support uncontrolled cell

growth programs imposed by cancer genes are the therapeutic

windows for addressing cancer cell metabolism. Therefore, the

intricate regulatory networks involving cancer genes and

metabolic pathways must be identified for particular cancer types

in order for somatic genetic changes in tumors to strategically direct

the targeting of cancer cell metabolism. It is hoped that during the

next ten years, new medicines will emerge from the fundamental

sciences of metabolism, with the increase in knowledge and interest

in cancer metabolism.
6 Concluding remarks

Cancer cells develop the capacity to remodel their metabolic

network, enabling them to adjust and maintain their survival in the

face of drastic environmental changes. The rate of glycolysis in

tumor cells was significantly increased in tumor cells compared to

normal cells, which was termed the Warburg effect, also known as

aerobic glycolysis, which occurs in tumor cells even in the presence

of sufficient oxygen. Glutamine metabolism is another characteristic

of tumor cells. In addition, fatty acids are not only the main

components of membrane construction, but also a source of

energy supply and secondary messengers of signal transduction in

rapidly proliferating tumor cells. Neuroendocrine control is crucial

for tumor cells’ consumption of nutrients and energy. There is a

crosstalk between neuroendocrine regulation and tumor cell

metabolism. Numerous traditional neurotransmitters and

neuropeptides including epinephrine and norepinephrine, g-
GABA, glutamate, dopamine, serotonin and neuropeptides have

an impact on the material and energy metabolism of tumors. As a

result of understanding the neuroendocrine regulatory mechanism

of how the neuroendocrine system can fuel cellular metabolism,

better combinatorial treatment methods will be possible. Innovative

anti-cancer medicines may be based on research on tumor

metabolism and neuroendocrine influences on tumors. The

creation of medications that directly affect the altered tumor

metabolism at the neuroendocrine level may prove to be a

ground-breaking oncology treatment. These novel understandings

of key catabolic pathways in cancer provide a focus for further

research in this field and may aid in the development of effective

therapeutic strategies.
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control of lipid metabolism: focus on leptin, ghrelin and melanocortins.
Neuroendocrinology (2011) 94(1):1–11. doi: 10.1159/000328122

10. Stefanidis A, Wiedmann NM, Adler ES, Oldfield BJ. Hypothalamic control of
adipose tissue. Best Pract Res Clin Endocrinol Metab (2014) 28(5):685–701. doi:
10.1016/j.beem.2014.08.001

11. Thorens B. Sensing of glucose in the brain. Handb Exp Pharmacol (2012)
209):277–94. doi: 10.1007/978-3-642-24716-3_12

12. Timper K, Bruning JC. Hypothalamic circuits regulating appetite and energy
homeostasis: Pathways to obesity. Dis Model Mech (2017) 10(6):679–89. doi: 10.1242/
dmm.026609

13. Yau YH, Potenza MN. Stress and eating behaviors. Minerva Endocrinol (2013)
38(3):255–67.

14. Kianercy A, Veltri R, Pienta KJ. Critical transitions in a game theoretic model
of tumour metabolism. Interface Focus (2014) 4(4):20140014. doi: 10.1098/
rsfs.2014.0014

15. Whitaker-Menezes D, Martinez-Outschoorn UE, Lin Z, Ertel A, Flomenberg N,
Witkiewicz AK, et al. Evidence for a stromal-epithelial "lactate shuttle" in human
tumors: MCT4 is a marker of oxidative stress in cancer-associated fibroblasts. Cell Cycle
(Georgetown Tex.) (2011) 10(11):1772–83. doi: 10.4161/cc.10.11.15659

16. Tan AS, Baty JW, Dong LF, Bezawork-Geleta A, Endaya B, Goodwin J, et al.
Mitochondrial genome acquisition restores respiratory function and tumorigenic
potential of cancer cells without mitochondrial DNA. Cell Metab (2015) 21(1):81–94.
doi: 10.1016/j.cmet.2014.12.003

17. Vaupel P, Schmidberger H, Mayer A. The warburg effect: essential part of
metabolic reprogramming and central contributor to cancer progression. Int J Radiat
Biol (2019) 95(7):912–9. doi: 10.1080/09553002.2019.1589653
18. Chen K, Zhang C, Ling S, et al. The metabolic flexibility of quiescent CSC:
Implications for chemotherapy resistance. Cell Death Dis (2021) 12(9):835. doi:
10.1038/s41419-021-04116-6

19. Elgendy M, Cirò M, Hosseini A, Weiszmann J, Mazzarella L, Ferrari E, et al.
Combination of hypoglycemia and metformin impairs tumor metabolic plasticity and
growth by modulating the PP2A-GSK3b-MCL-1 axis. Cancer Cell (2019) 35(5):798–
815.e795. doi: 10.1016/j.ccell.2019.03.007

20. Sotgia F, Martinez-Outschoorn UE, Pavlides S, Howell A, Pestell RG, Lisanti
MP, et al. Understanding the warburg effect and the prognostic value of stromal
caveolin-1 as a marker of a lethal tumor microenvironment. Breast Cancer Res BCR
(2011) 13(4):213. doi: 10.1186/bcr2892

21. Zong WX, Rabinowitz JD, White E. Mitochondria and cancer. Mol Cell (2016)
61(5):667–76. doi: 10.1016/j.molcel.2016.02.011

22. DeBerardinis RJ, Cheng T. Q's next: The diverse functions of glutamine in
metabolism, cell biology and cancer. Oncogene (2010) 29(3):313–24. doi: 10.1038/
onc.2009.358

23. Reinfeld BI, Madden MZ, Wolf MM, Chytil A, Bader JE, Patterson AR, et al.
Cell-programmed nutrient partitioning in the tumour microenvironment. Nature
(2021) 593(7858):282–8. doi: 10.1038/s41586-021-03442-1

