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Summary: In this review, we highlight the relationship between abnormal energy me-
tabolism (Glucose metabolism, lipid metabolism, and amino acid metabolism) and PD.
Improvement of key molecules in glucose metabolism, fat metabolism, and amino acid
metabolism (e.g., glucose-6-phosphate dehydrogenase, triglycerides, and levodopa)
might be potentially beneficial in PD. Some of these metabolic indicators may serve
well during the diagnosis of PD. In addition, modulation of these metabolic pathways

may be a potential target for the treatment and prevention of PD.
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1 | INTRODUCTION is currently believed that the pathogenesis of PD is mainly due to the

loss of dopaminergic neurons from the substantia nigra (SN) of the
Parkinson's disease (PD), also known as paralysis agitans, is a com- midbrain, leading to the decreased activity of the dopamine trans-
mon neurological disorder of the middle-aged and elderly people, mitter system in the nigrostriatal area.? In addition, Lewy bodies
most of whom present with symptoms of PD after the age of 60.1 1t formed by abnormal aggregation of a-synuclein (a-Syn) are closely
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associated with the viability of dopaminergic neurons. At present,
the detailed molecular mechanism of PD remains unmapped.

The main causes of PD are aging, environment factors, and ge-
netic factors. These factors can induce apoptosis,3 autophagy dys-
function,* mitochondrial dysfunction,” and neuroinflammation,®
which ultimately causes neuronal death. Irrespective of the etiology
of PD, disturbances in intracellular energy metabolism are observed
during the development of PD.”¢

It is well known that the main source of energy for any cell in-
cludes sugars, fats, and proteins. Previous studies have suggested
that obesity can increase the risk of PD.”'° Most people with PD
have been found to weigh less than normal and healthy individuals.'?
Obviously, metabolic abnormalities of these factors (sugars, fats,
and proteins) have been known to increase levels of cellular reactive
oxygen species (ROS). The accumulation of ROS is said to be one of
the main causes for induction of neurological diseases. Therefore,
abnormalities in energy metabolism can induce changes in various
indicators that can thereby behave as a molecular marker for PD.8 A
previous study had reported that the incidence rate of PD was 1.23
times higher in individuals with metabolic syndrome when compared
with individuals with no presentation of metabolic syndrome.12

The brain consumes around 25% of the body's glucose.13 Since
the brain has no stored energy, glucose regularly crosses the blood-
brain barrier to provide energy and aids in the synaptic transmission
to neurons through glycolysis or mitochondrial oxidative phosphor-
ylation. Evidence from postmortem tissues of PD patients indicates
mitochondrial dysfunctions, compromised electron transport,14

)15

and damaged tricarboxylic acid cycle (TCA).> Aging is a major risk

factor for developing PD. It has been shown that proteasomal and
autophagic degradation of neurons is common during aging.*¢"8
Previous studies have reported that aging causes more vulnerabil-
ity of the dopaminergic neurons when compared to the other brain
cell.? With aging, the decreased cellular metabolic activity triggers
the accumulation of ROS, which leads to abnormal protein aggrega-
tion and finally results in damage to organelles.20 Eventually, it leads
to the dysfunction of ubiquitin-proteasome pathway and autoph-
agy. Therefore, we suggest that it is the disruption of energy metab-
olism due to aging that promotes the accumulation of ROS, which
inhibits autophagy and promotes apoptosis. Ultimately, it leads to
neuronal loss and induces PD. Metabolic abnormalities accelerate
brain aging.

High-fat or/and high-sugar diets can stimulate brain aging in mice
and rats by triggering autophagy impairment,?* disturbance of Ca®*
homeostasis,?? and oxidative damage.?® Athauda and Foltynie had
shown that insulin signaling normally regulates a variety of path-
way in the brain, but it was found to be disrupted in individuals with
PD.?* Metabolomics profiling of lipids in PD patients revealed that
sebum may be identified as a potential biomarker for PD.2° A recent
meta-analysis indicates that the lipid serum triacylglycerols (TAGs)
had a correlation with PD, and the levels of TAG in PD patients are
significantly lower when compared to healthy individuals.? Except
for sugar and fat, amino acid metabolism also has a very important
role in PD. Many amino acids, such as glutamate, y-aminobutyric acid

(GABA), and glycine, are known to act as neurotransmitters used to
regulate neuronal activity in a variety of neurological diseases. This
is because the abnormal metabolism of these amino acids leads to
neurotoxicity and neuronal death. In this review, we focus on the
potential role of energy metabolism in the treatment of PD.

2 | PARKINSON'S DISEASE AND GLUCOSE
METABOLISM

Glucose is the main source of energy for the brain, and it is the main
consumer of blood sugar in the resting state. Anandhan et al. have
indicated that there is a relationship between alterations in glucose
metabolism, oxidative stress, autophagy, and apoptosis caused by
PD-related risk factors.?” A recent study has reported that patients
with diabetes mellitus have a higher risk of developing PD compared
with healthy controls.?® This may be due to the disruption of glu-
cose metabolism during diabetes, which is associated with dopamine
dysfunction, especially in PD. For example, the level of dopamine is
lower in a rat model of diabetes mellitus when compared to normal
rat models.?’ Low dopamine transporter binding in striatal and high
cerebrospinal fluid a-Syn (CSF) levels are found in patients with dia-
betes mellitus rather than in patients with PD.?% All these studies
have illustrated that disorders in glucose metabolism of the body are
significantly related to PD.

