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Abstract: Parkinson’s disease (PD) is one of the most common neurodegenerative diseases affecting
elderly people. Considering the gap in the literature on melatonin and adipokine levels in PD
patients at various stages of the disease, we conducted a study to investigate the levels of selected
parameters in PD patients at the disease’s early (ES) and advanced (AS) stages. Melatonin, leptin,
adiponectin, and resistin concentrations were measured in the blood serum of 20 PD patients without
dyskinesia (ES), 24 PD patients with dyskinesia (AS), and 20 healthy volunteers as a control group
(CG). The data were analyzed using ANOVA. Melatonin was significantly lower in ES (p < 0.05)
and higher in AS patients (p < 0.05) compared to CG. The level of leptin was increased both in ES
(p <0.001) and AS (p < 0.001) versus CG, while resistin was increased only in patients with dyskinesia
(p < 0.05). Higher melatonin (p < 0.001) and resistin (p < 0.05) and lower leptin (p < 0.05) levels
were found in AS versus ES. The main findings of the study include the changes in inflammatory
markers’ levels during PD and a surprising increase in melatonin level in dyskinesia patients. Further
research is necessary, which will be aimed at modulating the secretion of melatonin and adipokines
as a treatment target for PD.
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1. Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative diseases
affecting elderly people. An estimated 6.1 million people had PD diagnosed in 2016 [1]. PD
usually occurs in patients over 50 years old and increases in prevalence with age. Its peak
is between the ages of 85 and 89 [2]. It is caused by a declining quantity of dopaminergic
neurons and «-synuclein accumulation in substantia nigra [3,4]. «-Synuclein contributes
to PD pathogenesis in a number of ways. It is generally thought that its aberrant soluble
oligomeric conformations (protofibrils) mediate the disruption of cellular homeostasis and
neuronal death through the effects on various intracellular targets, including synaptic
function. Moreover, a-synuclein secretion may exert deleterious effects on neighboring
cells, including aggregation seeding, thus possibly contributing to disease propagation [5].
PD is characterized by motor disorders such as dyskinesia, bradykinesia, or instability.
Furthermore, non-motor symptoms (NMS) include constipation, pain, and depression.
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Some researchers report weight loss in PD patients [6]. Disturbed sleep associated with
the disruption of circadian rhythms characterizes the early stage of PD (premotor phase).
Additionally, olfactory disorders, pains, and autonomic dysfunctions accompany this stage
of the disease. Progression is associated with the deterioration of motor features by dyski-
nesia. The late stage of the disease is generally treatment-resistant and is characterized by
instability, falls, dysphagia, dysfunctional speech, and urinary incontinence [7]. Preclinical
and clinical studies have shown that melatonin (N-acetyl-5-methoxytryptamine) supple-
mentation could be an appropriate therapy for PD [8-12]. Administration of melatonin has
been found to cause the inhibition of some pathways related to apoptosis, autophagy, ox-
idative stress, inflammation, x-synuclein aggregation, and dopamine loss in PD. Melatonin
is a neurohormone synthesized and secreted from the pineal gland [13]. This hormone
plays an essential role in maintaining homeostasis and is a potent antioxidant. Among the
mechanisms of its action, the induction of complex antioxidant and DNA repair systems
should be mentioned [14]. However, the primary function of melatonin is to regulate
circadian rhythms [15]. The patients with PD have been found to have an inverted cir-
cadian blood pressure rhythm, which is characterized by postprandial hypotension and
nocturnal hypertension, and, moreover, PD patients have shown a decrease in sympathetic
activity during a day [16]. This may cause the sympathetic morning peak of melatonin
secretion to disappear. Some novel research has discovered that melatonin can greatly
improve subjective and objective quality of sleep, and has therefore shown promise in
reducing the severity of insomnia among patients with PD [17,18]. According to the paper
published by Hu et al. [19], there are currently around eight clinical trials registered on
clinicaltrials.gov and the EU Clinical Trials Register which are investigating the therapeutic
potential of melatonin and its analogues for treating sleep disorders that are commonly
associated with PD.

The secretion and function of several hormones synthesized by the adipose tissue,
namely adipokines, have also been linked to PD. Leptin, the first described adipokine, is
a polypeptide hormone composed of 146 amino acid residues [20,21]. Numerous leptin
receptors are located in different brain parts, such as the hypothalamus, hippocampus,
cortex, and olfactory bulb [22]. Leptin, by stimulating various brain areas, contributes to the
modulation of cortisol or gonadal and thyroid hormone concentrations. Moreover, leptin
participates in cell proliferation and immune cell activation. Leptin regulates appetite,
controls energy stores, and impacts homeostasis, memory capabilities, and emotions [23].
It is known that leptin has a neuroprotective value. Leptin protects from dopaminergic
neuron loss caused by 6-hydroxydopamine (6-OHDA). Furthermore, it decreases the ac-
tivity of caspases 3 and 9, as well as other markers of apoptosis [24]. Changes in leptin
concentrations could be considered a marker of various neurodegenerative diseases or
mental disorders [22]. Correlations between serum leptin level and PD have been studied
before, but all research results show that it is not statistically significant [6,25]. Nowa-
days, human recombinant leptin, along with various potent agonists and antagonists, are
widely accessible. In 2018, the European Medicines Agency (EMA) and the Food and Drug
Administration (FDA) approved human recombinant leptin for the treatment of lipodystro-
phy associated with leptin deficiency. This therapy has demonstrated a sustained effect
on hypertriglyceridemia and glycemic control, and has been shown to have a favorable
safety profile [26].

