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ABSTRACT: From year to year, we know more about neurodegeneration and Parkinson's disease (PD). A positive
influence of various types of physical activity is more often described in the context of neuroprotection and
prevention as well as the form of rehabilitation in Parkinson’s patients. Moreover, when we look at
supplementation, clinical nutrition and dietetics, we will see that balancing consumed products and supplementing
the vitamins or minerals is necessary. Considering the biochemical pathways in skeletal muscle, we may see that
many researchers desire to identify molecular mediators that have an impact through exercise and balanced diet
on human health or development of the neurodegenerative disease. Therefore, it is mandatory to study the
potential mechanism(s) related to diet and factors resulted from physical activity as molecular mediators, which
play a therapeutic role in PD. This review summarizes the available literature on mechanisms and specific
pathways involved in diet-exercise relationship and discusses how therapy, including appropriate exercises and
diet that influence molecular mediators, may significantly slow down the progress of neurodegenerative processes.
We suggest that a proper diet combined with physical activity will be a good solution for psycho-muscle BALANCE

not only in PD but also in other neurodegenerative diseases.
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Neurodegenerative diseases (ND) are one of the main
problems of an aging society that relies on
neurodegeneration, which leads to neuron death.
Parkinson’s disease (PD) is the second most common
neurodegenerative disorder after Alzheimer’s disease
(AD). The economic cost of PD is estimated to exceed $23
billion annually in the United States alone [1]. PD is a
complex and highly prevalent neurodegenerative disorder
characterized by disabling motor abnormalities such as
bradykinesia, postural instability, and gait disorders, often
leading to falls [2, 3]. There is also an increased risk of
fractures, aggravated disability, poor quality of life, and

reduced survival [4]. PD is characterized by the loss of
dopamine (DA) due to the degeneration of substantia
nigra pars compacta (SNpc) in dopaminergic neurons [5].
Conversely, in PD the early and preferential loss of DA in
the dorsal basal ganglia leads to diminished automatic and
increased cognitive (frontal cortex) control of motor
movements. Consequently, individuals with PD must
handle and sustain a more extensive cognitive load to
execute either motor or cognitive tasks [6, 7].

It has been found that in PD exercise stimulates DA
synthesis in remaining dopaminergic cells and thus
reduces symptoms [8, 9]. Moreover, it has been suggested
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that five fundamental principles of exercise enhance
neuroplasticity in Parkinson patients. They are as
following: (a) intensive activity maximizes synaptic
plasticity; (b) activity promotes greater structural
adaptation; (c) activity that is rewarding increase DA
levels and promotes learning/re-learning;  (d)
dopaminergic neurons are highly responsive to exercise
and inactivity (“use it or lose it”), and (e) where exercise
is introduced at an early stage of the disease, progression
may be slower [9-11]. Furthermore, exercise may exert its
neuroprotective action by attenuating oxidative stress, a
mechanism that has frequently been considered in PD
genesis. Besides, regular exercise may activate
antioxidant enzymes including superoxide dismutase
(SOD), glutathione peroxidase (GPx), and catalase (CAT)
[10] in the CNS, reduce glutamate receptors involved in
the excitotoxicity, and downregulate expression of genes
involved in apoptosis such as Bcl-x and DP-5. It may also
modify the relationship of the DAT transsynaptic against
vesicular (DAT/vesicular monoamine transporter), which
reduces the susceptibility of dopaminergic neurons to
neurotoxins and cytosolic oxidation of DA [11].

During aging, mitochondria become more sensitive to
the damages caused by oxidative stress because
antioxidant systems are less effective. If mitochondria are
not working in the physiological condition, it may lead to
lipids and proteins peroxidation [12]. PD patients have
more problems with impaired mitochondria than age-
matched controls [13, 14]. The loss of mitochondria is
associated with DA neurons' loss, which is the major
problem in PD. The disruption of mitochondria function
is mostly measured by the activity of the electron transport
chain (ETC) complexes [12]. The ETC, especially
complex | in PD is inhibited by the same toxins, which
induce motor dysfunctions and impair dopaminergic
neurons. That fact may connect the mitochondrial
dysfunction with PD and it is a good direction to
investigate if we may stop or slow down this impairment
by exercise [12].

Neurodegenerative impairment may connect with a
cytokine-induced imbalance in the kynurenine (KYN)
pathway. As this pathway provides the primary route for
tryptophan (TRP) degradation, it plays a major role in the
maintenance of serotonin (5-HT) synthesis and the critical
balance between neurotoxic and neuroprotective
metabolites. Chronic inflammation is commonly reported
in severe cognitive deficits and may contribute to the
pathogenesis of each of these disturbances. Consequently,
the KYN pathway has become a prospective target for
treatment interventions [15]. It is believed that the
ketogenic diet, which seems to reduce glucose and calorie
intake, may also affect the KYN pathway and brain
excitability. It is also known that calorie restriction may
have a neuroprotective/antiepileptic effect. KYN,

synthesized from TRP, may be transformed into various
metabolites. Some of them are considered neuroprotective
(e.g., kynurenine acid (KYNA)), while others are
neurotoxic (e.g., 3-hydroxykynurenine (3-HK) and
quinolinic acid (QUIN)). Even though progress has been
made in explaining the interaction of metabolites of the
KYN pathway in health and disease, questions need to be
answered [15].

Alternative strategies with proven anti-inflammatory
benefits, such as regular exercise, may provide a simple
and effective long-term strategy in treating and preventing
associated disorders by influencing enzyme function and
helping in the reestablishment of critical protein balances.
In recent years, preclinical and clinical studies have
highlighted the fundamental influence that the intestinal
microbiota exerts on the gut-brain axis, which is now
renamed “microbiota-gut-brain axis” [16]. Several
microbially-derived molecules may control different gut
functions, including metabolic, nutritional, and immune
responses, and brain activity, giving rise to a microbiota-
mediated bottom-up control of the CNS [17]. The gut
microbiota may also indirectly influence glutamatergic
pathways along the microbiota-gut-brain axis by
controlling TRP metabolism. In the gut TRP, the essential
amino acid, contributes to the synthesis of numerous
bioactive molecules, including 5-HT, KYN, and indole
derivatives, under direct and indirect microbiota control
[18]. Microbiota may interact with the nervous system;
perhaps the most obvious scenario would be through
modulation of host neurotransmitters and/or related
pathways. Bacteria have been found to have the capability
to produce a range of major neurotransmitters like
histamine, DA, gasotransmitters, neuropeptides, steroids,
endocannabinoids and others [19].