24. Sandulache VC, Ow TJ, Pickering CR, Frederick MJ, Zhou G, Fokt I, et al.
Glucose, not glutamine, is the dominant energy source required for proliferation and
survival of head and neck squamous carcinoma cells. Cancer (2011) 117(13):2926–38.
doi: 10.1002/cncr.25868

25. Koundouros N, Poulogiannis G. Reprogramming of fatty acid metabolism in
cancer. Br J Cancer (2020) 122(1):4–22. doi: 10.1038/s41416-019-0650-z

26. Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, Ochi T, et al. C-myc
suppression of miR-23a/b enhances mitochondrial glutaminase expression and
glutamine metabolism. Nature (2009) 458(7239):762–5. doi: 10.1038/nature07823

27. Erlandson RA, Nesland JM. Tumors of the endocrine/neuroendocrine system:
An overview. Ultrastruct Pathol (1994) 18(1-2):149–70. doi: 10.3109/
01913129409016286

28. Antoni MH, Lutgendorf SK, Cole SW, Dhabhar FS, Sephton SE., McDonald PG,
et al. The influence of bio-behavioural factors on tumour biology: pathways and
mechanisms. Nat Rev Cancer (2006) 6(3):240–8. doi: 10.1038/nrc1820

29. Irwin MR, Cole SW. Reciprocal regulation of the neural and innate immune
systems. Nat Rev Immunol (2011) 11(9):625–32. doi: 10.1038/nri3042

30. Hall JC. Glycine. JPEN J Parenter Enteral Nutr (1998) 22(6):393–8. doi: 10.1177/
0148607198022006393

31. Watkins JC, Jane DE. The glutamate story. Br J Pharmacol (2006) 147(Suppl 1):
S100–108. doi: 10.1038/sj.bjp.0706444

32. Brownlow S, Webster R, Croxen R, et al. Acetylcholine receptor delta subunit
mutations underlie a fast-channel myasthenic syndrome and arthrogryposis multiplex
congenita[J]. J Clin Invest (2001) 108(1):125–30. doi: 10.1172/JCI200112935

33. Elliott KA, Hobbiger F. Gamma aminobutyric acid; circulatory and respiratory
effects in different species; re-investigation of the anti-strychnine action in mice[J]. J
Physiol (1959) 146(1):70–84. doi: 10.1113/jphysiol.1959.sp006178

34. Dalal R, Grujic D. Epinephrine. In: StatPearls. Treasure Island (FL (2022) The
physiological society.
frontiersin.org

https://doi.org/10.1001/jamaoncol.2021.6987
https://doi.org/10.1001/jamaoncol.2021.6987
https://doi.org/10.3322/caac.21708
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1309/7GR5-L7YW-3G78-LDJ6
https://doi.org/10.1038/nn.3211
https://doi.org/10.1016/S0031-9384(01)00611-4
https://doi.org/10.1016/S0031-9384(01)00611-4
https://doi.org/10.1111/j.1755-5949.2010.00154.x
https://doi.org/10.1159/000328122
https://doi.org/10.1016/j.beem.2014.08.001
https://doi.org/10.1007/978-3-642-24716-3_12
https://doi.org/10.1242/dmm.026609
https://doi.org/10.1242/dmm.026609
https://doi.org/10.1098/rsfs.2014.0014
https://doi.org/10.1098/rsfs.2014.0014
https://doi.org/10.4161/cc.10.11.15659
https://doi.org/10.1016/j.cmet.2014.12.003
https://doi.org/10.1080/09553002.2019.1589653
https://doi.org/10.1038/s41419-021-04116-6
https://doi.org/10.1016/j.ccell.2019.03.007
https://doi.org/10.1186/bcr2892
https://doi.org/10.1016/j.molcel.2016.02.011
https://doi.org/10.1038/onc.2009.358
https://doi.org/10.1038/onc.2009.358
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1002/cncr.25868
https://doi.org/10.1038/s41416-019-0650-z
https://doi.org/10.1038/nature07823
https://doi.org/10.3109/01913129409016286
https://doi.org/10.3109/01913129409016286
https://doi.org/10.1038/nrc1820
https://doi.org/10.1038/nri3042
https://doi.org/10.1177/0148607198022006393
https://doi.org/10.1177/0148607198022006393
https://doi.org/10.1038/sj.bjp.0706444
https://doi.org/10.1172/JCI200112935
https://doi.org/10.1113/jphysiol.1959.sp006178
https://doi.org/10.3389/fendo.2023.1126271
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2023.1126271
35. Silverberg AB, Shah SD, Haymond MW, et al. Norepinephrine: hormone and
neurotransmitter in man. Am J Physiol (1978) 234(3):E252–256. doi: 10.1152/
ajpendo.1978.234.3.E252

36. Mohammad-Zadeh LF, Moses L, Gwaltney-Brant SM. Serotonin: A review. J Vet
Pharmacol Ther (2008) 31(3):187–99. doi: 10.1111/j.1365-2885.2008.00944.x

37. Groneberg DA, Folkerts G, Peiser C, Neuropeptide Y. (NPY). Pulm Pharmacol
Ther (2004) 17(4):173–80. doi: 10.1016/j.pupt.2004.04.003

38. Said SI. Vasoactive intestinal polypeptide (VIP): Current status. Peptides (1984)
5(2):143–50. doi: 10.1016/0196-9781(84)90197-9

39. Russo AF. Calcitonin gene-related peptide (CGRP): A new target for migraine.
Annu Rev Pharmacol Toxicol (2015) 55:533–52. doi: 10.1146/annurev-pharmtox-
010814-124701