As an adipokine, resistin has a pro-inflammatory role in the human body; therefore,
the disease progression might affect its levels in PD [27]. Resistin is a small secreted protein
produced during adipocyte differentiation [28]. It belongs to a family of cysteine-rich
proteins with a unique tissue distribution [29]. Its main circulating human sources include
peripheral blood mononuclear cells (PBMCs), macrophages, and bone marrow. However,
circulating resistin is also synthesized in the pituitary gland, hypothalamus, epithelial
cells from the gastrointestinal tract, goblet cells, adrenal glands, skeletal muscle, pancreas,
spleen, placenta, and synovial tissue [30]. It is found in two conformations: an oligomer of
660 kDa and a trimer with a molecular weight of 45 kDa [31]. Resistin regulates glucose
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and lipid metabolism, induces insulin resistance, modulates central nervous system (CNS)
cells, and is associated with the synthesis and secretion of pro-inflammatory cytokines [28].
Increasing resistin levels cause a shift into a proinflammatory state [32]. The inflammatory
process is a crucial pathophysiological feature of neurodegeneration [33]. Resistin promotes
the secretion of tumor necrosis factor-alpha (TNF-«) and interleukin 13 (IL-13), IL-6,
IL-8, and IL-12, and it induces the generation of reactive oxygen species (ROS). It is also
responsible for the release of monocyte chemotactic protein-1 (MCP-1), as well as the release
of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«kB) [30,34]. Resistin
also plays a role in the functioning of neural stem cells. It inhibits astrocyte differentiation
due to the mediation of toll-like receptor 4 (TLR-4) and CD36, which increases blood-brain
barrier (BBB) permeability [35].

One of the best-known adipokines is also adiponectin. It reduces chronic inflamma-
tion in target organs by inhibiting macrophage differentiation, switching the macrophage
function to an anti-inflammatory state, decreasing expression of TLR4, and modifying
inflammation in a variety of cell types [36]. Adiponectin stimulates the release of IL-10, an
anti-inflammatory cytokine. The anti-inflammatory effects of adiponectin in macrophages,
endothelial cells, cardiomyocytes, and fibroblasts make it protective for the vasculature,
heart, lung, and colon. Adiponectin performs this action, at least in part, by inhibit-
ing TNF-o-induced expression of adhesion molecules, namely vascular cell adhesion
molecule-1 (VCAM-1), endothelial-leukocyte adhesion molecule-1 (E-selectin), and in-
tercellular adhesion molecule-1 ICAM-1) [37]. Adiponectin is inversely associated with
metabolic syndrome and obesity [38]. The adiponectin concentration depends on circadian
rhythms, with serum levels higher during a day [39]. Peroxisome proliferator-activated
receptor gamma (PPARY), expressed mainly in adipose tissue, is the major positive reg-
ulator of adiponectin gene expression [4]. Insulin-like growth factor (IGF-1) and growth
hormone positively regulate adiponectin gene expression and secretion in murine and
human adipose tissue [40]. Pro-inflammatory mediators, such as TNF-« and IL-6, inhibit
adiponectin secretion [41].

In the CNS, adiponectin is expressed in several different types of neurons and is
expected to perform regulatory roles in animal behaviors. Thus, it may be a potential
therapeutic target in neurodegenerative and neuropsychiatric disorders [42]. As a result
of recent discoveries, adiponectin has been shown to regulate neural functions [43,44]. It
regulates neural plasticity in the hippocampus at different levels, mediating neurogene-
sis [45]. Moreover, adiponectin mediates neurogenesis partly by activating PPAR-y [46].
Dysregulation of adiponectin signaling affects synaptic plasticity and accelerates neurode-
generation. It is thought that adiponectin can affect the synaptic morphology by other
pathways based on its effects on insulin sensitivity [46]. Adiponectin can decrease neu-
rotoxicity by suppressing the activation of NF-«B, an inflammatory factor contributing
to neurodegeneration [47]. Adiponectin decreases the expression of pro-inflammatory
cytokines such as TNF-a and increases the expression of anti-inflammatory molecules such
as IL-10. Pro-inflammatory cytokines, including TNF-« and IL-6, inhibit adiponectin pro-
duction [48]. These data also suggest an anti-inflammatory effect on adiponectin signaling.
Chronic low-grade neuroinflammation seems to be correlated with neurodegenerative
disorders such as PD [49].

Considering the above-mentioned data concerning the possible role of melatonin,
leptin, resistin, and adiponectin in neurodegeneration processes, this study aimed to
compare the concentration of these compounds in PD patients with and without dyskinesia
symptoms and in healthy people. Given the lack of available data in the literature regarding
melatonin and adipokine levels in PD patients at various stages of the disease (from mild
to advanced), this study aimed to find the correlations between these parameters and the
stage of the disease. It may be helpful in modifying and predicting therapy as it pertains to
dyskinesia in patients suffering from PD. Enhanced comprehension of the neuroprotective
function of melatonin and adipokines in PD could potentially lead to the development of
disease-modifying therapies.
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2. Material and Methods

In this study, 44 PD patients, qualified into two groups by their score in the Hoehn—
Yahr scale [50], which is used to assess the severity of PD and the presence of dyskinesia,
have been compared. The first group consisted of 20 patients without dyskinesia, and
the second group contained 24 patients with dyskinesia. Additionally, the control group
of 20 healthy volunteers has been examined. The groups were matched for sex, age, and
body mass index (BMI). Patients differed in elapsed time from the diagnosis of PD. Table 1
presents the anthropometric and clinical data of the subjects enrolled in the study. The
study was approved by the Bioethics Committee of the Nicolaus Copernicus University in
Torun functioning at Collegium Medicum in Bydgoszcz, Poland (consent no. KB 184/2015).
All subjects gave written consent to participate in the study.