The beneficial effect of selected physical activity in PD

This paragraph will provide that regular physical activity
is one of the most important aspects of healthy aging.
Moreover, it was documented that physical activity may
prevent and slow down many chronic diseases such as
diabetes, strokes, osteoporosis, circulatory and nervous
diseases, including PD [20-22]. Pharmacological
therapies are primarily used for symptomatic control and
provide only short-term benefits before the disease
reaches a severe stage. Physical activity and exercise may
provide low-cost and universally available aids for current
PD therapies. Therefore, studying the effects of physical
activity and exercise on PD is substantial [23]. Several
large controlled clinical studies have shown that
bradykinesia, balance, and muscle strength may be
improved by continuous exercise in PD's early stage [24].
In scientific reports, many forms of physical activity that
may positively affect patients with PD are described.
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Aerobic exercise

One of the most effective aerobic exercise forms is
training on a mobile treadmill, where the pace of walking
or running and the slope of the surface can be adjusted. It
has been shown that aerobic training ameliorates walking
in PD patients and improves gait speed, step length, and
extends the distance covered [25]. It may also have a
beneficial effect on reducing the number of falls and
improving a sense of balance. The other data have been
reported that aerobic workout strengthens muscles and
improves cardiorespiratory fitness [21, 26, 27].

Nordic walking

Nordic walking, a new form of recreational sport, is
recently gaining popularity. Although it was established
in the 1920s in Finland, fashion has only come to it now.
During nordic walking, the whole body is stimulated and
engaged in the effort, and the upper limbs are
strengthened more than when walking or running without
sticks. Therefore, nordic walking is also used to treat
patients with PD. It was observed that during the 6-week
training, the walking speed has improved, and the quality
of life in patients and their families has also effectively
augmented [28-33].

Resistance or strength training

Resistance or strength training aim is to increase muscle
mass and strength. It is crucial for people who are ill, older
or even suffering from PD because due to stiffness and
slowness, they are exposed to significant muscle strength
deficits. It turns out that the rehabilitation, including
resistance training, meaningfully improves muscle
strength, mobility, quality of life, and increases lean body
mass in PD patients [34-37].

Choreotherapy

Choreotherapy belongs to art therapy. It includes music,
expressive movement, and dance. It is a psychotherapy
method based on the idea of the indissolubility of the soul
and body. It was noted that dance has a beneficial effect
on mobility, walking speed, and PD patients' balance.
Moreover, it was found that choreotherapy can be an
exciting substitute for traditional exercises used so far
during rehabilitation [38]. Music, which is an external
stimulus, facilitates the beginning of the movement, and
the dance itself teaches a precise movement strategy.
Dance may also deal with cognitive and psychological
symptoms [39]. It has been shown that dance patterns
involve motor planning and memory [39] and give an
opportunity to practice multitasking, e.g., the spatial and

temporal execution of steps in time to the music while
ensuring postural stability [40-44].

Tai Chi

Tai Chi is not only a system of stretching, balance, and
coordination exercises combined with meditation, but
also the art of self-defense. It was developed in the 11th
century in China and is based on making slow,
harmonious movements that have a positive impact on
maintaining good health and well-being, and at the same
time achieving control over your own body and mind.
Regular exercises have a beneficial effect on stress
reduction. Improvements in balance and mobility were
noted in PD patients participating in a 12-week study,
including 45 minutes session once a week [45]. However,
in another study, there was no improvement in the Tai Chi
group [46]. Any form of effort adjusted to the disease's
stage, physical and mental conditions of a PD patient, can
be a source of benefits, not only physical but also
psychological. Each physical activity contributes to
improving our well-being, which also translates into our
health [46-48]. Li and coworkers in cohort analysis
showed that the incorporation of Tai Chi in PD patients'
daily lives allowed them to stay functionally and
physically active. Moreover, it was found the
improvement of physical parameters indicated, that Tai
Chi have the potential to slow down the progression of PD
and delay the administration of levodopa (L-DOPA) [49].

Neuroprotective mechanisms induced by physical
exercise

In a narrative review, Paillard et al. [50] summed up the
neuroprotective mechanism induced by physical exercise
(PE) in subjects affected by PD. The current knowledge
about the mechanisms involved in the protective effect of
PE against PD relies on data obtained in animal models.
It has been shown that PE has a protective effect on the
dopaminergic function in PD models by stimulating the
expression of several neurotrophic factors and
angiogenesis [51]. In response to PE, the concentration of
DA increases, and this neurotransmitter's receptors
enhance their sensitivity [52]. More precisely, PE reduces
the alteration of the dopaminergic neurons in the
substantia nigra and contributes toward reconstituting the
function of the basal ganglia involved in the motor
command by the adaptive mechanisms of DA and
glutamate neurotransmission [52]. This action is related to
an increased concentration of brain-derived neurotrophic
factor (BDNF) [53]. In addition, the hyperexcitability
often observed in the basal ganglia is decreased [54].
Diminished loss of the neurons that produce DA is
found in PD mice after 18 months of training, as well as
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there is observed an improvement of movement-balance
coordination [55]. Mechanistic investigations revealed
that the neuronal and behavioral recovery generated by PE
is associated with an improvement of the mitochondrial
function and an increase of BDNF in the cerebral levels
and  glial-cell-line-derived  neurotrophic  factors.

According to Lau and coworkers, PE protects neurons and
mitochondria but also increases synthesis of neurotrophic
factors in the substantia nigra (nigrostriatal neurotrophic
factors) in PD mice with moderate neurodegeneration
[55].

Table 1. The recently published clinical data indicates that physical activity in PD is associated with reduce motion and
balance impairments, as shown by the significant improvement in UPDRS 11, functional mobility and muscle strength.

Study (ref)

Type of study

Type of excercise

Main outcomes

Leal et al. 2019
[120]

Clinical study on
human (H&Y 1-
3)

Low volume resistance
training (6 months/twice
weekly/30-40min/Interval
break 1-2min).

The main result of this study shows that low RT volume
improves the physical and functional capacity of older
patients with PD. RT was efficient in promoting
improvements in aerobic endurance, gait speed and balance.

Marusiak et al.