2.1 | Parkinson's disease and glucose transporters
Glucose crosses the blood-brain barrier to enter the brain tissue;
therefore, glucose transporters (GLUTSs) play a very important role
in brain energy metabolism. There are many different types of
GLUTs, out of which, GLUT1, plays a key role in the functioning of
the brain.’® GLUT3 is mainly expressed in neurons, while GLUT1
is mainly expressed in astrocytes.®! Puchades et al. had reported
that the localization and densities of GLUT1 remain unaffected in a
mouse model of PD,3? while Sarkar et al. had reported that GLUT1 is
decreased in the striatum of a PD model of mice which was induced
with (1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine) MPTP.%® In ad-
dition, Burks et al. also had demonstrated a significant decrease of
GLUT1 in the immunoreactive cells of the striatum after MPTP ad-
ministration.®* Upregulating the expression of GLUT3 can inhibit the
neurotoxicity induced in dopaminergic N27 cells which was treated
with (1-methyl-4-phenylpyridinium) MPP* during in vitro research.®?
Administration of STF-31 (GLUT inhibitors) in dopaminergic cells
can decrease paraquat toxicity which is used to induce PD models.%®
Currently, there are limited reports on the potential use of GLUTs
in the treatment and/or prevention of PD. The precise function of
GLUTs in relation to PD is still unmapped. Recent studies have re-
ported that antidiabetic medicines like exenatide may have a poten-
tial role in the treatment of PD.%”*® The above-mentioned findings
have indicated that glucose transport and metabolism have a nota-
ble relation with PD.
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2.2 | Parkinson's disease and glycolysis

Disturbances in energy metabolism and reduced adenosine triphos-
phate (ATP) levels are common in PD.% By and large, cortical glucose
consumption is low during the early stages of PD.*>#* A previous
study has reported that brain aerobic glycolysis is necessary for syn-
apse formation and growth;*? besides, enhanced glycolysis can al-
leviate PD.*® Although aerobic glycolysis is less efficient, it produces
ATP faster than oxidative phosphorylation. During acute energy de-
mand, glycolysis will temporarily exceed oxidative phosphorylation
in neurons.** Previous studies have reported that phosphoglycerate
kinase 1 (PGK-1) is a key metabolic enzyme for glycolysis, and defi-
ciency of PGK-1 is associated with PD.*>*#¢ Cai et al. had reported
that terazosin can increase, ATP levels of brain and alleviate neu-
ronal loss by enhancing the activity of PGK-1. It can also increase
dopamine levels and partially restore motor function in PD models
of rats, mice, and flies.*® It has also been found that individuals who
were administered terazosin or any of its related medicines have
slower disease progression, fewer PD-related complications, and
less frequent PD diagnoses.*” Yang et al. proved that upregulation of
leptin induced by NaHS can promote glycolysis and inhibit the loss of
dopamine neurons in PD model of rats.*® Glucose can be catalyzed
by hexokinase and transformed into glucose-6-phosphate (G6P).

Astrocyte
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According to many in vivo and in vitro studies over the past dec-
ade, overexpression of hexokinase 2 (HK2) is found to alleviate the
symptoms of PD by promoting glycolysis.*>>° Meclizine activates
the glycolytic enzyme phosphofructokinase (PFK), thus elevating
glycolysis to resist PD.5! Doxazosin and alfuzosin can increase ty-
rosine hydroxylase level in a PD model of mice by activating glycoly-
sis.*3 Discontinuous energy metabolism and reduced ATP levels can
increase the risk of PD.*3 Promoting glycolysis may slow the progres-
sion of PD. Therefore, all these findings illustrate that glycolysis may
play a key role in nervous system diseases (Figure 1).

2.3 | Parkinson's disease and oxidative
phosphorylation (OXPHOS)

The main site of oxidative phosphorylation (OXPHQS) is in the mito-
chondria of eukaryotic cells. ATP production is mainly dependent on
OXPHOS pathway (consisting of five complexes I, Il, lll, IV, and V).
Many genes such as Parkin, Pink1, DJ-1, SNCA, and LRRK2 have been
proved to be involved in PD. Mutation or deletion of these genes will
lead to decrease in complex | activity and mitochondrial homeosta-
sis, which results in cell death.? Previous studies have demonstrated
that mitochondrial dysfunction is an important cause of PD.>3°* The
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FIGURE 1 Overview of the glucose metabolism and fatty acids metabolism in neuronal and astrocytic compartments. Neurons and
astrocytes can take up glucose respectively through GLUT3 and GLUT1. Glucose is phosphorylated by HK to generate G6P, which is
subsequently routed in glycolysis and PPP. The end product of glycolysis is pyruvate. Acetyl-CoA, derived from pyruvate or fatty acid
oxidation, is channeled into the TCA cycle coupled with OXPHOS and ATP synthesis. Impaired mitochondrial energy metabolism leads to
ROS accumulation which results in cell death. ATP generation is dependent on OXPHOS, while glucose metabolism is mainly directed toward
the PPP to generate NADPH. NADPH is crucial for the GSH, which can reduce the accumulation of ROS. GSH can be shuttled to neurons