Table 1. Anthropometric and clinical characteristics of the patients with Parkinson’s disease and healthy
volunteers (control group). p < 0.05 was considered as statistically significant (marked in bold).

Parkinson’s Disease

Parameter — . — Control p Value Power of a Test
No Dyskinesia With Dyskinesia
n (Female/Male) 20 (9/11) 24 (10/14) 20 (8/12) - -
Mean 68.250 68.417 66.950
SEM 1.326 1.302 0.540
Age [years] - 0.6220 0.1069
Median 69.000 68.500 67.500
IQR 7.250 6.500 4.000
Mean 81.250 74.021 78.500
SEM 4.852 3.147 2.162
Body mass [kg] : 0.7065 1.0000
Median 78.500 74.000 77.500
IQR 21.500 14.500 15.250
Mean 170.011 166.958 169.700
. SEM 1.761 1.372 1.093
Height [cm] , 0.2443 0.2374
Median 169.000 167.500 169.000
IQR 10.000 6.500 6.250
Mean 27.829 26.419 27.218
SEM 1.214 1.006 0.608
BMI [kg/mz] - 0.4982 0.9604
Median 26.037 25.510 27.184
IOR 4.183 4412 3.899
Mean 1.500 2.813 0.000
SEM 0.089 0.108 0.000
Hoehn-Yahr , <0.0001 0.9999
scale Median 1.500 3.000 0.000
IQR 1.000 0.500 0.000
Mean 1.300 8.167 0.000
Years since SEM 0.105 0.354 0.000
di . - <0.0001 1.0000
iagnosis [years] Median 1.000 8.000 0.000
IQR 1.000 3.250 0.000

Abbreviations used: BMI: body mass index; IQR: interquartile range; SEM: standard error of mean.
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Both study groups received proper pharmacological treatment. The medication pre-
scribed by a specialist physician for each patient was a combination of benserazide with
levodopa. Benserazide is an inhibitor of extra-cerebral aromatic amino acid decarboxylase.
Thanks to this component, levodopa achieves greater bioavailability in the target cells of
the CNS. Table 2 shows the treatment regimen for PD in the study groups.

Table 2. Pharmacological treatment in the examined groups of Parkinson’s disease (PD) patients.

Drugs, Dose PD No PD with
! Dyskinesia [# = 20] Dyskinesia [n = 24]
no treatment 0 0
madopar HBS 14 12
madopar 250 + HBS 0 7
madopar HBS + madopar 125 0 3
madopar HBS + madopar 125 + madopar 625 1 1
madopar 625 + HBS 4 0
madopar 125 + madopar 125 1 0
madopar x4 0 1

Active ingredients in medicines: madopar HBS: 100 mg levodopa + 25 mg benserazide; madopar 250 + HBS:
200 mg levodopa + 50 mg benserazide; madopar 125: 100 mg levodopa + 25 mg benserazide; madopar 125:
100 mg levodopa + 25 mg benserazide; madopar 62.5: 50 mg levodopa + 12.5 mg benserazide. The acronym HBS
stands for a hydrodynamically balanced system.

The blood samples were obtained from the “Neuromed” Medical Center in Bydgoszcz,
Poland. Qualified medical personnel collected blood samples from the median cubital
vein between 7:00 a.m. and 9:00 a.m. after an overnight fast. A 6 mL polypropylene tube
containing a clot activator and gel separator (Greiner Bio-One GmbH, Kremsmiinster, Austria)
was used to collect each blood sample. The blood samples were centrifuged at 6000 x g for
10 min at 4 °C to separate the blood serum. Then, the blood serum was aliquoted and placed
in Eppendorf tubes (Eppendorf SE, Hamburg, Germany). The serum samples were preserved
at —80 °C in the Department of Medical Biology and Biochemistry, Faculty of Medicine,
Ludwik Rydygier Collegium Medicum in Bydgoszcz at Nicolaus Copernicus University in
Torun, Poland, for subsequent biochemical analysis. Serum concentrations of melatonin,
resistin, leptin, and adiponectin were measured using commercially available corresponding
enzyme-linked immunosorbent (ELISA) assays, including ELISA Kit for Melatonin (Cloud-
Clone Corp., Wuhan, China), Human Resistin (BioVendor, Brno, Czech Republic), Human
Leptin (BioVendor, Brno, Czech Republic), and Human Adiponectin (BioVendor, Brno, Czech
Republic). The basis of the test is antigen binding by specific antibodies in the wells of the
microplates of the kit. Melatonin concentrations were expressed in pg/mL, resistin and leptin
inng/mlL, and adiponectin in pug/mL. Hematological parameters were examined with the
automatic analyzer MYTHIC 22 AL (Orphée, Plan-les-Ouates, Switzerland).