Clinical study on

Aerobic interval training (8
weeks/three times

Moderate intensity aerobic interval training by individuals
with PD improved psychomotor behaviors, as reflected by

classes).

2019 human (H&Y weekly/60min/interval bimanual motor control, executive function, and neurological
[136] 1.5-3) 8x5min, 2min <60rpm 3min | - ’ ' 9
signs of PD.

>60rpm).

Silva et al Clinical study on Aquatic dual-task exercise
' Y (10 weeks/twice The aquatic exercise program improved the functional

2019 human (H&Y 1- - o : h

weekly/60min/group mobility, balance and gait of people with PD.
[137] 4)

classes).

- Tango/Treadmill/ . . .

Rawson et al. | Clinical study on Stretching (12 weeks/twice No change in Quality of life scores all 3 group (PDQ-39).
2019 human (H&Y 1- week /6%min/ rou SMWT test Tango group improve the most. MDS-UPDRS-III
[121] 4) y group all three group improve but Stretching significant.

Zhu et al. 2020
[138]

Clinical study on
human (H&Y 1-
3)

Tai Chi (12 weeks/group
classes).

After 12 weeks of intervention, participants in both Tai Chi
and routine exercise groups gained effects in UPDRS-III,
BBS, PDQ-39, PDSS and HAMD compared to the baseline.

Aerobic exercise (3

The current study showed that after 3 months of aerobic
exercise there was increased rTMS-evoked dopamine release
in the caudate and greater activation of the ventral striatum in

ggige“ etal. ﬁ:'r?]g:;l(ﬁ;%/ fn vag;g\;//(t:r;/rceﬁntérzgs anticipation of reyvard. Dopaminergic change_s are likely not
[122] 3) 60min/60%-80% the onIy_ explanatlpn for the benefl_ts of exercise in PD. O_ther
VO2max) mechanisms may include modulation of neuroinflammation,
' increases in glial and brain-derived trophic factors and
cerebral blood flow.
We found a statistically and clinically significantly improve
Fleisher etal. | Clinical study on | Shotokan (10 weeks/twice mention q#allty O.f I'fﬁ Of 5‘|9 po_ln_ts cin thle PDQ-8. ‘ghere
2020 human (H&Y 1- | weekly/60min/group were no changes in physical activity levels compared to
[139] 3) classes) baseline as measured by the IPAQ. We found no change in
' Functional Reach Test, and a small change in Tinetti Mobility
Test.
Cherup et al. Clinical study on | Strength and Power S_ubj_egts in_both the PT an_d ST groups demonstrated
2019 human (H&Y 1- | Training (12weeks/twice significant improvements in muscul_ar strength and power,
[140] 3) weekly/60min) both PRT programs appear helpful in addressing these
) neuromuscular performance variables.
The present study highlights the PRT importance on the
adjunctive PD treatment due to its efficacy in promoting
Vieira de Clinical study on | Progressive resistance improvements in the disease motor symptoms with a few
Moraes Filho human (H&Y 1- | training (Qweeks/twice weeks of intervention. The significant effects on bradykinesia
et al. 2020 3) weekly/50-60min) without an increase in muscle strength, suggest that the
[141] ' intervention promoted neural enhancements in a short term to

substantially improve the functional performance of trained
individuals.
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At another neurological level, aerobic training for PD
rats (in sessions lasting 20—60 min) performed 5 days a
week for 4 weeks can restore the expression of glial
fibrillary acidic protein (GFAP) in the dorsal striatum.
That indicates that astrocytes may play a role in producing
the beneficial effects of PE in PD [56]. It was suggested
that the reduction in GFAP expression is related to the
reduced expansion of astrocytes, probably due to an
increase in the synaptic function in the dorsal striatum
induced by PE [56]. This observation also demonstrates
the neuroprotective role of PE.

Furthermore, regular training of rats (from 5 to 23
months of age) for 18 months on a horizontal treadmill at
a speed of 20 m/min for 20 min, twice a day, 5 days a
week, also had a neuroprotective effect on the cerebellum
[57], a part of the brain that is fundamentally involved in
the command and control of movement and balance. They
also reported that sedentary elderly rats had 11% fewer
Purkinje cells (cerebellar efferents) and 9% smaller
Purkinje cell soma volumes (p=0.02 for both) than
exercising elderly rats, with the latter having the same
number of Purkinje cells as young rats (5 months of age)
[57].

As summarized in Table 1, recently published clinical
data indicate that different kind of PE in PD is associated
with significantly reduced motion and balance
impairments, as shown by the significant improvement in
UPDRS 111, stride length, and gait velocity. Moreover, it
is shown that regular PE may slow down the disease's
progression in patients suffering from PD and may reduce
the risk of disease in healthy patients. However, despite
many pieces of evidence from animal studies that PE has
a beneficial effect in the PD model, there is still little
direct evidence from clinical trials data (Table 1), which
makes it difficult to propose the appropriate exercise and
time duration, and intensity contributes to slowing down
the disease progression.

Diet and supplementation in PD

Nutritional habits and diet have a significant impact on the
human body at all ages. However, older people, more
often than younger people, require individual nutritional
intervention because of past or chronic diseases or
unhealthy eating habits. A healthy and proper diet is one
factor that contributes to a healthy aging process, reducing
or slowing down the course of many chronic diseases
[58].

Appropriate diet therapy in ND is attributed to the
name of a protective factor that reduces the risk of disease
or mitigates the course of an already existing disease. On
the other hand, a heterogeneous and nutrient-poor diet
may disturb homeostasis, increasing the risk of disease or
accelerating its course. A shortage of ingredients can be

unfavorable, but contaminants found in food have an
impact on our health [59]. Contaminants can enter food
products from water, soil, air, or when spraying plants. A
major problem is the presence of xenobiotics in the
aquatic environment, which poses a severe threat to all
organisms living in the aquatic environment. These
compounds have neurotoxic, immunosuppressive, and
hepatotoxic effects [60].

Vitamins of group B and homocysteine

It is worth noting the B vitamins, which play an essential
role in homocysteine (Hcy) metabolism. Hcy is an amino
acid whose excess in the body may contribute to the
progression of many chronic diseases, including ND. An
adequate amount of Hcy in the range of 5 to 15 pumol/l
ensures the nervous system's proper functioning. A value
exceeding the upper limit indicates hyperhomo-
cysteinemia. Hyperhomocysteinemia, associated with
reduced levels of methionine synthase (MS), activates the
generation of reactive oxygen species (ROS) and limits
the action of GPx. It also accelerates the death of
dopaminergic neurons [61].