to maintain redox homeostasis. LA enters the neuron by ANLS, and it can be converted to pyruvate by LDH, which provide energy for
neurons. ANLS, astrocyte-neuron-lactate shuttle; G6P, glucose-6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; GLUT1, glucose
transporter 1; GLUTS3, glucose transporter 3; GSH, glutathione; HK, hexokinase; LA, lactic acid; LDH, lactate dehydrogenase; OXPHQOS,
oxidative phosphorylation; PEP, phosphoenolpyruvate; PFK, phosphofructokinase; PGK, phosphoglycerate kinase; PPP, pentose phosphate

pathway; ROS, reactive oxygen species; TCA, tricarboxylic acid cycle.
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susceptibility of DA neurons to mitochondrial dysfunction can be
attributed to their high metabolic demand such as neurotransmit-
ter release of high and long-branched axon.>>%¢ OXPHOS is the pri-
mary approach by which dopaminergic neurons obtain energy. This
causes a sustained stimulation of mitochondrial OXPHOS, which
increases oxidative damage to mitochondria.’” Current environmen-
tal toxicants, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
and Rotenone, induces PD by damaging the mitochondrial elec-
tron transport chain (ETC), resulting in impaired oxidative phos-
phorylation.”®>? It is found that mtDNA mutations in SN neurons
of patients with PD and aged humans are accompanied by a defi-
ciency in OXPHQOS. This results in the accumulation of ROS, which
ultimately leads to mitochondrial dysfunction causing PD.°%%! It is
obvious that the accumulation of ROS induces neuronal apoptosis
and autophagy inhibition in PD.? The mitochondrial permeability
transition (MPT) has a critical role in PD.%® Previous studies have
reported that when MPT occurs, the mitochondrial membrane po-
tential collapses, leading to disrupted oxidative phosphorylation and
cell death.®*®5 Visch et al. have shown that influx of Ca2* in mito-
chondria can promote OXPHOS and ATP production by regulating
mitochondrial dehydrogenase enzymes.66 Imbalance of Ca?* influx
in the mitochondria is one of the causes of PD.%’ Different types of
cells respond to stress by enhancing oxidative phosphorylation such

68:67 and ionic imbalance.”® This gener-

as inflammation, starvation,
ates large amounts of ROS. Therefore, we can suggest that OXPHOS
dysfunction-induced impairment of energy metabolism is one of the
major reasons for PD by influencing MPT and Ca%* signaling, which

eventually leads to neuronal apoptosis or autophagy inhibition.

2.4 | Parkinson's disease and gluconeogenesis

Gluconeogenesis is the conversion of a variety of non-sugar sub-
stances into glucose or glycogen. The major sites of gluconeogenesis
are the liver and kidneys. Mazzio et al. proved that intermediates of
gluconeogenesis, such as pyruvate, malate, and phosphoenolpyru-
vate, have neuroprotective effects against MPP*-induced neuro-
toxicity. These intermediates promote anaerobic substrate-level
phosphorylation, thereby promoting glycolysis.71 In addition, Kim
et al. reported that MPTP triggered the expression of glycolysis and
gluconeogenesis-related proteins in mice.”? At present, there are
few reports on the relationship between gluconeogenesis and PD.
According to the above data, we suggest that the intermediate prod-
ucts of gluconeogenesis have a regulatory role in PD. This regulatory
role is achieved by triggering glycolysis which in turn triggers oxida-

tive phosphorylation.
2.5 | Parkinson's disease and pentose
phosphate pathway

The pentose phosphate pathway (PPP) is one of the mechanisms
for oxidative breakdown of glucose. Previous studies have reported

that the level of glucose-6-phosphate dehydrogenase (G6PD), a key
enzyme of the PPP, is low during the early stages of PD.”® PPP is
the main source of nicotinamide adenine dinucleotide phosphate
(NADPH) in cells when compared to normal energy supply.”* Mejias
et al. reported that overexpression of G6PD in DA neurons can al-
leviate the neurotoxicity induced by MPTP in mice.”> Therefore,
the most important function of PPP in neurons is to regulate redox
homeostasis by consuming glucose.”® This indicates that elevated
NADPH levels resist PD by reducing the accumulation of ROS.
However, Tu et al. reported that the expression of G6PD is increased
in all the four different in vivo PD models.”” In addition, Lei et al.
demonstrated that overexpression of G6PD using paraquat pro-
motes toxicity, while inhibition of G6PD using 6-aminonicotinamide
alleviates mitochondrial functional impairment induced by paraquat
in DA neurons.”® These findings suggest that excessive NADPH ag-
gravates the neurotoxicity effect of paraquat, lipopolysaccharide,
and MPTP in the mitochondria. It is the presence of NADPH during
the oxidative cycle of these toxicants that promotes mitochondrial
death. Therefore, the relationship between G6PD and PD is still
controversial.””®° From the above-mentioned evidences, four major
reasons can be found accountable for this phenomenon. (1) Drug-
induced PD and idiopathic PD may have a difference in pathogenic
mechanisms. (2) The role of G6PD may be different during differ-
ent stages of PD such as the early stage of PD and the late stage
of PD. (3) Influenced by different factors such as heredity, environ-
ment, and aging, the activity of G6PD during PD may be different.
(4) G6PD can influence the neurons or/and astrocytes during PD
because astrocytes provide both energy and nutritional support for
neurons. Ohno et al. suggested that the PPP activity in astrocytes
is five to seven times higher than neurons.®! In addition, a previ-
ous study has reported that the maintenance of neuronal redox ho-
meostasis is largely dependent on the supply of reduced glutathione
(GSH) by astrocytes because GSH or its metabolites can be shuttled
to neurons.®? Therefore, all the above evidences indicate that the
PPP is closely associated with PD. This association is made possible
by the involvement of PPP in neuronal or/and astrocyte metabo-