Statistical analysis was performed using Statistica 13.3 (TIBCO Software Inc., Palo Alto,
CA, USA) and Python 3.8.10 (Python Software Foundation, Wilmington, DE, USA) using
pandas (v. 1.4.3) and scipy (v. 1.10.1) libraries. The results were presented as means, standard
error of the mean (SEM), median, and interquartile range (IQR). Equivalence of the groups
was checked with the chi-square test, normality with the Shapiro-Wilk test, and equality of
variances with the Levene’s test. If the statistical analysis showed that the results met the
assumptions of normal distribution and equality of variances, a one-way ANOVA with the
Tukey HSD post hoc test was performed. If the criterion of normal distribution was met and the
criterion of equal variance was not met, a one-way ANOVA with post hoc T2 Tamhane test was
performed. When the results did not meet the criterion of normal distribution, the Kruskal—-
Wallis test with post hoc Mann-Whitney U analysis with the Bonferroni correction was
performed. This study utilized the Pearson’s correlation coefficient to examine relationships
between measured parameters. The level of significance was set at p < 0.05.
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3. Results

The results of laboratory determinations are presented in Table 3. There were sta-
tistically significant differences between the studied groups in the leptin, resistin, and
melatonin concentrations. For resistin and melatonin, lower concentrations were observed
in patients without dyskinesia than those with dyskinesia. Interestingly, leptin levels were
significantly lower in patients with dyskinesia. At the same time, the concentrations of
leptin and melatonin in the patients without dyskinesia were significantly lower than in
the controls. It is worth mentioning that the differences between the studied groups in the
determinations of white blood cells, mean platelet volume, % neutrophils, % lymphocytes,
% monocytes, neutrophils, and lymphocytes also reached statistical significance. The results
of the post hoc analysis are presented in Table 4. Figure 1 shows the results of biochemical
analyses that showed statistically significant differences. Figure 2 displays the outcomes of
hematological analyses, which revealed statistically significant differences.

Table 3. Biochemical and blood morphological parameters of the patients with Parkinson’s disease and
healthy volunteers (control group). p < 0.05 was considered as statistically significant (marked in bold).

Parkinson’s Disease

Parameter — - — Control p Value Power of a Test
No Dyskinesia With Dyskinesia
Mean 22.833 29.778 29.082
Adi ; SEM 1.486 2.824 1.981
diponectin : 0.0626 0.9998
[ug/mL] Median 21.753 23.595 30.513
IQR 8.638 20.103 7.331
Mean 9.983 5.431 27.030
. SEM 1.414 0.933 2.860
Leptin [ng/mL] , <0.0001 1.0000
Median 8.725 4.070 26.664
IQR 7.995 4.076 19.910
Mean 7.768 20.645 9.392
o SEM 1.145 4.025 0.993
Resistin [ng/mL] - 0.0013 0.9082
Median 7.140 14.640 9.143
IQR 8.188 6.159 4.724
Mean 31.205 107.742 60.580
Melatonin SEM 6.256 10.719 4.844
<0.0001 0.9997
[pg/mL] Median 23.841 93.025 60.292
IOR 17.858 74.497 31.985
Mean 6.635 7.150 5.625
SEM 0.511 0.388 0.211
WBC [10%/uL] - 0.0245 0.5693
Median 6.570 6.725 5.350
IQR 2.195 2.025 1.475
Mean 4.641 4.622 4.382
SEM 0.097 0.093 0.090
RBC [10%/uL] : 0.1117 0.3545
Median 4.715 4.620 4.370
IQR 0.480 0.762 0.283
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Table 3. Cont.

Parkinson’s Disease

Parameter Control p Value Power of a Test
No Dyskinesia With Dyskinesia
Mean 14.225 14.154 13.865
SEM 0.232 0.295 0.273
Hb [g/dL] : 0.6297 0.1053
Median 14.500 14.000 14.100
IQR 1.425 2.025 1.600
Mean 42.090 40.421 40.560
SEM 0.686 1.747 0.396
HCT [%] 0.1383 0.9929
Median 42.850 41.150 40.200
IOR 4.475 4.800 1.375
Mean 90.915 89.504 90.135
SEM 0.817 2.013 1.000
MCV [fL] : 0.9075 0.9579
Median 91.000 91.900 91.300
IQR 3.750 5.125 4.400
Mean 30.700 30.588 31.050
SEM 0.273 0.291 0.341
MCH [pg] X 0.3596 0.2495
Median 30.700 30.700 31.200
IQR 1.150 1.675 1.825
Mean 33.765 33.471 33.767
SEM 0.162 0.174 0.316
MCHC [g/dL] 0.1925 0.1517
Median 33.700 33.400 34.055
IOR 0.850 0.625 1.666
Mean 13.710 14.079 14.115
SEM 0.172 0.184 0.235
RDW [%] ; 0.2986 0.2080
Median 13.600 13.900 14.150
IQR 0.875 1.150 0.850
Mean 234.450 217.667 254.250
5 SEM 13.984 9.871 8.587
PLT [10°/uL 0.0654 0.4336
[10%/pL] Median 216.500 211.000 246.000
IQR 83.500 81.750 59.750
Mean 10.705 10.925 9.315
SEM 0.201 0.221 0.212
MPV [fL] <0.0001 0.9889
Median 10.900 10.850 9.050
IQR 1.250 1.375 1.150
Mean 53.320 61.458 55.293
SEM 2.446 1.669 1.242
% NEU [%] X 0.0059 0.7305
Median 55.700 62.350 55.410

IOR 18.425 10.800 9.389
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Parkinson’s Disease
Parameter Control p Value Power of a Test
No Dyskinesia With Dyskinesia

Mean 33.075 26.925 32.541
SEM 2.157 1.555 1.186

% LYM [%] - 0.0168 0.6166
Median 33.350 24.750 31.589
IOR 18.800 11.450 6.511
Mean 10.730 8.888 9.468
SEM 0.647 0.615 0.431