Hcy is a result of denitrification of methionine, an
exogenous sulphuric amino acid consumed with food. The
resulting Hcy can be subjected to two processes lowering
its concentration in blood, consisting of remethylation
(second transformation to non-toxic methionine) or
transsulformation, where it is rebuilt to cysteine.
Remethylation of Hcy into methionine is a process where
the methyl group's donor is folic acid, and the cofactor of
MS is vitamin B12 (cobalamin) [62]. However, in the
process of transsulfuration, the presence of the -synthase
cystathionine cofactor - an active form of vitamin B6 -
pyridoxal phosphate - is important. Lack of these
cofactors, together with reduced enzyme activity, cause
hyperhomocysteinemia. Hcy, which has not undergone
any of the two metabolic changes (to methionine or
cysteine) is deposited in excessive blood concentrations,
which is harmful to our body.

Factors that increase the build-up of higher serum
Hcy concentrations include poor eating habits and
abnormal lifestyles. It was also noted that smoking and
increased consumption of products rich in methionine
(dairy products, fish, meat), coffee, and alcohol can
increase Hcy levels in the blood. It is worth mentioning
that the use of L-DOPA increases the demand for B
vitamins and folic acid, hence the importance of
adequately planned nutrition in patients suffering from
PD [63].

An increased level of Hcy also reduced muscular
strength, this leads to a reduction in physical capabilities
and thus increases the risk of falls and fractures. Bone is
formed through calcium phosphate deposition onto the
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protein matrix composed mainly of collagen. It has been
reported that hyperhomocysteinemia disrupts the
collagen-cross links and impairs bone strength [64].
Therefore, to reduce Hcy in blood, it is recommended to
follow a regular physical activity and the methylating diet,
influencing DNA methylation, which regulates genes
expression.

Antioxidant vitamins

Many scientists focus on studying the effects of
antioxidant vitamins on the development and progression
of ND. These include vitamins C, E, and A as well as
carotenoids, which take part in calming oxidative stress.
Vitamins C and E have selected protective properties,
protect nerve cells against the harmful effects of
inflammation and oxidative stress. Kim and coworkers in
2017 observed decreased levels of a- and B-carotenes and
lycopene in plasma, which decreased with the duration of
PD. They suppose that this relationship may be related to
the progression of ND [65]. In another study, it was
observed that an increased supply of vitamin E in the diet
lowered the risk of AD development, but its intake
together with vitamin C and B-carotene in the form of
dietary supplements did not bring such effects [66]. It was
noted that a higher intake of vitamin E and p-carotene in
the diet was associated with a lower risk of PD, and no
correlation with vitamin C was found [67]. Therefore, it is
advisable to include fresh fruit and vegetables in the diet,
bearing in mind that excess fiber in the diet can
significantly reduce the bioavailability of carotenoids and
vitamins [68].

Vitamin D

Vitamin D or calciferol is a term covering a group of fat-
soluble steroidal organic compounds. There are two forms
of vitamin D: ergocalciferol (vitamin D2), found in
products of plant origin and yeasts, and cholecalciferol
(vitamin D3), found in products of animal origin (fatty
fish, fish oil). It is estimated that about 90% of the amount
of vitamin D3 necessary for human is delivered from
biosynthesis occurring in the skin under the influence of
sunlight. Unfortunately, the majority of the population
suffers from massive deficiencies of this vitamin. 7-
dehydrocholesterol called provitamin D, present in each
of us's skin, under the influence of sunlight UVB, is
converted into cholecalciferol. Next, cholecalciferol is
transferred to the liver, where 25-hydrolase converts it
into 25-hydroxycholecalciferol (25(0H)D3). The final
synthesis to the active form of vitamin D occurs mainly in
kidneys, where 25-hydroxycholecalciferol is
enzymatically transformed into 1,25-

dihydroxycholecalciferol (calcitriol) via the enzyme 1a-
hydroxylase.

The classic effect of vitamin D is to regulate the
calcium-phosphate balance. However, recent works show
that vitamin D has a pleiotropic effect. For example,
vitamin D has an anti-inflammatory effect by lowering the
biosynthesis of pro-inflammatory interleukins, which tend
to attack myelin sheaths of nerve cells, which is the cause
of many ND. Brain function and vitamin D are closely
related. Neurons synthesize active vitamin D, which
regulates these cells' proliferation in an autocrine manner
[69]. This allows the brain to exhibit neuroplastic function
through increased neuroprotection. Notably, active
vitamin D regulates the expression of many proteins
involved in 1) synaptic plasticity, counting drebrin,
growth-associated protein 43 (GAP43), and connexin 43,
2) cytoskeleton maintenance, including neurofilament,
tubulin, microtubule-associated protein-2 (MAP2), and 3)
molecular transport of cell organelles, with creatine
kinase, kinesin, RhoA, dynactin [70, 71]. In areas of the
brain responsible for DA secretion, active vitamin D
affects dopaminergic circuits' function and connectivity
[71].

Moreover, recent data from our laboratory showed
that optimal concentration in serum 25(OH)D3 decreases
oxidative stress, attenuates muscle atrophy, reduces pro-
inflammatory markers, and elevates the biogenesis of
mitochondria, as well as improves their function [72-74].
Vitamin D supplementation may also have a beneficial
effect on aging-related neurodegeneration diseases
retardation. Moreover, vitamin D deficiency, diagnosed
early and adequately compensated by diet, sun exposure,
and supplements, may minimize the risk or prevent the
occurrence of many diseases such as PD, SM, AD, arterial
hypertension, and atherosclerosis RA, or various types of
cancer [75]. In addition, it has been reported that
preoperative supplementation with vitamin D induced
faster recovery in LBP patients after PLIF surgery [76].

Mediterranean diet

The Mediterranean diet arouses a growing interest and its
beneficial effects such as slow down the aging process,
reduce the risk of illness, and slow down the progression
of chronic diseases, including ND. The Mediterranean
diet is a diet and healthy eating habits of Mediterranean
countries, including Italians, Spaniards, Greeks, and
French. In combine with physical activity, it may bring
many health benefits. According to studies, the
Mediterranean diet's use significantly improves health
conditions and reduces PD and AD incidence by 13%
[77]. However, it is worth remembering about the
pollution of water reservoirs, as food consumption such as
fish and seafood is an essential source of exposure to
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various types of xenobiotics. Choose products from the
least polluting waters, e. g. oceanic waters.