75,77,83 (

lism Figure 1).

3 | PARKINSON'S DISEASE AND LIPID
METABOLISM

Some of the most common lipids that are consumed by humans
include triacylglycerols (TAGs), cholesterols, and phospholipids.5*
Lipids in the brain play an important component role in the structural
functioning and physiological functioning of neurons. It is essential
for the development and maintenance of the central nervous system
(CNS). There has been an increasing number of evidences which has
reported that the lipid metabolism is highly involved in the patho-
logical progression of neurodegenerative diseases, such as AD® and
PD.8¢ Outeiro et al. proved that a-Syn aggregation induces abnor-
mal accumulation of Iipids.87 Mitochondrial dysfunction is an impor-
tant reason for the onset of PD. The accumulation of intracellular
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lipids induces mitochondrial dysfunction and thus reduces the num-
ber of mitochondria, which further promotes lipid accumulation.®®
Lipidomics is an emerging field that can provide new insights and
new answers to improve early diagnosis and to track disease pro-
gression.89 It also plays an important role in the study of lipids in
energy conversion and biofilm structure.®® Recently, a growing body
of research suggests that disorders of lipid metabolism are strongly
associated with PD.?>?* Lipid metabolism is involved in the forma-

tion of a variety of biofilms in the cell.

3.1 | Parkinson's disease and triacylglycerols

TAG is an ester, derived from three fatty acids and glycerol. Many
studies have shown that the level of TAG in the blood of patients
with PD is low when compared to healthy individuals.”>%° High lev-
els of TAG in the blood have been proven to have protective effects
during PD.”*?> Mice overexpressing a-SynA53T cause decreased
levels of TAG in PD mice model.”® Recently, more and more reports
have highlighted that the level of intracellular TAG is significantly
low in both PD rat model and patients with PD.”%%7 This associa-
tion between TAG and PD risk could be linked to the level of DA.
Rada et al. demonstrated that repeated intake of sugar increases the
extracellular DA levels.”® High consumption of sugar can increase
serum TAG.”?

Faning et al. reported that TAG has a protective role against a-
Syn-cytotoxicity, which is by inhibiting the accumulation of oleic
acid and diglyceride (DG).1°° Accumulation of diglyceride in the en-
doplasmic reticulum results in a-Syn trafficking defects. High lev-
els of oleic acid promote a-Syn membrane binding, which enhances
membrane-associated toxicity.100 In other words, inhibition of TAG
formation makes neurons more vulnerable to a-Syn toxicity. A previ-
ous study had reported that mutation of the human gene ATP13A2
causes Parkinsonism with dementia.’®® Marcos et al. have proven
that overexpression of ATP13A2 in SH-SY5Y cells reduces the levels
of TAG.1%2 TAG is necessary for the synthesis of new membranes;
therefore, it can be observed that probable overexpression of
ATP13A2 disrupts the homeostasis of TAG, which causes PD.

Polyunsaturated fatty acids (PUFA) are an important compo-
nent for the synaptic and mitochondrial membrane formations, and
it is often susceptible to damage by reactive oxygen species (ROS).
Previous studies have suggested that PUFA can promote the binding
of a-Syn and mitochondrial membrane, as well as promote the patho-
logical aggregation of a-Syn.'%371%> Recent studies have reported
that administration of omega-3 PUFA is effective in alleviating the
effects of PD.1¢ Interestingly, the levels of omega-6 PUFA are higher
in patients with PD compared with healthy control.}’” Meng et al.
found that administration of omega-3 PUFA to mice model of PD
successfully inhibited the neurotoxicity caused by MPP*, and ome-
ga-6 PUFA is upregulated by the induction of MPP*.1%8 However, the
specific molecular mechanism remains unclear. Campos et al. have
shown that the esterification of arachidonic acid (a kind of omega-6
PUFA) into TAG may cause a protective effect during Fe-induced
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dopamine neuron injury.’’? Therefore, with the above-mentioned
evidences, it can be suggested that excess PUFA forms TAG, which
are stored in lipid droplets through esterification and prevents ROS
damage to neurons caused by fatty acid p-oxidation. This may ex-
plain the low levels of TAG in patients with PD. Excess PUFA gener-
ates ROS, which disrupts the membrane system, especially the cell
membrane and mitochondria membrane. Mutation of a-syn leads
to an increase in TAG hydrolysis, resulting in a low level of TAG in
cells 110111 Thjs signifies an association between abnormal TAG me-

tabolism and a-syn aggregation. (Figure 2).