% MONO [%] : 0.0447 0.9950
Median 9.900 8.200 9.352
IOR 2.850 3.225 2.967
Mean 2.740 2.196 2.362
SEM 0.355 0.260 0.275

% EOS [%] : 0.6014 0.3214
Median 2.400 2.050 2.276
IQR 2.450 1.100 1.444
Mean 0.495 0.425 0.489
SEM 0.080 0.069 0.057

% BASO [%] - 0.5830 0.0548
Median 0.300 0.350 0.541
IOR 0.450 0.325 0.426
Mean 3.348 4.477 4.058
SEM 0.257 0.271 0.288

NEU [10%/uL] - 0.0173 0.8609
Median 3.200 4.485 4.271
IOR 1.945 1.470 2.481
Mean 2.261 1.846 2.531
SEM 0.166 0.137 0.148

LYM [10%/uL] - 0.0064 0.7222
Median 2.105 1.770 2.668
IQR 1.253 0.865 0.981
Mean 0.698 0.691 0.715
SEM 0.043 0.080 0.051

MONO [103/uL] 5 0.2321 0.0505
Median 0.685 0.565 0.701
IOR 0.230 0.248 0.315
Mean 0.187 0.256 0.208
SEM 0.025 0.099 0.022

EOS [103/uL] - 0.3068 0.0540
Median 0.210 0.140 0.214
IOR 0.168 0.068 0.127
Mean 0.029 0.030 0.026
SEM 0.003 0.003 0.001

BASO [103/uL] - 0.8760 0.0500
Median 0.030 0.030 0.024
IQR 0.015 0.020 0.012

Abbreviations used: % BASO: percent basophils; % EOS: percent eosinophils; % LYM: percent lymphocytes; %
MONO: percent monocytes; % NEU: percent neutrophils; BASO: basophils; EOS: eosinophils; Hb: hemoglobin;
HCT: hematocrit; IQR: interquartile range; LYM: lymphocytes; MCH: mean corpuscular hemoglobin; MCHC:
mean corpuscular hemoglobin concentration; MCV: mean corpuscular volume; MONO: monocytes; MPV: mean
platelet volume; NEU: neutrophils; PLT: thrombocytes; RBC: red blood cells; RDW: red blood cell distribution
width; SEM: standard error of mean; WBC: white blood cells.
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Table 4. Post hoc analysis results. p < 0.05 was considered as statistically significant (marked in bold).

p Value
Parameter — . T — . —
No Dyskinesia vs. with Dyskinesia No Dyskinesia vs. Control With Dyskinesia vs. Control
Hoehn-Yahr scale <0.0001 <0.0001 <0.0001
Years since diagnosis <0.0001 <0.0001 <0.0001
Leptin 0.0360 <0.0001 <0.0001
Resistin 0.0030 0.8922 0.0064
Melatonin <0.0001 0.0025 0.0010
WBC 0.6085 0.1895 0.0192
MPV 1.0000 0.0002 <0.0001
% NEU 0.0280 0.8577 0.0151
% LYM 0.0777 0.9951 0.0192
% MONO 0.0455 0.6250 0.6476
NEU 0.0120 0.2033 1.0000
LYM 0.1262 0.4398 0.0050
Abbreviations used: % LYM: percent lymphocytes; % MONO: percent monocytes; % NEU: percent neutrophils;
LYM: lymphocytes; MPV: mean platelet volume; NEU: neutrophils; WBC: white blood cells.
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Figure 1. Outcomes of biochemical analyses (mean values) that demonstrated statistically signif-
icant differences in the Parkinson’s disease (PD) groups and healthy volunteers (control group).
(A): leptin; (B): resistin; (C): melatonin. A value of p < 0.05 was considered statistically significant.
If p < 0.05: * PD no dyskinesia vs. PD with dyskinesia; # PD no dyskinesia vs. control; & PD with
dyskinesia vs. control.

The obtained data were also tested for the presence of correlations between the level
of the biochemical parameters and the stage of the disease determined by the Hoehn—Yahr
scale. In the group of all patients with PD, a statistically significant positive correlation
was observed for adiponectin and Hoehn—Yahr scale (r = 0.408; p = 0.017), resistin and
Hoehn-Yahr scale (r = 0.477; p = 0.004), and melatonin and Hoehn-Yahr scale (r = 0.478;
p =0.002). These correlations are shown in Figure 3. An analysis was also carried out, taking
into account the division of the patients into the subgroups with and without dyskinesia.
No statistically significant correlations were observed.



Metabolites 2023, 13, 668 10 of 20

2 &
7
6
=
":&E 4
=
5 &
1 I
0
WBC NEU LYM
mPDnodyskinesia = PD with dyskinesia m Control
(A)
70 *’ 5
60
50
.40
=,
30 &
20
*
. Ann
0
NEU LYM MONO

m PD nodyskinesia m PD with dyskinesia = Control

(B)

Figure 2. Results of hematological analyses (mean values) that demonstrated statistically significant
differences in Parkinson’s disease (PD) groups and healthy volunteers (control group). (A): numeric
values; (B): percentages. A value of p < 0.05 was considered statistically significant. If p < 0.05: * PD
no dyskinesia vs. PD with dyskinesia; & PD with dyskinesia vs. control. Abbreviations used:
LYM—Ilymphocytes; MONO—monocytes; NEU—neutrophils; WBC—white blood cells.
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Figure 3. Correlations between the measured biochemical parameters and the severity of
the Parkinson’s disease evaluated by Hoehn—Yahr scale in the group of all examined patients
(n = 44). (A): adiponectin and Hoehn-Yahr scale (r = 0.408; p = 0.017); (B): resistin and Hoehn-
Yahr scale (r = 0.477; p = 0.004); (C): melatonin and Hoehn-Yahr scale (r = 0.478; p = 0.002). The
regression line is marked with a solid line. A value of p < 0.05 was considered statistically significant.