40. Vincent JP, Mazella J, Kitabgi P. Neurotensin and neurotensin receptors. Trends
Pharmacol Sci (1999) 20(7):302–9. doi: 10.1016/S0165-6147(99)01357-7

41. Huxtable RJ. Taurine in the central nervous system and the mammalian actions
of taurine. Prog Neurobiol (1989) 32(6):471–533. doi: 10.1016/0301-0082(89)90019-1

42. Williams M, Risley EA, Totaro JA. Interactions of taurine and beta-alanine with
central nervous system neurotransmitter receptors. Life Sci (1980) 26(7):557–60. doi:
10.1016/0024-3205(80)90319-7

43. Li SB, de Lecea L. The hypocretin (orexin) system: From a neural circuitry
perspec t ive . Neuropharmaco logy (2020) 167 :107993 . do i : 10 .1016/
j.neuropharm.2020.107993

44. Bardin CW. Pro-opiomelanocortin peptides in reproductive physiology. Hosp
Pract (Off Ed) (1988) 23(4):109–12. 117-121, 124 passim. doi: 10.1080/
21548331.1988.11703456

45. Schlesinger N. Overview of the management of acute gout and the role of
adrenocorticotropic hormone. Drugs (2008) 68(4):407–15. doi: 10.2165/00003495-
200868040-00002

46. Levi-Montalcini R, Angeletti PU. Nerve growth factor. Physiol Rev (1968) 48
(3):534–69. doi: 10.1152/physrev.1968.48.3.534

47. Derendorf H, Mollmann H, Barth J, et al. Pharmacokinetics and oral
bioavailability of hydrocortisone. J Clin Pharmacol (1991) 31(5):473–6. doi: 10.1002/
j.1552-4604.1991.tb01906.x

48. Diniz GB, Bittencourt JC. The melanin-concentrating hormone (MCH) system:
A tale of two peptides. Front Neurosci (2019) 13:1280. doi: 10.3389/fnins.2019.01280

49. Cole SW, Sood AK. Molecular pathways: Beta-adrenergic signaling in cancer.
Clin Cancer Res an Off J Am Assoc Cancer Res (2012) 18(5):1201–6. doi: 10.1158/1078-
0432.CCR-11-0641

50. Burdakov D, Luckman SM, Verkhratsky A. Glucose-sensing neurons of the
hypothalamus. Philos Trans R Soc Lond B Biol Sci (2005) 360(1464):2227–35. doi:
10.1098/rstb.2005.1763

51. D'Agostino G, Lyons DJ, Cristiano C, Burke LK, Madara JC, Campbell JN, et al.
Appetite controlled by a cholecystokinin nucleus of the solitary tract to hypothalamus
neurocircuit. Elife (2016) 5:e12225. doi: 10.7554/eLife.12225

52. Liu J, Conde K, Zhang P, Lilascharoen V, Xu Z, Lim BK, et al. Enhanced AMPA
receptor trafficking mediates the anorexigenic effect of endogenous glucagon-like
peptide-1 in the paraventricular hypothalamus. Neuron (2017) 96(4):897–909.e895.
doi: 10.1016/j.neuron.2017.09.042

53. Anand BK, Chhina GS, Sharma KN, Dua S, Singh B. Activity of single neurons
in the hypothalamic feeding centers: Effect of glucose. Am J Physiol (1964) 207:1146–
54. doi: 10.1152/ajplegacy.1964.207.5.1146

54. Entschladen F, Drell T, Lang K, Joseph J, Zaenker K S. Tumour-cell migration,
invasion, and metastasis: navigation by neurotransmitters. Lancet Oncol (2004) 5
(4):254–8. doi: 10.1016/S1470-2045(04)01431-7

55. Heffner KL, Loving TJ, Robles TF, Kiecolt-Glaser J K. Examining psychosocial
factors related to cancer incidence and progression: iIn search of the silver lining.
Brain Behav Immun (2003) 17(Suppl 1):S109–111. doi: 10.1016/S0889-1591(02)
00076-4

56. Entschladen F, Lang K, Drell TL, Joseph J, Zaenker KS, et al. Neurotransmitters
are regulators for the migration of tumor cells and leukocytes. Cancer Immunol
Immunother (2002) 51(9):467–82. doi: 10.1007/s00262-002-0300-8

57. Jezova D, Jurankova E, Mosnarova A, Kriska M, Skultétyová I. Neuroendocrine
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glutamine, glutamate oxidation and succinic semialdehyde dehydrogenase expression
in human gliomas. J Exp Clin Cancer Res (2018) 37(1):271. doi: 10.1186/s13046-018-
0946-5

84. Maemura K, Shiraishi N, Sakagami K, Kawakami K, Inoue T, Murano M, et al.
Proliferative effects of gamma-aminobutyric acid on the gastric cancer cell line are
frontiersin.org