3.2 | Parkinson's disease and cholesterols
Cholesterol plays a very important role in maintaining the integrity
and fluidity of the cell membrane. It is mainly synthesized in the as-
trocytes through endoplasmic reticulum.!*? It has a crucial role in
regulating variety of physiological functions such as synthesis of var-
jous steroid hormones, vitamin D, and maintenance of neuronal de-
velopment.}'® Cholesterol is mainly distributed in lipid rafts, which
are involved in a variety of signal regulation. Although the human
brain makes up only about 2% of the body weight, it contains 25%
of cholesterol and cholesterol derivatives.!***'¢ A previous study
has reported that lipid rafts are strongly associated with PD-related
proteins such as a-syn, LRRK2, Parkin, and DJ-1.1Y Cholesterol is
present in synapses and can interact directly with neurotransmit-
ter receptors. It is necessary for synaptic transmission and forma-
tion. Therefore, disturbances in cholesterol metabolism can cause
changes in the functioning of brain neurons, leading to various neu-
rological disorders.}*®Y? An interesting phenomenon is seen when
cholesterol synthesis in cells can produce lipoproteins which can be
obtained through blood; however, in the brain, cholesterol must be
synthesized de novo because lipoproteins cannot cross the blood-
brain barrier.**120 Studies have suggested that changes in the level
of cholesterol is closely associated with PD.}21122

Cholesterol can be modified into various derivatives, that is,
24-OHC (24-hydroxy cholesterol), 25-OHC (25-hydroxy choles-
terol), and 27-OHC (27-hydroxy cholesterol). 24-OHC can acti-
vate tyrosine hydroxylase and promote dopamine synthesis.116
27-OHC can increase the level of a-syn, which induces apoptosis
and eventually leads to neuronal death.'?® Studies have reported
that hypercholesterolemia aggravates MPTP-induced loss of do-
paminergic neurons in the SN mice model of PD having motor
dysfunction.?* At present, there are few reports on the role of
cholesterol in PD.}?* The specific mechanisms of cholesterol re-
main controversial.'?> Eriksson et al. have proven that high levels
of cholesterol have a dual effect on PD.1?¢ The increased levels
of cholesterol give rise to selective the permeability of lysosomal
membranes and thus inhibit cell death while promoting the accu-
mulation of a-syn. The lysosomal function is strongly associated
with PD.*?’ Studies have also proven that high levels of cholesterol
may be a sign of immature or damaged lysosomes.'?%'%® Garcia-

Sanz et al. reported that the accumulation of lysosomal cholesterol
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FIGURE 2 Overview of the lipid metabolism dysregulations in PD brain. Loss of PLA2 gene function results in lipid peroxidation and
impaired mitochondrial function, which is associated with ferroptosis. 24-OHC can activate tyrosine hydroxylase and promote dopamine
synthesis. 27-OHC can increase the level of a-Syn, which induces apoptosis and eventually leads to neuronal death. The formation of lipid
droplets can decrease the levels of ROS, which can inhibit apoptosis. Excess PUFA can increase the levels of a-syn and ROS, which leads

to apoptosis. PUFA forms TAG, which can be stored in lipid droplets. Inhibition of TAG formation makes neurons more vulnerable to a-Syn
toxicity. Disruption of cholesterol metabolism causes lysosomal dysfunction, which leads to autophagy dysfunction. PD, Parkinson's disease;
PLA2, phospholipase A2; PUFA, polyunsaturated fatty acids; ROS, reactive oxygen species; TAG, triacylglycerol; a-Syn: a-synuclein.

alters the interaction between a-syn and lipid rafts, promoting the
oligomerization of a-Syn. Eventually, these a-Syn, which cannot be
degraded by lysosomes, get fibrillated.'*?

Mutations in the Glucocerebrosidase (GBA) gene lead to an in-
creased risk of PD. GBA knockout mice increase the levels of choles-
terols.?! In addition, the high levels of cholesterols can promote the
accumulation of autophagosomes, which can damage autophagy.'?’
Therefore, we suggest that the disruption of cholesterol metabolism
causes lysosomal dysfunction, which leads to autophagy dysfunc-
tion. Eventually, it leads to neuronal death.

3.3 | Parkinson's disease and phospholipids
Phospholipids are the main components of intracellular biofilms.
It can be divided into two categories: glycerophospholipids and
sphingolipids, which are the precursors for lipid mediators in-
volved in signal transduction.'®® Recent studies have reported that
the accumulation of lipid peroxides can lead to membrane dam-
age and thus induce cell death. Pan et al. reported that heterozy-
gous deletion of synaptojaninl (a phosphoinositide phosphatase)
results in PD-like symptoms in mice. It is caused by upregulating
of phosphatidylinositol-bis-4,5-phosphate (PI(4,5)P,). This may be
because of the damage (PI(4,5)P,) causes the synaptic vesicle en-
docytosis, which results in the nerve terminals to selectively elimi-
nate in the midbrain neurons.*3%:132