4. Discussion

As mentioned earlier, PD is a common neurodegenerative disease that has a detrimen-
tal impact on the patient’s quality of life. Despite standard treatment with levodopa, the
disease progresses, leading to irreversible deterioration of the patient’s condition, mainly
in the form of dyskinesias. In the development of PD, disturbed circadian rhythms can be
observed, which may be associated with abnormal secretion of melatonin and adipokines
produced in adipose tissue. However, there are limited data on melatonin and adipokines
in the course of PD. Therefore, in the presented study, the level of melatonin, resistin, leptin,
and adiponectin in the early and advanced stages of PD in relation to healthy people were
examined. Figure 4 presents the putative mechanisms involved in the progression of PD by
these hormonally active molecules.

In the presented study, the serum levels of melatonin and leptin were statistically
significantly lower in the PD patients without dyskinesia compared to the control group.
Moreover, resistin concentrations were statistically significant increased, whereas leptin
level was decreased in the dyskinesia PD patients versus the control group. Surprisingly, a
higher melatonin concentration and a lower leptin concentration were found in the patients
in the advanced stage of the disease as compared with the early stage.
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Figure 4. Putative mechanisms of melatonin, resistin, leptin, and adiponectin participation in the
progression of Parkinson’s disease. BBB, blood-brain barrier; IL-1 3, interleukin 1f3; IL-6, interleukin 6;
IL-8, interleukin 8; IL-10, interleukin 10; MCP-1, monocyte chemoattractant protein 1; PD, Parkinson’s
disease; TNF-«, tumor necrosis factor «; TLR-4, toll- like receptor 4.

Melatonin is a neurohormone synthesized by the pineal gland, but it is also produced,
e.g., in the skin and intestine [14]. The release of melatonin is synchronized with the circa-
dian rhythm. Its greatest concentration is observed during the night [51,52]. In the evening,
serum melatonin levels rise, peaking at around 2—4 a.m., then decline again until the daily
low levels are reached. Melatonin production is suppressed by light, which reduces the
level of this compound during the day [53]. In the blood serum in the evening hours,
melatonin reaches the value between 80 and 120 pg/mL, then drops to 10 to 20 pg/mL in
the morning hours [54]. The melatonin level depends on age and is lower in old age [55].
Melatonin concentration in infancy is very low but gradually increases during childhood.
After one year, the value may increase to 250 pg/mL [56]. Between the age of 65 and 75,
the average melatonin level is estimated at around 49 pg/mL. After age 75, its mean value
decreases to 28 pg/mL. In the elderly, during the day time, melatonin concentration drops
and ranges from 10 to 20 pg/mL [57]. Melatonin presents a pleiotropic effect, having anti-
inflammatory and antioxidant properties. It works as a direct free radical scavenger [58].
Moreover, it acts as an indirect antioxidant by stimulating the synthesis of antioxidant
enzymes and inhibiting pro-oxidant enzymes [59]. Kakhaki et al. [8] evaluated the impact
of melatonin supplementation on clinical and metabolic profiles in people with PD. Their
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study confirmed the favorable effects of 12 weeks of melatonin supplementation on patients
with PD. The supplementation significantly reduced the Unified Parkinson’s Disease Rating
Scale (UPDRS) part I score, Pittsburgh Sleep Quality Index (PSQI), Beck Depression Inven-
tory, and Beck Anxiety Inventory (BAI) compared with the placebo treatment. They also
found a significant reduction in serum high-sensitivity C-reactive protein (hs-CRP) levels
and a significant increase in plasma total antioxidant capacity (TAC) and total glutathione
(GSH) levels. Considering the nature of PD, which results in the death of dopaminergic cells
and excessive oxidative stress, it can be argued that melatonin has mitigating properties
against these phenomena. In the presented study, morning levels of melatonin in the blood
serum were determined. The melatonin concentration of 60.6 & 4.84 pg/mL was found in
the healthy subjects, and a mean value of 31.2 & 6.26 pg/mL was reached in the group of
patients without dyskinesia; whereas, in the patients with dyskinesia, the mean score was
set at 107.7 £ 10.72 pg/mL. The patients in the early stage of PD had about 2 times lower
melatonin concentration than the healthy people, which confirms the influence of disturbed
melatonin secretion in the development of this neuropathology. However, the patients
with advanced-stage PD revealed about 3.5 times higher melatonin concentration than
non-advanced-stage PD patients. Moreover, a positive correlation was observed between
melatonin and the Hoehn—Yahr scale in the presented study. Thus, it could be concluded
that the concentration of melatonin in the blood serum increases with the progression
of the disease. Breen et al. [60] observed lower melatonin levels in PD patients than in
healthy volunteers and correlated these decreased levels with the hypothalamic gray matter
volume and severity of the disease. Considering the melatonin function in the human body,
one might argue that its increased concentration counteracts adverse metabolic changes
in PD patients, such as excessive apoptosis of neuronal cells. It is plausible that the ele-
vated melatonin levels in advanced PD might be due to cellular apoptosis, which acts as
a mechanism of prevention [51]. The increased melatonin concentration in patients with
neurodegenerative diseases can also be explained by its antioxidant effect, which positively
influences neurons by reducing the damage inflicted by ROS [61]. In the presented study, all
subjects were given a standard PD treatment with levodopa, the precursor of dopamine. In
our opinion, the treatment time with this drug may be connected with increased melatonin
levels in PD patients with dyskinesia. In general, levodopa therapy begins as soon as PD
is diagnosed; therefore, the time from diagnosis may be an approximate date for initiat-
ing this therapy. Thus, the median duration of levodopa treatment in the patients with
dyskinesia may be about 8.2 years and about 1.3 years for the patients without dyskinesia.
Similarly to the results of the presented study, Lin et al. [62] found a positive correlation
between melatonin concentration and the disease progression based on the HY scale. This
finding is not unexpected, as dopamine plays a crucial role in regulating the circadian
rhythm, and circadian rhythms also affect dopamine metabolism [63]. The circadian system
regulates the synthesis, release, and clearance of dopamine, which in turn affects sleep
and wakefulness, as well as other physiological processes. Furthermore, the disruption
of the circadian rhythm can lead to alterations in dopamine levels, which may contribute
to the development or exacerbation of neurodegenerative disorders such as Parkinson’s
disease. Therefore, understanding the interaction between dopamine and the circadian
system is essential for developing effective treatments for sleep and other circadian rhythm
disorders in Parkinson’s disease. However, no difference was found between the level
of melatonin in elderly patients and those with PD in another research [64]. The phase
angle of entrainment is a term used to describe the time difference between the onset of an
external time cue, such as light exposure, and the onset of a biological rhythm, such as the
secretion of melatonin. It reflects the ability of the biological clock to adjust to changes in
the external environment and synchronize with the 24-h day-night cycle [63]. According to
Bolitho et al. [65], medicated PD patients showed a prolonged phase angle of entrainment
of the melatonin rhythm compared to the PD unmedicated group and controls. These
findings suggest that there may be an uncoupling of circadian and sleep regulation, possibly
related to dopaminergic therapy. The limitation of the presented result may include the