The Mediterranean diet is rich in fresh vegetables
and fruits, cereal products, pulses, olive oil, nuts, cheese
and yogurts, fish and seafood, while it is reduced in
sweets, eggs, meat (especially beef), and animal fats.
Results of FFQ in PD patients may suggest that a diet
based on the components mentioned above was associated
with lower PD progress rates [78] and a higher age of
disease diagnosis [79]. Due to the high consumption of
fruit and vegetables, the Mediterranean diet is rich in
antioxidants. Despite ambiguous research results, it is
recommended to consume products rich in antioxidants,
as they may slow down the progression of many diseases
[80].

Fatty acids

Studies on the compound and effects of mono- and poly-
unsaturated fatty acids (MUFA and PUFA, respectively)
on chronic diseases are still ongoing. PUFA include
omega-3 and omega-6 fatty acids. Omega-3 fatty acids,
which can improve excitability of nerve cell membranes,
increase the transmission of nerve impulses, and
protection against damage caused by oxidative stress, are
essential for the construction and proper functioning of
the brain. Moreover, omega-3 fatty acids showed
neuroprotective effects in animal models PD [81]. It was
observed that people eating at least once a week fatty fish
(herring, anchovy, salmon, mackerel) or crustaceans
(providing eicosapentaenoic acid and docosahexaenoic
acid) reduced the risk of dementia to 60%, including AD
[82].

MUFA have a positive effect on the lipid profile,
effectively lowering the ratio of LDL cholesterol to HDL
cholesterol. Besides, olive oil has anti-cancer,
antibacterial, antiviral, and anti-inflammatory effects,
which may inhibit the progression of ND. For the most
part, PUFA, including omega-3 fatty acids, are also a
source of fat. It has been shown that eating fatty fish and
seafood more than twice a week reduces the risk of
developing AD by as much as 60% compared to people
who have eaten it less often [83].

Dairy products

It has been established that dairy products consumed in
large quantities may be positively correlated with an
increased risk of developing PD, especially in men [84],
and faster disease progression [85]. Researchers are trying
to determine which mechanism is responsible and which
of the specific dairy products in the diet has the greatest
impact on PD's development and progression because the
results in many studies are not unambiguous. It is believed

that consuming large amounts of dairy products causes a
decrease in uric acid [85], the decreased concentration of
which was observed in patients with PD, and this level
decreased with the progression of the disease [86].

Selected nutraceuticals

Nutraceuticals are isolated single substances,
pharmaceutical preparations having the character of a
paralysis (combining drug and food features), which
contain, among others, bioactive ingredients of natural
origin, showing pro-health properties [87]. It has been
shown that many ingredients of natural origin have a
protective effect in the case of ND, and their action
consists of modulating multistage signal pathways [88].
Nutraceuticals appear to be a beneficial option for disease
prevention and treatment because of their natural origin in
the food available and the potential absence of side effects
[89]. Polyphenols are known for their antioxidant
properties and may be used for ND. Their function is to
scavenge ROS, and polyphenols may also chelate metal
ions (copper, iron, and other heavy metals), which
prevents the formation of hydroxyl radical. Products
containing large amounts of polyphenols may increase
neurogenesis [90]. There was a significant correlation
between the lower risk of developing PD in men who
consumed more flavonoids. Such a relationship was not
noticed in women. It was also found that higher
consumption of anthocyanins, quercetin, and epicatechin
reduces the risk of PD progression within 20-22 years of
observation [91].

Curcumin, a biologically active colorant obtained
from Curcuma, a long oyster, is the main ingredient of the
famous spice “curry” and shows a very wide spectrum of
pro-healthy effects. In numerous studies, its antioxidant,
anti-inflammatory, anticancer [92], and anticoagulant
effects were found. It has been noted that the toxicity of
ROS and a-synuclein [93] decreases after curcumin
administration. In addition, it may increase or stabilize
neurogenesis in adults [90].

Luteolin, which belongs to flavones and is found in
broccoli, green pepper, celery, and thyme, has a strong
neuroprotective  effect. Effectively  suppresses
inflammatory processes of the body, reducing the
synthesis of inflammatory mediators [94]. It also has a
protective effect against induced cell apoptosis, which
makes it suitable for preventing ND or slowing their
progression [95].

Genistein, a natural compound of plant origin present
in soya, is a phytoestrogen belonging to the group of
isoflavones. Many studies have shown neurotrophic and
neuroprotective effects of genistein. It has been proven to
protect nerve cells against oxidative stress and toxic
effects of B-amyloid [96]. In vivo studies proved its
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protective effect on dopaminergic neurons in PD model
rats [97]. Moreover, genistein's neuroprotective effects on
apoptosis  induced by  1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) in black substance neurons
[98] were demonstrated. However, the exact mechanism
of action of genistein is still unclear. We found that
genistein also plays anti-inflammatory effects (data not
published yet). Tumor necrosis factor (TNF-a)
significantly decreased in AD rats after 4 weeks of
genistein’s treatment.

Quercetin is one of the most common flavonoids
found in food products eaten daily. It shows antioxidant
properties related to the ability to scavenge ROS,
inhibition of oxidase activity, and anti-inflammatory
effects. Besides, it has hepatoprotective and anti-
aggregating properties [99]. It is believed that quercetin
may be a protective factor in ND in which increased
apoptosis of cells leads to AD, PD, Huntington’s disease
(HD), Amyotrophic Lateral Sclerosis (ALS) [100], among
others.

Resveratrol is a biologically active substance found
mainly in red wine and dark chocolate. It is an effective
antioxidant and antidepressant with neuroprotective
effects. Studies prove that resveratrol may protect
dopaminergic neurons in the intracerebral against damage
[101]. Its properties, such as ROS capture and anti-
inflammatory activity, are well documented [102].

Anthocyanins are a group of flavonic compounds,
natural dyes (from orange to violet) found in many fruits
and some vegetables. Studies have shown that a high
intake of anthocyanins together with diet is associated
with risk reduction and inhibition of PD progression
[103]. It has been proven that delphinidin, which belongs
to anthocyanins, e. g. in blackberries, is the most effective
in neutralizing ROS. However, all anthocyanins have
neuroprotective  properties by inhibiting  pro-
inflammatory pathways and inducing antioxidative
pathways [104].