Previous studies have identified that calcium-independent
phospholipase A2 (PLA2) is the causative gene for PD.33713> Mori

et al. mentioned that PLA2 is necessary for the maintenance and
survival of dopaminergic neurons and for a-Syn stability.'3¢ In
a mice model of PD, overexpression of the mutant A53T «-Syn
gene causes reduction in expression of PLA2, which leads to the
accumulation of oxidized phospholipids and eventually ferro-
ptosis.’®” Loss of PLA2 gene function leads to lipid peroxidation
and impaired mitochondrial function.'® Sanchez et al. suggested
that downregulation of the gene PLA2G6 in the nervous sys-
tem of zebrafish will result in the loss of dopaminergic neurons
and parkinsonism.139 Therefore, lipid metabolism is one of the
most important factors in maintaining normal neuronal function.
Phospholipid peroxidation produced by disrupted phospholipid
metabolism makes dopaminergic neurons susceptible to ferro-
ptosis.’®” Studies have revealed that ferroptosis is involved in PD.
Lipid peroxide accumulation resulting in cell death is an important
feature of ferroptosis. Hence, it is worth mentioning that ferropto-
sis induced by disorders in the phospholipid metabolism may be
one of the causes of PD (Figure 2).

4 | PARKINSON'S DISEASE AND AMINO
ACIDS

The pathophysiology of PD is deeply associated with amino acid
metabolism. Glutamate metabolism plays a significant role in the
progress of PD. A metabolomics study has shown that alanine and
phenylalanine levels in the cerebrospinal fluid are decreased in PD
patients compared with normal subjects.140 Gliomas are known to
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release large amounts of glutamate through the cystine/glutamate
antiporter system Xc-.*#! Glutamine is converted to glutamate and is
taken into presynaptic terminals of glutamatergic neurons by excita-
tory amino acid transporters (EAATSs). Increased extracellular gluta-
mate concentration induces abnormal synaptic signaling leading to
excitotoxicity and death of neurons.**?

As a dopamine precursor, levodopa is used to increase dopa-
minergic neurotransmission in patients with PD. However, long-
term usage of levodopa leads to involuntary movements such as
levodopa-induced dyskinesia (LID) and overactivity of glutamatergic
cortico-striatal projections.*® Glutamate-induced oxidative toxicity
is closely associated with ferroptosis.}*#'4> Many studies have re-
ported that ferroptosis is involved in PD.}*¢ Safinamides target the
glutamatergic system selectively and reversibly by inhibiting mono-
amine oxidase-B (MAQ-B). This restores the striatal dopaminergic
tone and reduces the subthalamic/nigral glutamatergic hyperactivity
through use-dependent sodium channel blockade, which prevents
calcium channel opening and results in the inhibition of abnormal
glutamate release in a PD model.*#7148 Therefore, it can be men-
tioned that abnormalities in glutamate metabolism produce neuro-
toxicity and oxidative toxicity, which induce dopaminergic neuronal
death.

Cysteine is one of the three amino acids that make up GSH.
Studies have reported that the total contents of glutathione (GSH)
and GSH/oxidized glutathione (GSSG,) ratio is extremely low in the
temporal cortex and cerebellum of patients with PD.**7"5% This is
accompanied by a higher susceptibility to oxidative stress. This find-
ing suggests that the concentration of GSH, GSH/GSSG cycle, and
genetic modifications in GSH homeostasis affects the ROS/reactive
nitrogen species (RNS) of patients with PD.?*! Low concentration of
GSH results in oxidative stress and consequently may induce mito-
chondrial dysfunction, oxidative damage in DNA, and proteins, and
triggers neurodegeneration resulting in PD.1%4155 GSH depletion
can cause an accumulation of extracellular glutamate in astrocyte
cultures.>® Reduced cysteine uptake leads to a reduction in GSH,
which is associated with glutamate neurotoxicity.*>***® In addition,
glutathione peroxidase 4 (GPX4) depends on GSH a key enzyme
of ferroptosis.'> All these findings indicate that the activity and
concentration of cysteine are involved in PD. This involvement is
seen during regulation of the redox homeostasis and bioenergetic
metabolism.

It has been reported that the level of y-aminobutyric acid
(GABA), an inhibitory neurotransmitter, is low in the cerebrospi-
nal fluid of patients with PD.X° It is also involved in the occur-
rence and development of PD.’! GABA can control the activity
of DA neurons of the SN. Loss of GABA or its synthesizing en-
zyme glutamic acid decarboxylase (GAD) has been observed in
patients with PD.*? Kuruvilla et al. reported that combination of
GABA, serotonin, and autologous bone marrow cells can inhibit
6-hydroxydopamine-induced (6-OHDA) PD.}¢® Glycine is an-
other inhibitory neurotransmitter that acts as a co-agonist with
glutamate at the site of glutamate receptors.?®* Inhibition of gly-

cine transport can promote the function of dopamine axons.'®®

_Wl LEYM

Therefore, controlling the metabolism of GABA and glycine may

be a potential target for the treatment of PD.