https://doi.org/10.1152/ajpendo.1978.234.3.E252
https://doi.org/10.1152/ajpendo.1978.234.3.E252
https://doi.org/10.1111/j.1365-2885.2008.00944.x
https://doi.org/10.1016/j.pupt.2004.04.003
https://doi.org/10.1016/0196-9781(84)90197-9
https://doi.org/10.1146/annurev-pharmtox-010814-124701
https://doi.org/10.1146/annurev-pharmtox-010814-124701
https://doi.org/10.1016/S0165-6147(99)01357-7
https://doi.org/10.1016/0301-0082(89)90019-1
https://doi.org/10.1016/0024-3205(80)90319-7
https://doi.org/10.1016/j.neuropharm.2020.107993
https://doi.org/10.1016/j.neuropharm.2020.107993
https://doi.org/10.1080/21548331.1988.11703456
https://doi.org/10.1080/21548331.1988.11703456
https://doi.org/10.2165/00003495-200868040-00002
https://doi.org/10.2165/00003495-200868040-00002
https://doi.org/10.1152/physrev.1968.48.3.534
https://doi.org/10.1002/j.1552-4604.1991.tb01906.x
https://doi.org/10.1002/j.1552-4604.1991.tb01906.x
https://doi.org/10.3389/fnins.2019.01280
https://doi.org/10.1158/1078-0432.CCR-11-0641
https://doi.org/10.1158/1078-0432.CCR-11-0641
https://doi.org/10.1098/rstb.2005.1763
https://doi.org/10.7554/eLife.12225
https://doi.org/10.1016/j.neuron.2017.09.042
https://doi.org/10.1152/ajplegacy.1964.207.5.1146
https://doi.org/10.1016/S1470-2045(04)01431-7
https://doi.org/10.1016/S0889-1591(02)00076-4
https://doi.org/10.1016/S0889-1591(02)00076-4
https://doi.org/10.1007/s00262-002-0300-8
https://doi.org/10.1136/gut.2006.117150
https://doi.org/10.1152/ajpendo.1996.270.2.E259
https://doi.org/10.1172/JCI40802
https://doi.org/10.1038/nm1447
https://doi.org/10.1016/S0022-2275(20)37695-1
https://doi.org/10.1016/S0022-2275(20)37695-1
https://doi.org/10.1002/med.2610130604
https://doi.org/10.1186/bcr304
https://doi.org/10.1007/PL00012092
https://doi.org/10.1007/PL00012092
https://doi.org/10.1002/nau.24742
https://doi.org/10.2217/pgs.15.152
https://doi.org/10.2217/pgs.15.152
https://doi.org/10.1016/S0378-1119(96)00796-2
https://doi.org/10.1016/S0378-1119(96)00796-2
https://doi.org/10.1055/s-2005-872840
https://doi.org/10.1016/j.amjhyper.2005.01.006
https://doi.org/10.1291/hypres.28.215
https://doi.org/10.1126/science.aah5072
https://doi.org/10.1016/j.trecan.2017.11.008
https://doi.org/10.1016/j.ccell.2017.11.007
https://doi.org/10.1172/JCI121685
https://doi.org/10.1016/j.bbi.2016.08.016
https://doi.org/10.1002/cncr.26117
https://doi.org/10.1038/s41416-021-01631-3
https://doi.org/10.1186/s12885-018-4149-4
https://doi.org/10.1186/s12885-018-4149-4
https://doi.org/10.1038/emm.2017.62
https://doi.org/10.1016/S0165-6147(03)00052-X
https://doi.org/10.14670/HH-21.1135
https://doi.org/10.1186/s13046-018-0946-5
https://doi.org/10.1186/s13046-018-0946-5
https://doi.org/10.3389/fendo.2023.1126271
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2023.1126271
associated with extracellular signal-regulated kinase 1/2 activation. J Gastroenterol
Hepatol (2009) 24(4):688–96. doi: 10.1111/j.1440-1746.2008.05687.x

85. Maemura K, Yamauchi H, Hayasaki H, Kanbara K, Tamayama T, Hirata I, et al.
Gamma-amino-butyric acid immunoreactivity in intramucosal colonic tumors. J
Gastroenterol Hepatol (2003) 18(9):1089–94. doi: 10.1046/j.1440-1746.2003.03131.x

86. Azuma H, Inamoto T, Sakamoto T, Kiyama S, Ubai T, Shinohara Y, et al.
Gamma-aminobutyric acid as a promoting factor of cancer metastasis; induction of
matrix metalloproteinase production is potentially its underlying mechanism. Cancer
Res (2003) 63(23):8090–6.

87. Zhang X, Du Z, Liu J, et al. Gamma-aminobutyric acid receptors affect the
progression and migration of tumor cells. J Recept Signal Transduct Res (2014) 34
(6):431–9. doi: 10.3109/10799893.2013.856918

88. Patel AB, de Graaf RA, Mason GF, Rothman DL, Shulman RG, Behar KL, et al.
The contribution of GABA to glutamate/glutamine cycling and energy metabolism in
the rat cortex in vivo. Proc Natl Acad Sci United States America (2005) 102(15):5588–
93. doi: 10.1073/pnas.0501703102

89. Hao J, Jiang K, Zhang X, Wu M, Ma B, et al. "Glu/GABA-gln" metabolic loop
abnormalities in iminodipropionitrile (IDPN)-induced dyskinetic syndrome.
Neurological Sci Off J Ital Neurological Soc Ital Soc Clin Neurophysiol (2021) 42
(11):4697–706. doi: 10.1007/s10072-021-05570-y

90. Takehara A, Hosokawa M, Eguchi H, Ohigashi H, Ishikawa O, Nakamura Y,
et al. Gamma-aminobutyric acid (GABA) stimulates pancreatic cancer growth through
overexpressing GABAA receptor pi subunit. Cancer Res (2007) 67(20):9704–12. doi:
10.1158/0008-5472.CAN-07-2099

91. Schuller HM. Neurotransmission and cancer: Implications for prevention and
t h e r a p y . An t i c a n c e r D r u g s ( 2 0 0 8 ) 1 9 ( 7 ) : 6 5 5– 7 1 . d o i : 1 0 . 1 0 9 7 /
CAD.0b013e3283025b58

92. Xia S, He C, Zhu Y, Wang S, Li H, Zhang Z, et al. GABA(B)R-induced EGFR
transactivation promotes migration of human prostate cancer cells. Mol Pharmacol
(2017) 92(3):265–77. doi: 10.1124/mol.116.107854

93. Jiang SH, Zhu LL, Zhang M, Li RK, Yang Q, Yan JY, et al. GABRP regulates
chemokine signalling, macrophage recruitment and tumour progression in pancreatic
cancer through tuning KCNN4-mediated Ca(2+) signalling in a GABA-independent
manner. Gut (2019) 68(11):1994–2006. doi: 10.1136/gutjnl-2018-317479

94. Krebs HA. Metabolism of amino-acids: The synthesis of glutamine from
glutamic acid and ammonia, and the enzymic hydrolysis of glutamine in animal
tissues. Biochem J (1935) 29(8):1951–69. doi: 10.1042/bj0291951

95. . AMINO ACID AND PROTEIN METABOLISM-VI CEREBRAL
COMPARTMENTS OF GLUTAMIC ACID METABOLISM.