Ginkgo Biloba is a popular plant that has been used
for years to treat memory and concentration disorders.
The unique therapeutic properties of ginkgo are
distinguished by bilobalide, a biologically active
substance belonging to the group of isoprenoids
(terpenes). It has an anti-apoptotic effect on neurons'
death, which opens up new possibilities in the fight
against ND. Besides, it protects neurons from the harmful
effects of free radicals, stimulates the release of
neuromediators in the brain, and inhibits their breakdown
[105].

Ginseng (Panax Ginseng) is a perennial used for
centuries in traditional Far Eastern medicine. It contains
more than 30 biologically active compounds called
ginsenosides, belonging to triterpene saponins [106]. It
shows potent anti-inflammatory and antioxidant effects

through its influence on nitric oxide production and
antioxidant enzymes' activity eliminating ROS. It shows
neuroprotective properties in AD, PD, ALS and HD. In
PD models, it prevents apoptosis and atrophy of
dopaminergic neurons and has a positive effect on
synucleinopathy [107].

Caffeine, one of the most popular stimulants, also has
anti-inflammatory, antioxidant, and anti-apoptotic effects.
Caffeine is believed to reduce PD's risk if used at a dose
of 3-5 mg/kg body weight [108]. One glass of freshly
brewed coffee is about 90-100 mg of caffeine (or 40
mg/100 ml of coffee). However, it should be noted that
excessive coffee intake leads to an increase in blood Hcy
concentration, which increases the risk of developing PD
and accelerates the already ongoing disease process. In
2016, Lee and his team [109] found out that coffee is not
caffeine, but quercetin is a key neuroprotective ingredient.

Capsaicin is an organic compound from the alkaloid
group, responsible for the hot and pungent taste of
paprika. Studies indicate that a combination of capsaicin
and resveratrol treatment has more neuroprotective
benefits than a single treatment. Combining these
compounds has a protective effect on nerve cells against
the toxic effects of glutamate, reducing oxidative stress
and apoptosis; both of these compounds may be useful in
the treatment of ND [110].

Sulforaphane, an organic sulfur compound found in
the highest concentration in broccoli and its sprouts, is a
potent antioxidant. Many studies have shown its
neuroprotective properties in different models of
neurodegeneration. It can increase glutathione levels and
enzymes dependent on it; thus, it may be useful in slowing
PD progression and other ND by silencing oxidative stress
and apoptosis [111].

In the present review, a lot of data from animal studies
showed beneficial effects in slowing down the
progression of neurodegenerative disorders. Although
less evidence comes from selected clinical trials data,
which are summarized in Table 2. However, it suggests
that the use of dietary supplements may have a positive
impact on functional tests and anatomical, and
biochemical alterations in PD patients. Absolutely,
changes occurring and related to a proper diet and use of
supplements are associated with patients, which most of
them suffer from obesity, depression and do not exercise
at all. In a result, PD patients develop inflammation in
their organism. Therefore, a proper diet with supplements
and nutraceuticals for patients with PD seems to be the
most effective and non-invasive therapy against the
disease progression.

Kynurenine metabolites and microbiota
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Chronic systemic inflammation is widely accepted as a
common risk factor for many diseases (diabetes, cancer,
AD, PD, depressions, and others) and has further been
observed in several patients suffering from fatigue and
cognitive impairments [112]. Studies have shown that
inflammatory stimuli, as they appear after acute exercise,
activate the amino acid TRP breakdown within the KYN
pathway [113]. The KYN pathway includes several
enzymes that degrade 95% of the free TRP into diverse
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bioactive kynurenine pathway metabolites (KPMs), often
referred to as kynurenines [114]. Exercise alters skeletal
muscle kynurenine metabolism and may significantly
change the levels of some of these metabolites both in the
periphery and in the CNS [114, 115]. Recently, it was
shown that PE leads to a peripheral breakdown of KYN to
KYNA by inducing kynurenine aminotransferases
(KATSs) in muscle tissue [114]. In contrast to KYN,
KYNA is unable to cross the blood-brain barrier (BBB).
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Figure 1. The scheme of neuroprotective and neuroinflammatory factors in PD's. Based on animal and
clinical trial studies [120, 138, 140, 146, 147, 151-153] the selected factors may influence on neuroprotection or
neuroinflammation in reducing or worsening Parkinson’s decrease. (A) The proper diet combined with regular
physical activity can lead to neuroprotection and consequently lowering the markers of inflammation and free
radicals damage of macromolecules, improving the function of mitochondria as well as reducing the risk of
osteoporosis, which is associated with decreasing risk of falls. (B) The improper diet and sedentary lifestyle may
induce neuroinflammation. In consequences will be observed an increased Hcy level, a strong risk factor for
osteoporotic fractures, mitochondrial dysfunction, ROS generation, damage of macromolecules, muscle atrophy
and hence a deterioration in the quality-of-life patients. Abbreviation: KYN- kynurenine pathway, KYNA-
kynurenine acid, QUIN- quinolinic acid, PGC-1a- peroxisome proliferator-activated receptor-gamma coactivator
la, ROS-reactive oxygen species, and (indicators: |-decrease; T-increase).

The link between skeletal muscle, exercise, and
KPMs came from the observation that trained muscle (or
muscle with high peroxisome proliferator-activated
receptor-gamma coactivator 1a (PGC-1a) levels) has very

high levels of KAT enzymes [114-116]. This enhances
peripheral KYN to KYNA conversion and prevents the
accumulation of KYN in the brain, which is observed in
particular mental health disorders such as stress-induced

Aging and Disease ¢ Volume 12, Number 7, October 2021

1613



Chromiec PA., et al

Diet and Exercise in Parkinson Disease

depression. Thus, PE reduces the neurotoxic KPMs,
which was further described as cognitive dysfunction in
neurological diseases [117, 118]. In mice, this
detoxification mechanism was shown to reduce KYN-
related excitotoxicity, neuroinflammation, and
depressive-like behaviors [115]. Since this pathway's
activation is extremely dependent on PGC-la, mice
genetically engineered to lack expression of this
coactivator in muscle show depressive-like behavior and
a reduced capacity to catabolize KYN, even in the absence
of any challenge. This highlighted skeletal muscle and

exercise as novel regulators of TRP-KYN metabolism,
with important systemic consequences [114, 115].
Schlittler and coauthors showed that humans participating
in active endurance training display both an increased
MRNA genes expression and protein content of the KAT.
They also reported that following aerobic exercise, a
transient flux of the KYN pathway occurs with a
preferential increase in the KYNA concentration (63%)
over QUIN (19%), leading to a decreased QUIN/KYNA
ratio [116].