Metabolites 2023, 13, 668

14 of 20

time of blood sample collection as in the presented study it was collected in the morning.
That problem has not been fully solved by any of the existing studies within this field, so
further research is necessary. At the moment, the results of different studies concerning
melatonin levels in the course of PD are inconclusive. More research is required to provide
more detailed insight into this neurodegenerative disease and the effect of melatonin on
metabolic and oxidative changes in PD. However, some studies suggest that melatonin may
improve sleep quality and reduce daytime sleepiness in Parkinson’s disease patients, and
its effects on motor symptoms and the disease progression are still unclear. Nonetheless, the
presented findings open up the possibility of early identification of sleep problems, which
could potentially reduce the motor impairment in individuals with PD. Additionally, there
is a lack of standardized dosing and administration protocols for melatonin in Parkinson’s
disease, with different studies using different doses and routes of administration. More-
over, melatonin treatment in Parkinson’s disease may have potential side effects and drug
interactions. For example, melatonin can increase the sedative effects of some medications,
such as benzodiazepines and opioids, and may also affect blood pressure and blood sugar
levels. Further studies are needed to determine the safety and potential risks of melatonin
treatment in Parkinson’s disease.

In the presented study, a correlation between plasma leptin levels in the PD patients
and disease progression in the form of dyskinesia was determined. Leptin is associated
primarily with homeostatic regulation. It is transported from the periphery to the brain
through the BBB, acting on various CNS structures. Its effects on the hypothalamus,
activities such as thermogenesis, and synaptic transmission have been described [24].
Moreover, it has been shown to have an anti-apoptotic effect. Its quantitative deficit and
the resulting decreased neuroprotection may be a component of the clinical picture of PD
progression and the appearance of dyskinesia. Leptin is also known to reduce the action of
pro-inflammatory cytokines, one of the culprits of progressive neurodegeneration. It also
has a protective effect in the case of factors strictly neurotoxic for the CNS, like 6-OHDA.
Leptin regulates the homeostatic functioning of the nigrostratial pathway [24]. Moreover,
leptin reduces the activity of pro-apoptotic factors, including caspase 3 and caspase 9. In
PD, reduced expression of leptin and insulin receptors has been found, which might be
involved in the pathomechanism of the disease, similarly to Alzheimer’s disease and other
neurodegenerative diseases [24]. The leptin receptor and leptin itself also play an essential
role in the proper functioning of the limbic system in creating emotions. These, in turn,
are disturbed during PD [25]. On the other hand, chronically elevated levels of leptin can
cause N-methyl-D-aspartate (NMDA) receptor-mediated depression [66]. It is also worth
considering other aspects related to links between leptin and PD. Various correlations
between this adipokine and the incidence and course of the disease have been examined.
In previous studies, the average leptin level in younger patients was lower than in the
elderly [67]. It is worth mentioning that high, statistically significant differences between
blood leptin levels in both sexes were reported in the study by Fiszer et al. [68]. Women
likely have higher adipokine levels due to the greater average proportion of subcutaneous
fat deposits than men. Moreover, the mentioned difference may be caused by the specific
influence of female steroid hormones inducing increased leptin expression [67]. High BMI
is associated with the limited availability of leptin, which may particularly exacerbate the
disorders of dopamine-related neurotransmission and its deficiency. Obese people have
a reduced number of dopamine receptors in the striatum. Disturbances in the hormonal
transmission of energy information due to leptin deficiency may be one of the culprits
behind unintentional weight loss in PD patients [68]. Tremors and other motor symptoms
in patients may likely explain weight loss and lipid imbalance. NMS, such as dysphagia,
anorexia, and depression-induced dysphagia, should also be considered, as they contribute
mainly to weight loss [67]. Interestingly, PD patients with unintentional weight loss report
higher satiety levels after meals than healthy controls. An overall decreased appetite
has been also observed [69]. Patients with PD usually begin to lose weight a few years
before clinical diagnosis [70]. The use of L-dopa and drugs from the dopamine agonist
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group indirectly results in decreased serum leptin concentrations and is associated with
weight disorders [67]. Lorefilt et al. [25] found no correlation between L-dopa use and
serum leptin levels. Researchers point out, however, that the metabolic changes caused
by taking the drug may lead to decreased subcutaneous fat deposits, thus reducing leptin
concentration. Adams et al. [71] showed that levodopa attenuates isoproterenol-induced
lipid mobilization by a specific metabolism modulation without changing the blood flow
in the adipose tissue. Dopaminergic therapy is associated with excessive lipolysis resulting
from hyperinsulinemia, ultimately causing weight loss [72]. L-dopa reduces blood flow
to skeletal muscles. There is also a reduction in glucose uptake by skeletal muscle. Such
treatment directs glucose from the synthesis of muscle glycogen to aerobic glycolysis. A
reduction in the lactate-to-pyruvate ratio with L-dopa leads to an increase in the size of
aerobic glycolysis [71]. Given the accumulating evidence of the various roles that leptin
plays in the etiology and progression of Parkinson’s disease, which includes its ability to
modulate neuroinflammation, it is imperative to conduct further studies that validate leptin
and other adipokines as potential therapy target. As the statistically significant decrease of
leptin was observed even at early stage of the disease, it would be interesting to explore
whether leptin may be a potential biomarker for Parkinson’s disease, potentially aiding in
earlier diagnosis or disease monitoring.