96. Plaitakis A, Zaganas I. Regulation of human glutamate dehydrogenases:
implications for glutamate, ammonia and energy metabolism in brain. J Neurosci Res
(2001) 66(5):899–908. doi: 10.1002/jnr.10054

97. Hohnholt MC, Andersen VH, Andersen JV, Christensen SK, Karaca M, et al.
Glutamate dehydrogenase is essential to sustain neuronal oxidative energy metabolism
during stimulation. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow Metab
(2018) 38(10):1754–68. doi: 10.1177/0271678X17714680

98. Lebon V, Petersen KF, Cline GW, Shen J, Mason GF, Dufour S, et al. Astroglial
contribution to brain energy metabolism in humans revealed by 13C nuclear magnetic
resonance spectroscopy: Elucidation of the dominant pathway for neurotransmitter
glutamate repletion and measurement of astrocytic oxidative metabolism. J Neurosci
(2002) 22(5):1523–31. doi: 10.1523/JNEUROSCI.22-05-01523.2002

99. Norenberg MD, Huo Z, Neary JT, Roig-Cantesano A. The glial glutamate
transporter in hyperammonemia and hepatic encephalopathy: Relation to energy
metabolism and glutamatergic neurotransmission. Glia (1997) 21(1):124–33. doi:
10.1002/(SICI)1098-1136(199709)21:1<124::AID-GLIA14>3.0.CO;2-U

100. Massucci FA, DiNuzzo M, Giove F, Maraviglia B, Castillo IP, Marinari E, et al.
Energy metabolism and glutamate-glutamine cycle in the brain: A stoichiometric
modeling perspective. BMC Syst Biol (2013) 7:103. doi: 10.1186/1752-0509-7-103

101. Wang GJ, Randall RD, Thayer SA. Glutamate-induced intracellular
acidification of cultured hippocampal neurons demonstrates altered energy
metabolism resulting from Ca2+ loads. J Neurophysiol (1994) 72(6):2563–9. doi:
10.1152/jn.1994.72.6.2563

102. Lisman JE, Fellous JM, Wang XJ. A role for NMDA-receptor channels in
working memory. Nat Neurosci (1998) 1(4):273–5. doi: 10.1038/1086

103. Leenders KL, Frackowiak RS, Quinn N, Marsden CD. Brain energy metabolism
and dopaminergic function in huntington's disease measured in vivo using positron
emission tomography. Mov Disord (1986) 1(1):69–77. doi: 10.1002/mds.870010110

104. Zeevalk GD, Bernard LP, Nicklas WJ. Role of oxidative stress and the
glutathione system in loss of dopamine neurons due to impairment of energy
metabolism. J Neurochem (1998) 70(4):1421–30. doi : 10.1046/j .1471-
4159.1998.70041421.x

105. Elstner M, Morris CM, Heim K, Bender A, Mehta D, Jaros E, et al. Expression
analysis of dopaminergic neurons in parkinson's disease and aging links transcriptional
dysregulation of energy metabolism to cell death. Acta Neuropathol (2011) 122(1):75–
86. doi: 10.1007/s00401-011-0828-9

106. Dimatelis JJ, Hsieh JH, Sterley TL, Marais L, Womersley JS, Vlok M, et al.
Impaired energy metabolism and disturbed dopamine and glutamate signalling in the
striatum and prefrontal cortex of the spontaneously hypertensive rat model of
Frontiers in Endocrinology 13
attention-deficit hyperactivity disorder. J Mol Neurosci (2015) 56(3):696–707. doi:
10.1007/s12031-015-0491-z

107. Kok P, Roelfsema F, Frölich M, van Pelt J, Stokkel MP, Meinders AE, et al.
Activation of dopamine D2 receptors simultaneously ameliorates various metabolic
features of obese women. Am J Physiol Endocrinol Metab (2006) 291(5):E1038–1043.
doi: 10.1152/ajpendo.00567.2005

108. Calabresi P, Pisani A, Centonze D, Bernar. Synaptic plasticity and physiological
interactions between dopamine and glutamate in the striatum. Neurosci Biobehav Rev
(1997) 21(4):519–23. doi: 10.1016/S0149-7634(96)00029-2

109. Bell S, McCarty V, Peng H, Hettige N, Antonyan L, Crapper L, et al. Lesch-
nyhan disease causes impaired energy metabolism and reduced developmental
potential in midbrain dopaminergic cells. Stem Cell Rep (2021) 16(7):1749–62. doi:
10.1016/j.stemcr.2021.06.003

110. Ben-Shachar D, Zuk R, Glinka Y. Dopamine neurotoxicity: inhibition of
mitochondrial respiration. J Neurochem (1995) 64(2):718–23. doi: 10.1046/j.1471-
4159.1995.64020718.x

111. Tecott LH, Sun LM, Akana SF, Strack AM, Lowenstein DH, Dallman , et al.
Eating disorder and epilepsy in mice lacking 5-HT2c serotonin receptors. Nature
(1995) 374(6522):542–6. doi: 10.1038/374542a0