Table 2. The selected clinical trials related to the use of dietary supplements on functional tests and biological
changes in PD patients.

(2012)
[144]

controlled trial

caffeine twice daily upon awakening and
immediately after lunch, next 3 weeks
200 mg of caffeine twice daily

2nd (n=31) matching placebo treatment.

Study (ref) Type of study Treatment Main outcomes
Postuma et al. Randomized 2 groups: 1st (n=57) 200 mg of caffeine No significant motor improvement
(2017) controlled trial twice daily in the morning and after (MDS-UPDRS 1) in both groups.
[142] lunch
2nd (n=61) 200 mg matching placebo
treatment
The dose was rising from 50 mg per
week to meet the final dose at week 9.
The supplementation lasted for 6 months.
Simon et al. Clinical Trial groups: - low caffeine intake (<300 mg No difference in the disease progression
(2015) daily, n=1288) (UPDRS) between groups with different
[143] - high caffeine intake (>300 mg daily, caffeine intake. Increased disease
n=261) — based on questionnaire progression (UPDRS) in group taking
additionally, 10 mg of creatine per day creatine combined with high caffeine
(n=765) or matching placebo treatment intake.
(n=770)
when Y2 patients reached 5 years — the
study has ended.
Postuma et al. Randomized 2 groups: 1st (n=30) 3 weeks 100 mg of Significant improvement in total UPDRS

and UPDRS 11 total after 6 weeks in
caffeine group. No difference in
depression/PDQ-39.

2nd (n=20) matching placebo treatment
request for no changes in physical
activity during supplementation.

Fan et al. (2018) | Clinical Trial 10 male patients with idiopathic PD, 28 Higher cGP concertation in CSF after
[145] days of supplementation, 300 mg of supplementation — probably because of
blackcurrant anthocyanins twice daily. the uptake form plasma cGP. May be the

evidence of oral availability and effective
brain uptake.

Tamtaji et al. Randomized 2 groups: 1st (n=20) 1000 mg omega-3 In omega-3 plus vitamin E

(2018) Controlled Trial fatty acids plus 400 1U of vitamin E once | supplementation group significant

[146] daily for 12 weeks improvement in total UPDRS compared

to placebo group (in UPDRS-part I, in
other parts of UPDRS no).

Omega-3 fatty acids and vitamin E co-
supplementation for 12 weeks in PD
patients significantly improved gene
expression of TNF-a, PPAR-y and LDLR
and did not have effect on levels of IL-1
and IL-8.

Taghizadeh et
al. (2017)
[147]

Randomized
Controlled Trial

2 groups: 1st (n=30) 1000 mg omega-3
fatty acids plus 400 1U of vitamin E once
daily for 12 weeks

2nd (n=30) matching placebo treatment
request for no changes in physical
activity during supplementation

Omega-3 fatty acids and vitamin E co-
supplementation in PD patients had
positive effects on UPDRS, hs-CRP,
TAC, GSH and markers of insulin
metabolism and did not have effect on
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3-day food records and three physical
activity records at week 0, 3, 9 and 12.

other markers of inflammation, oxidative
stress, and lipid profiles.

Barichellaetal. | Randomized

2 groups: 1st (n=75) twice daily whey

Significant improvement in group

phosphate (vitamin B6) for 6 weeks
2nd (n=9) exercise group 40 min, twice
weekly for 6 weeks

3rd (n=9) exercise + vitamin

4th (n=9) control — normal daily
activities.

(2019) Controlled Trial protein-based oral liquid formula receiving muscle-targeted nutritional
[148] enriched with leucine and vitamin D for supplement in 6-minute walking test
30 days distance, 4-meter gait speed course,
2nd (n=75) standard diet without this Timed Up and Go test, skeletal muscle
muscle-targeted nutritional supplement. mass and skeletal muscle mass index.
Each group received multidisciplinary
intensive rehabilitation treatment.
Hiller et al. Randomized 2 groups: 1st (n=24) placebo plus 1000 The concentration of serum vitamin D in
(2018) Controlled Trial mg calcium carbonate vitamin D group has risen and in placebo
[149] 2nd (n=27) 13600 Ul vitamin D plus group was stable. High dose vitamin D
calcium supplementation does not improve
from Monday to Friday (68000 Ul balance.
vitamin D per week).
Supplementation lasts for 16 weeks.
Suzuki et al. Randomized 2 groups: 1st (n=55) 1200 Ul vitamin D H&Y score worsen in placebo group and
(2013) Controlled Trial daily for 12 months. was unchanged in vitamin D group.
[150] 2nd (n=57) matching placebo treatment. Difference between groups was
significant. The same situation in UPDRS
part 11 scores. PDQ-39 score improved in
vitamin D group and did not change in
placebo group. VDR Fokl TT genotype —
significant and consistent response to
vitamin D supplementation VDR Fokl
CT genotype — moderate response VDR
Fokl CC genotype — no significant
response.
DiFrancisco- Randomized 4 groups: 1st (n=9) vitamin 6 weeks of supplementation — lowered
Donoghue etal. | Controlled Trial supplementation 5 mg/day of folic acid, Hcy.
(2012) 2000 g/day of cyanocobalamin (vitamin | 6 weeks of training — increased
[151] B12) and 25 mg/day of pyridoxal-5’- glutathione levels, improved strength and

aerobic capacity.

Exercise + vitamin — did not have greater
effect of any of the measurements that
have been made.

Nascimento et Controlled Clinical
al. (2011) Trial
[152]

3 groups: 1st (n=17) PD patients with no
physical activity for 6 months.

2nd (n=24) PD patients with aerobic
physical activity, 3 times weekly for 60
minutes for 6 months.

3rd (n=19) healthy controls with no
physical activity for 6 months.