5 | DISCUSSION

In this review, we summarize the relationship between different
energy metabolisms (glucose metabolism, lipid metabolism, and
amino acid metabolism) with PD (Figures 1 and 2). Besides, we
also summarize the key finding of metabolic pathway (Table 1).
Sugar is the main energy supplier for the human body. Patients
with PD prefer to consume more sugar than normal people.®® This
is because an increase in sugar consumption increases the level
of dopamine in the brain, which may be a compensatory mecha-
nism in patients with PD.1667168 Recent studies have proven that
diabetes can increase the risk of PD. Many drugs used for target-
ing glucose metabolism, such as terazosin, meclizine, and alfuzo-
sin, have been identified as possible treatment of options for PD
(Table 2). However, the potential role of GLUTs and PPP remains
unmapped. Promoting glycolysis gluconeogenesis contributes to
alleviating PD. Through recent findings, it has been shown that
disruptions in glucose metabolism by regulating the concerned
pathways eventually lead to alterations in ATP and ROS levels.
Therefore, improving these intracellular pathways associated with
apoptosis, autophagy, and ferroptosis by regulating the balance
of energy metabolism may be an innovative method to treat PD.
Previous studies have proven that astrocyte-neuron lactate shut-
tle (ANLS) can consume sugar through anaerobic glycolysis and
provide energy metabolic support to neurons.**”'’! Neurons
then produce ATP through oxidative phosphorylation. Therefore,
there must be a relationship between neurons and astrocytes in
the relevant pathways of sugar metabolism or their intermediate
products by regulating the accumulation of ROS and thus inducing
PD. It is worth to investigating whether astrocytes or/and neu-
rons play any role in dopamine neuron damage. For example, while
studying about the relationship between PD and sugar transport,
more focus needs to be diverted toward astrocytes. This is be-
cause, in the brain, glycogen is mainly stored in the astrocytes.
Jia et al. demonstrated that neuronal metabolism of excess lac-
tate leads to more mitochondrial reactive oxygen species (mtROS)
production.t’?

Neurons are highly susceptible to oxidative damage because of
their high unsaturated fatty acid content, high oxygen consumption,
and relatively weak antioxidant defense mechanisms. The formation
of TAG not only protects the neurons from a-Syn, but also inhibits
fatty acid accumulation thereby preventing p-oxidation. Excessive
production of ROS causes disruption of mitochondrial function as
well as cell membrane integrity, which induces apoptosis or ferro-
ptosis. Hantikainen et al. demonstrated that high consumption of
saturated fats may increase the risk of PD, and a diet low in saturated
fat may be beneficial in preventing PD.7% It is known that choles-
terol plays a key role in maintaining the integrity and fluidity of cell
membrane. Therefore, we suggest that abnormalities in cholesterol
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TABLE 1 Summary of key findings in each section of metabolic pathway.

Metabolic pathway Study
MPTP-induced mouse model of PD

MPP*-induced N27 cell model of PD

Glucose transporter

Glycolysis Human

6-OHDA-induced rat model of PD

Rotenone-induced SH-SY5Y cell model of PD;
rotenone/MPTP-induced mouse model
of PD

OXPHOS Human; Human

Gluconeogenesis MPP*-induced N2A cell model of PD

MPTP-induced mouse model of PD

PPP MPTP-induced mouse model of PD; Human;

Human
TAG Human; Human
Human; Human
MPP*-induced mouse model of PD
SH-SY5Y cells

Cholesterol

SH-SY5Y cells

MPP*-induced BE(2)-M17 cell model of PD

Phospholipids iPLA2-VIA-deficient Drosophila

Key finding Reference

GLUT1 is decreased in the striatum 31,34

Upregulating the expression of GLUT3 can inhibit 35
the neurotoxicity induced by MPP*

PGK-1 mutations contribute to vulnerability to 45,46
parkinsonism in humans

Upregulation of leptin induced by NaHS can 48
promote glycolysis and alleviate PD

Overexpression of HK2 can alleviate the 49,50
symptoms of PD by promoting glycolysis

mtDNA mutations in SN neurons of patients with 60,61
PD and aged humans are accompanied by a
deficiency in OXPHOS

Intermediates of gluconeogenesis have a 71
neuroprotective effect against MPP*-induced
neurotoxicity

Gluconeogenesis-related proteins are involved 72
in PD

G6PD plays an important role in PD, however, the  75,79,80
role of G6PD in PD is still controversial

The level of TAG in the blood of patients with PD 92,93
is low, when compared to healthy individuals

High level of TAG in the blood has protective 94,95
effects in PD

Administration of omega-3 PUFA is effective in 108
alleviating the effects of PD

24-OHC can activate tyrosine hydroxylase and 116
promote dopamine synthesis

27-OHC can increase the level of a-syn, which 123
induces apoptosis and eventually leads to
neuronal death

High level of cholesterol has a dual effect on PD 126

PLA2 is necessary for the maintenance and 136

survival of dopaminergic neurons and for
«-Syn stability

Abbreviations: 24-OHC, 24-hydroxy cholesterol; 27-OHC, 27-hydroxy cholesterol; 6-OHDA, 6-hydroxydopamine; G6PD, glucose-6-phosphate
dehydrogenase; GLUT, glucose transporter; HK2, hexokinase 2; MPP", 1-methyl-4-phenylpyridinium; MPTP, 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; OXPHQOS, oxidative phosphorylation; PGK-1, phosphoglycerate kinase 1; PLA2, calcium-independent phospholipase A2; PPP,
pentose phosphate pathway; PUFA, Polyunsaturated fatty acids; SN, substantia nigra; TAG, triacylglycerols.

metabolism may affect cellular autophagy and thus neurological
function.