112. Tecott LH. Serotonin and the orchestration of energy balance. Cell Metab
(2007) 6(5):352–61. doi: 10.1016/j.cmet.2007.09.012

113. Smith SR, Weissman NJ, Anderson CM, Sanchez M, Chuang E, Stubbe S, et al.
Multicenter, placebo-controlled trial of lorcaserin for weight management. New Engl J
Med (2010) 363(3):245–56. doi: 10.1056/NEJMoa0909809

114. Walther DJ, Peter JU, Bashammakh S, Hörtnagl H, Voits M, Fink H, et al.
Synthesis of serotonin by a second tryptophan hydroxylase isoform. Science (2003) 299
(5603):76. doi: 10.1126/science.1078197

115. Moon JH, Oh CM, Kim H. Serotonin in the regulation of systemic energy
metabolism. J Diabetes Investig (2022) 13(10):1639–45. doi: 10.1111/jdi.13879

116. Smeland OB, Meisingset TW, Borges K, Sonnewald U. Chronic acetyl-l-
carnitine alters brain energy metabolism and increases noradrenaline and serotonin
content in healthy mice. Neurochem Int (2012) 61(1):100–7. doi: 10.1016/
j.neuint.2012.04.008

117. Oury F, Karsenty G. Towards a serotonin-dependent leptin roadmap in the
brain. Trends Endocrinol Metab (2011) 22(9):382–7. doi: 10.1016/j.tem.2011.04.006

118. Hofmann S, Bellmann-Sickert K, Beck-Sickinger AG. Chemical modification of
neuropeptide y for human Y1 receptor targeting in health and disease. Biol Chem
(2019) 400(3):299–311. doi: 10.1515/hsz-2018-0364

119. Kawakami Y. [Neuropeptide y]. Nihon Rinsho (2005) 63(Suppl 8):421–4.
doi: 10.1002/cne.24090

120. Cedernaes J, Huang W, Ramsey KM, Waldeck N, Cheng L, Marcheva B, et al.
Transcriptional basis for rhythmic control of hunger and metabolism within the AgRP
neuron. Cell Metab (2019) 29(5):1078–1091.e1075. doi: 10.1016/j.cmet.2019.01.023

121. Ip CK, Zhang L, Farzi A, Qi Y, Clarke I, Reed F, et al. Amygdala NPY circuits
promote the development of accelerated obesity under chronic stress conditions. Cell
Metab (2019) 30(1):111–128 e116. doi: 10.1016/j.cmet.2019.04.001

122. Krashes MJ, Shah BP, Madara JC, Olson DP, Strochlic DE, Garfield AS, et al.
An excitatory paraventricular nucleus to AgRP neuron circuit that drives hunger.
Nature (2014) 507(7491):238–42. doi: 10.1038/nature12956

123. Lee DY, Hong SH, Kim B, Lee DS, Yu K, Lee KS, et al. Neuropeptide y mitigates
ER stress-induced neuronal cell death by activating the PI3K-XBP1 pathway. Eur J Cell
Biol (2018) 97(5):339–48. doi: 10.1016/j.ejcb.2018.04.003

124. Fetissov SO, Kopp J, Hokfelt T. Distribution of NPY receptors in the
hypothalamus. Neuropeptides (2004) 38(4):175–88. doi: 10.1016/j.npep.2004.05.009

125. Huang L, Tan HY, Fogarty MJ, Andrews ZB, Veldhuis JD, Herzog H, et al.
Actions of NPY, and its Y1 and Y2 receptors on pulsatile growth hormone secretion
during the fed and fasted state. J Neurosci (2014) 34(49):16309–19. doi: 10.1523/
JNEUROSCI.4622-13.2014

126. Park MH, Lee JK, Kim N, Min WK, Lee JE, Kim KT, et al. Neuropeptide y
induces hematopoietic Stem/Progenitor cell mobilization by regulating matrix
metalloproteinase-9 activity through Y1 receptor in osteoblasts. Stem Cells (2016) 34
(8):2145–56. doi: 10.1002/stem.2383

127. Shin MK, Choi B, Kim EY, Park JE, Hwang ES, Lee H, et al. Elevated pentraxin
3 in obese adipose tissue promotes adipogenic differentiation by activating
neuropeptide y signaling. Front Immunol (2018) 9:1790. doi: 10.3389/
fimmu.2018.01790

128. Franklin ZJ, Tsakmaki A, Fonseca Pedro P, King AJ, Huang GC, Amjad S, et al.
Islet neuropeptide y receptors are functionally conserved and novel targets for the
preservation of beta-cell mass. Diabetes Obes Metab (2018) 20(3):599–609. doi:
10.1111/dom.13119

129. Khan D, Vasu S, Moffett RC, Irwin N, Flatt PR. Influence of neuropeptide y and
pancreatic polypeptide on islet function and beta-cell survival. Biochim Biophys Acta
Gen Subj (2017) 1861(4):749–58. doi: 10.1016/j.bbagen.2017.01.005

130. Loh K, Herzog H, Shi YC. Regulation of energy homeostasis by the NPY
system. Trends Endocrinol Metab (2015) 26(3):125–35. doi: 10.1016/j.tem.2015.01.003