Hcy levels were lower in PD who
participated in aerobic physical activity
compared with patients who did not. Also
in PD patients who exercised Hcy levels
were similar to healthy controls. PD
patients who did not exercise received
higher doses of L-dopa which can be
connected with higher Hey levels.

Lee et al. (2010)
[153]

Randomized
Controlled Trial

3 groups: 1st (n=14) Hcy-lowering
therapy 5 mg folate, 500 g
mecobalamin 3 times daily

2nd (n=14) a-LA therapy 600 mg a-LA
twice daily

3rd (n=13) control group.

Every group received 500 mg calcium
and 1000 IU vitamin D

Hcy-lowering therapy may prevent bone
loss in PD patients taking levodopa.

Another interesting aspect is the role of gut
microbiota in ND. In recent years have been reported a lot
of data showing that exist a correlation between gut
microbiota and neuromodulation. It is clear that intestinal
bacteria have the potential to alter neurotransmitter

activity, thus interacting with the host nervous system to
regulate mental health. A recent systemic review
illustrated how exercise contributes to the elevation of the
gamma-aminobutyric acid level in the hypothalamus,
which is associated with lowered resting blood pressure
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and heart rate. Moreover, DA was shown to be
synthesized in the gastrointestinal tract during stressful
situations. In general, gut microbiota was shown to
facilitate  the production and regulation of
neurotransmitters and hormones, which influenced human
well-being, mood, and subjective sense of
neurodegeneration [119]. Thus, diet and lifestyle have a
substantial impact on the development of PD in aging-
related changes. For example, the proper diet and regular
physical activity may slow down neurodegenerative
changes (Fig. 1A), while the improper diet and sedentary
lifestyle lead directly to PD development (Fig. 1B).

Summary

Larger amounts of moderate-to-vigorous PE may slow
down disease progression in PD patients [120-122]. It is
known that PD patients expend 29% less energy than
healthy subjects do, which lead to increased motor deficits
and declines in daily activities [123]. PE is a non-
pharmacological approach that is usually recommended
for PD in order to slow down the deleterious effects of the
disease [124]. Findings of some studies show that the

beneficial effects of PE are cognitive performances or
psychological domains (i.e., attentional capacities,
depressive and anxiety symptoms, and mood state) [125].
Multicomponent training improves muscle strength, flex-
ibility, postural balance, walking speed, mobility,
functional capacity [126, 127], physical performance, and
the activities of daily life [127], especially if the training
program lasts more than 10 weeks [128]. Aerobic
exercise, stretching, strength training, Qigong, and
balance training improve motor function and in particular
muscle strength, balance, and walking speed in PD
subjects [129, 130]. These physical functioning effects
may explain why the quality of life can be improved after
only 6 weeks of training [131]. Jang and coworkers in
2018 showed that in PD rats endurance exercise improved
mitochondria biogenesis and fusion [132]. Others also
reported that, exercise enhanced the biogenesis of
mitochondria by inducing the PGC-la and improving
antioxidant systems' effectiveness [124, 132-134]. Based
on the described above data and our knowledge, we
suggest that NUTRITION combined with ACTIVITY
will positively impact BALANCE not only in PD but also
in other ND (Fig. 2).
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RELAXATION
LEARNING
ENDURANCE
FUNCTION
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Figure 2. The impact of NUTRITION and ACTIVITY on BALANCE for people with Parkinson’s

Disease.
Conclusion

In terms of many researchs showing the positive effects of
PE and proper diet in PD we have to focus to find the best

therapy combining these two elements. On the other side,
taking into consideration the individual variability in each
human being, the past disease's and the severity of the
disease, it is challenging to determine one pattern that
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would be effective for everyone. Furthermore, we purpose
to look for relationships between external and internal
factors affecting the CNS. There are many indications that
we are going in the right direction, going from exercise
and diet to metabolic pathways leading to the nervous
system.

The food and supplements associated with PD
progression will probably change over time, with
subsequent studies and evaluation of their results.
Clinicians now have data to base a recommendation for
healthy nutrition, and patients will probably be able to
know that their daily choices can influence their progress.

Regular physical activity and a diet rich in the
elements mentioned above may slow down the disease's
progression in patients suffering from PD and reduce the
risk of disease in healthy patients. Although there is still
little direct evidence from clinical trials data, related to
appropriate exercise and diet, however, it is worth taking
such efforts. Preparing individual therapy for a patient
with PD in terms of exercise and diet is the most effective
non-invasive therapy as of today. Further work on
comprehensive therapy for patients should be
complementary and include both.

Inflammatory (TNF-a, Interferon-gamma, IL-6, IL-
17) and anti-inflammatory (IL-10, TGF-) soluble factors
as well as Tryptophan metabolites (TRP, KYN, KYNA,
QUIN) that are known to be produced or secreted in
response to exercise and that are further suspected to
modify immune homeostasis and BBB function (MMP-2,
MMP-9) through their inflammatory and anti-
inflammatory properties. Studies have shown that regular
physical activity positively affects motor and cognitive
function in persons with ND. However, the potential
mechanisms of exercise-induced changes in immune
function remain theoretical constructs as no evidence is
available that the achieved improvements will impact the
person's everyday life. Further, the influence of varying
exercise intensities will provide more detailed
recommendations for rehabilitative training programs.

Future directions

In light of the current knowledge, combining proper diet
with vitamin D supplementation may have a beneficial
effect on muscle function, delaying aging-related ND
development. Furthermore, it has been shown that
reaching optimal serum concentration of vitamin D in
LBP patients reduced markers of oxidative stress [72] and
inflammation [74] as well as elevated biogenesis and
function of mitochondria, and decreased skeletal muscle
atrophy [73]. On the other side, the discovery of vitamin
D receptor (VDR) and 1-alfa hydroxylase in skeletal
muscle provided evidence showing the beneficial effects
of exercise on proper muscle metabolism. Moreover,

VDR may potentially regulate local control of vitamin D
metabolism in the skeletal muscle. The proper synergistic
diet, exercise, and vitamin D interaction towards muscle
protein  synthesis and  mitochondrial ~ function
improvement may be manifested by mTOR and FOXO
signaling influence on oxidative stress and immunological
functions modulation. Further search for knowledge
toward proper diet, exercise, and vitamin D impact on
brain functions, chronic stress [135], and neuroprotection
seem crucial as factors indirectly affect neuromodulation
and neurodegeneration, especially in PD.
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