It is worthwhile to propose that administration of omega-3 PUFA
helps to alleviate PD. Eating more omega-3 PUFA than other fats
may be beneficial for patients with PD. It is certain that abnormali-
ties in lipid metabolism can increase the chances of PD.}”477¢ Food
therapy has a good chance of improving PD. A variety of amino acid
neurotransmitters, such as glutamate, GABA, and glycine, is said to
have its effect on PD. Neurons use a lot of energy to release neu-
rotransmitters; however, excessive excitation of neurons can cause
neurotoxicity. Therefore, the balance of amino acid neurotransmit-
ter metabolism is essential in order to maintain a perfect neuronal

functioning. Magistretti et al. reported that glutamate can stimulate

astrocytes to utilize glucose and release lactic acid (LA) through
glycolysis. When energy in the cell is insufficient, the cell produces
energy by breaking down amino acids. We can conclude that abnor-
mality of amino acid metabolism affects PD by regulating neuronal
excitability.

In summary, abnormalities in energy metabolism are mainly in-
volved in the pathological process of PD by disrupting mitochondrial
dysfunction or damaging membrane integrity in neurons. Inhibiting
the accumulation of intracellular ROS is an important approach to
alleviate PD. Since the functioning of various enzymes can effec-
tively control intracellular energy metabolism through glucose me-
tabolism and lipid metabolism, inhibitors or activators of related
enzymes have potential roles in alleviating PD. This study points out
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TABLE 2 Drugs targeting glucose

. . D
metabolism for the potential treatment of .
Parkinson's disease. Terazosin

Meclizine
Alfuzosin
Doxazosin

6-aminonicotinamide

Hydrazine sulfate

STF-31

_Wl LEYM

Study Target Pathway Reference

MPTP-induced mouse
model of PD;
6-OHDA-induced
rat model of PD;
rotenone-induced
fly model of PD

6-OHDA-induced SH- PFK
SY5Y cell model
of PD

MPTP-induced mouse
model of PD; a
decreased risk of
developing PD in
human

MPTP-induced mouse
model of PD; a
decreased risk of
developing PD in
human

PGK-1 Glycolysis 43

Glycolysis 51

PGK-1 Glycolysis 43,184

PGK-1 Glycolysis 43,184

Paraquat-induced SK- G6PD PPP 78
N-SH cell model

of PD

MPP*-induced N2A
cell model of PD

Paraquat-induced N27
cell model of PD

PEPCK Gluconeogenesis 71

GLUT Glucose transport 36

Abbreviations: PEPCK, Phosphoenolpyruvate carboxykinase; MPP*, 1-methyl-4-phenylpyridinium;
PGK-1, phosphoglycerate kinase 1; 6-OHDA, 6-hydroxydopamine; PFK, phosphofructokinase;
G6PD, glucose-6-phosphate dehydrogenase; PPP, pentose phosphate pathway; GLUT, glucose
transporter; MPTP, 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine; STF-31, 4-[[[[4-(1,1-
dimethylethyl)phenyl]sulfonyl]amino]methyl]-N-3-pyridinyl-benzamide.

that oxidative stress may be the underlying cause of induction for
neuronal death, which may be associated with apoptosis, autophagy,

and ferroptosis.

6 | CONCLUSION

PD patients exhibit disturbances in glycolysis and oxidative phos-
phorylation, decreased triglyceride levels, disrupted phospholipid
metabolism, loss of GABA neurons, and other changes in energy me-
tabolism. Disturbances in metabolism affect the progression of PD
by triggering autophagy, apoptosis, and ferroptosis. Patients with
multiple metabolic disorders like diabetes are at high risk of devel-
oping PD.

Increasing evidences have reported that the metabolism-related
indicators are associated with the occurrence and progression of
PD. For example, disturbances in glucose metabolism in the SN can
be a marker for the diagnosis of PD.}”” Xicoy et al. showed that the
genetic overlap between the specific lipids in the blood and PD can
be identified as a novel diagnostic biomarker in PD.”® PD is related
to the abnormal lipid metabolism according to integrated proteom-
ics and metabolomics analysis which indicates that improving lipid
metabolism is a promising method for the treatment of PD.Y”? Also,

abnormalities in amino acid metabolism have also been widely noted
in PD such as glycine, glutamate and GABA.>'8° Heilman et al. re-
ported that the kynurenine metabolites may be a biomarker for PD
and/or involved in the pathogenesis of PD.}®! Zhang et al. showed
that modulation of glutamine metabolism has a potential therapeutic
effect for the treatment of PD.182 A recent study has shown that up-
regulation of serine levels is a biochemical signature of dopaminergic
neuronal degeneration in patients with PD.!8% Therefore, it can be
concluded that metabolism-related indicators may be used as mark-
ers for monitoring PD progression. Drugs related to targeted met-
abolic pathways may have a potential role in the treatment of PD.
Furthermore, since the role of PPP and cholesterol with PD is not well
understood, it is worthwhile to investigate the potential role of PPP
and cholesterol in the treatment of PD. In the future, we hope to im-

prove the life of PD patients through research on energy metabolism.
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