131. Sommerfeldt DW, Rubin CT. Biology of bone and how it orchestrates the form
and function of the skeleton. Eur Spine J Off Publ Eur Spine Society Eur Spinal
frontiersin.org

https://doi.org/10.1111/j.1440-1746.2008.05687.x
https://doi.org/10.1046/j.1440-1746.2003.03131.x
https://doi.org/10.3109/10799893.2013.856918
https://doi.org/10.1073/pnas.0501703102
https://doi.org/10.1007/s10072-021-05570-y
https://doi.org/10.1158/0008-5472.CAN-07-2099
https://doi.org/10.1097/CAD.0b013e3283025b58
https://doi.org/10.1097/CAD.0b013e3283025b58
https://doi.org/10.1124/mol.116.107854
https://doi.org/10.1136/gutjnl-2018-317479
https://doi.org/10.1042/bj0291951
https://doi.org/10.1002/jnr.10054
https://doi.org/10.1177/0271678X17714680
https://doi.org/10.1523/JNEUROSCI.22-05-01523.2002
https://doi.org/10.1002/(SICI)1098-1136(199709)21:1%3C124::AID-GLIA14%3E3.0.CO;2-U
https://doi.org/10.1186/1752-0509-7-103
https://doi.org/10.1152/jn.1994.72.6.2563
https://doi.org/10.1038/1086
https://doi.org/10.1002/mds.870010110
https://doi.org/10.1046/j.1471-4159.1998.70041421.x
https://doi.org/10.1046/j.1471-4159.1998.70041421.x
https://doi.org/10.1007/s00401-011-0828-9
https://doi.org/10.1007/s12031-015-0491-z
https://doi.org/10.1152/ajpendo.00567.2005
https://doi.org/10.1016/S0149-7634(96)00029-2
https://doi.org/10.1016/j.stemcr.2021.06.003
https://doi.org/10.1046/j.1471-4159.1995.64020718.x
https://doi.org/10.1046/j.1471-4159.1995.64020718.x
https://doi.org/10.1038/374542a0
https://doi.org/10.1016/j.cmet.2007.09.012
https://doi.org/10.1056/NEJMoa0909809
https://doi.org/10.1126/science.1078197
https://doi.org/10.1111/jdi.13879
https://doi.org/10.1016/j.neuint.2012.04.008
https://doi.org/10.1016/j.neuint.2012.04.008
https://doi.org/10.1016/j.tem.2011.04.006
https://doi.org/10.1515/hsz-2018-0364
https://doi.org/10.1002/cne.24090
https://doi.org/10.1016/j.cmet.2019.01.023
https://doi.org/10.1016/j.cmet.2019.04.001
https://doi.org/10.1038/nature12956
https://doi.org/10.1016/j.ejcb.2018.04.003
https://doi.org/10.1016/j.npep.2004.05.009
https://doi.org/10.1523/JNEUROSCI.4622-13.2014
https://doi.org/10.1523/JNEUROSCI.4622-13.2014
https://doi.org/10.1002/stem.2383
https://doi.org/10.3389/fimmu.2018.01790
https://doi.org/10.3389/fimmu.2018.01790
https://doi.org/10.1111/dom.13119
https://doi.org/10.1016/j.bbagen.2017.01.005
https://doi.org/10.1016/j.tem.2015.01.003
https://doi.org/10.3389/fendo.2023.1126271
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2023.1126271
Deformity Society Eur Section Cervical Spine Res Soc (2001) 10(Suppl 2):S86–95.
doi: 10.1007/s005860100283

132. You JS, Ji HI, Chang KJ, Yoo MC, Yang HI, Jeong IK, et al. Serum osteopontin
concentration is decreased by exercise-induced fat loss but is not correlated with body fat
percentage in obese humans[J].MolMed Rep (2013) 8(2):579–84. doi: 10.3892/mmr.2013.1522

133. Israel DI, Nove J, Kerns KM, Kaufman RJ, Rosen V, Cox KA, et al. Heterodimeric
bone morphogenetic proteins show enhanced activity in vitro and in vivo. Growth factors
(Chur Switzerland) (1996) 13(3-4):291–300. doi: 10.3109/08977199609003229

134. Muñoz M, Rosso M, Coveñas R. The NK-1 receptor: A new target in cancer
therapy. Curr Drug Targets (2011) 12(6):909–21. doi: 10.2174/138945011795528796

135. Ding Y, Lee M, Gao Y, Bu P, Coarfa C, Miles B, et al. Neuropeptide y nerve
paracrine regulation of prostate cancer oncogenesis and therapy resistance. Prostate
(2021) 81(1):58–71. doi: 10.1002/pros.24081

136. Tennant DA, Duran RV, Gottlieb E. Targeting metabolic transformation for
cancer therapy. Nat Rev Cancer (2010) 10(4):267–77. doi: 10.1038/nrc2817

137. Anastas JN, Shi Y. Histone serotonylation: Can the brain have "Happy"
Chromatin?[J]. Mol Cell (2019) 74(3):418–20. doi: 10.1016/j.molcel.2019.04.017

138. Leaute-Labreze C, Dumas de la Roque E, Hubiche T, Boralevi F, Thambo JB,
Taïeb A, et al. Propranolol for severe hemangiomas of infancy. New Engl J Med (2008)
358(24):2649–51. doi: 10.1056/NEJMc0708819

139. Polites SF, Watanabe M, Crafton T, Jenkins TM, Alvarez-Allende CR, Hammill AM,
et al. Surgical resection of infantile hemangiomas followingmedical treatment with propranolol
versus corticosteroids. J Pediatr Surg (2019) 54(4):740–3. doi: 10.1016/j.jpedsurg.2018.08.001

140. Fitzgerald PJ. Beta blockers, norepinephrine, and cancer: an epidemiological
viewpoint. Clin Epidemiol (2012) 4:151–6. doi: 10.2147/CLEP.S33695

141. Akbar S, Alsharidah MS. Are beta blockers new potential anticancer agents?
Asian Pac J Cancer Prev (2014) 15(22):9567–74. doi: 10.7314/APJCP.2014.15.22.9567

142. Watkins JL, Thaker PH, Nick AM, Ramondetta LM, Kumar S, Urbauer DL,
et al. Clinical impact of selective and nonselective beta-blockers on survival in patients
with ovarian cancer. Cancer (2015) 121(19):3444–51. doi: 10.1002/cncr.29392

143. De Giorgi V, Grazzini M, Benemei S, et al. Propranolol for off-label treatment
of patients with melanoma: Results from a cohort study. JAMA Oncol (2018) 4(2):
e172908. doi: 10.1001/jamaoncol.2017.2908
Frontiers in Endocrinology 14
144. Stiles JM, Amaya C, Rains S, Diaz D, Pham R, Battiste J, et al. Targeting of beta
adrenergic receptors results in therapeutic efficacy against models of
hemangioendothelioma and angiosarcoma. PloS One (2013) 8(3):e60021. doi:
10.1371/journal.pone.0060021

145. Banavali S, Pasquier E, Andre N. Targeted therapy with propranolol and
metronomic chemotherapy combination: sustained complete response of a relapsing
metastatic angiosarcoma. Ecancermedicalscience (2015) 9:499. doi: 10.3332/
ecancer.2015.499

146. Krizanova O, Babula P, Pacak K. Stress, catecholaminergic system and cancer.
Stress (2016) 19(4):419–28. doi: 10.1080/10253890.2016.1203415

147. Barbieri A, Bimonte S, Palma G, Luciano A, Rea D, Giudice A, et al. The stress
hormone norepinephrine increases migration of prostate cancer cells in vitro and in
vivo. Int J Oncol (2015) 47(2):527–34. doi: 10.3892/ijo.2015.3038

148. Chan HL, Chiu WC, Chen VC, Huang KY, Wang TN, Lee Y, et al. SSRIs
associated with decreased risk of hepatocellular carcinoma: A population-based case-
control study. Psychooncology (2018) 27(1):187–92. doi: 10.1002/pon.4493

149. Chuffa LGA, Reiter RJ, Lupi LA. Melatonin as a promising agent to treat
ovarian cancer: molecular mechanisms. Carcinogenesis (2017) 38(10):945–52. doi:
10.1093/carcin/bgx054

150. Galvan DC, Ayyappan AP, Bryan BA. Regression of primary cardiac
angiosarcoma and metastatic nodules following propranolol as a single agent
treatment. Oncoscience (2018) 5(9-10):264–8. doi: 10.18632/oncoscience.472

151. Nguyen LV, Ta QV, Dang TB, Nguyen PH, Nguyen T, Pham TVH, et al.
Carvedilol improves glucose tolerance and insulin sensitivity in treatment of adrenergic
overdrive in high fat diet-induced obesity in mice. PloS One (2019) 14(11):e0224674.
doi: 10.1371/journal.pone.0224674

152. Kang F, Ma W, Ma X, Shao Y, Yang W, Chen X, et al. Propranolol inhibits
glucose metabolism and 18F-FDG uptake of breast cancer through posttranscriptional
downregulation of hexokinase-2. J Nucl Med (2014) 55(3):439–45. doi: 10.2967/
jnumed.113.121327

153. Zanquetta MM, Nascimento ME, Mori RC, D'Agord Schaan B, Young ME,
Machado UF, et al. Participation of beta-adrenergic activity in modulation of GLUT4
expression during fasting and refeeding in rats.Metabolism (2006) 55(11):1538–45. doi:
10.1016/j.metabol.2006.06.026
frontiersin.org

https://doi.org/10.1007/s005860100283
https://doi.org/10.3892/mmr.2013.1522
https://doi.org/10.3109/08977199609003229
https://doi.org/10.2174/138945011795528796
https://doi.org/10.1002/pros.24081
https://doi.org/10.1038/nrc2817
https://doi.org/10.1016/j.molcel.2019.04.017
https://doi.org/10.1056/NEJMc0708819
https://doi.org/10.1016/j.jpedsurg.2018.08.001
https://doi.org/10.2147/CLEP.S33695
https://doi.org/10.7314/APJCP.2014.15.22.9567
https://doi.org/10.1002/cncr.29392
https://doi.org/10.1001/jamaoncol.2017.2908
https://doi.org/10.1371/journal.pone.0060021
https://doi.org/10.3332/ecancer.2015.499
https://doi.org/10.3332/ecancer.2015.499
https://doi.org/10.1080/10253890.2016.1203415
https://doi.org/10.3892/ijo.2015.3038
https://doi.org/10.1002/pon.4493
https://doi.org/10.1093/carcin/bgx054
https://doi.org/10.18632/oncoscience.472
https://doi.org/10.1371/journal.pone.0224674
https://doi.org/10.2967/jnumed.113.121327
https://doi.org/10.2967/jnumed.113.121327
https://doi.org/10.1016/j.metabol.2006.06.026
https://doi.org/10.3389/fendo.2023.1126271
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Emerging role of substance and energy metabolism associated with neuroendocrine regulation in tumor cells
	1 Introduction
	2 Energy metabolism in tumor cell
	2.1 Glucose metabolism
	2.2 Glutamine metabolism
	2.3 Fatty acid metabolism

	3 Neuroendocrine system
	4 Crosstalk between neuroendocrine regulation and tumor cell metabolism
	4.1 Epinephrine and norepinephrine
	4.2 Gamma-aminobutyric acid (&gamma;-GABA)
	4.3 Glutamate
	4.4 Dopamine
	4.5 Serotonin
	4.6 Neuropeptides

	5 Therapeutic implications of the interaction between energy metabolism and neuroendocrine regulation
	6 Concluding remarks
	Author contributions
	Funding
	References