Resistin, as an adipokine, is synthesized primarily by adipocytes. Additionally, its high
secretion is observed in monocytes and macrophages [73]. Current research is ambiguous
about whether adipocytes or macrophages are the primary sources of resistin in people [74].
Due to its pro-inflammatory nature, manifested by the activation of TNF-«, interleukins,
and promotion of oxidative stress, resistin is considered to be involved in pathologies such
as obesity, insulin resistance, neoplasia, and atherosclerosis [35,75]. Physiological serum
levels of resistin range from 7 to 22 ng/mL [28]. In PD patients, serum resistin concentration
may vary due to metabolic and pro-inflammatory changes. In the study by Rocha et al. [27],
no changes in resistin levels were observed in PD patients compared to healthy subjects. In
their study, no correlation between PD and non-PD patients was found. This is in line with
the results of the presented study which determined no differences in resistin levels between
the patients with the early stage of PD and the healthy subjects. However, in the presented
study, a correlation between resistin concentration and the severity of PD was observed. In
the study group without dyskinesia, the resistin level was lower compared to the study
group with dyskinesia. The patients with advanced-stage PD had approximately 2.7 times
higher concentrations of resistin than the non-advanced-stage PD patients. Moreover,
resistin concentrations correlated positively with the HY scale. These findings seem to
confirm the negative role of resistin as a pro-inflammatory adipokine in the processes
associated with the advanced stage of PD. It could be concluded that resistin participates
in the progression of neurodegeneration during PD and may be a factor related to the
development of dyskinesia. Thus, resistin might be a target in the prevention treatment
against the development of dyskinesia in PD patients. Undoubtedly, further research is
required to explain the possible mechanisms of resistin role in the progression of PD.

In the presented study, adiponectin levels in the PD patients were found to be unal-
tered compared to the controls. Literature data suggest that decreased secretion of this
anti-inflammatory adipokine might participate in the development of chronic neuroinflam-
mation associated with the pathogenesis of neurodegenerative disorders such as PD [47].
Adiponectin induces the production of critical anti-inflammatory cytokines, such as IL-10
and the IL-1 receptor antagonist (IL-1RA), by human monocytes, macrophages, and den-
dritic cells and suppresses the production of interferon-y (IFN-y) [76]. Neuroinflammatory
mechanisms contribute to the pathology of PD, comprising microglia activation, astrocy-
tosis, and lymphocyte infiltration as observed in post-mortem obtained brain tissue [77].
Adiponectin receptors are expressed in the hypothalamus, brainstem, and basal ganglia [78].
Sekiyama et al. [79] observed that adiponectin is localized in Lewy bodies derived from
a-synucleinopathies, such as PD and dementia with Lewy bodies. They also noted that
in neuronal cells expressing o-synuclein, aggregation of a-synuclein was suppressed by
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treatment with recombinant adiponectin in an AdipoRI-AMP kinase pathway-dependent
manner. PD is caused by decreased dopaminergic neurons and x-synuclein accumulation
in the substantia nigra. Thus, the adiponectin may suppress neurodegeneration through a
modification of the metabolic pathway and could possess a therapeutic potential against
a-synucleinopathies [79]. Therefore, it seems as though adiponectin would protect against
neurodegenerative disease and its progression. In the presented study, no differences in
adiponectin level were found in the PD patients with dyskinesia compared to the patients
in the early stage of the disease. Adiponectin is an adipokine inversely correlated with
body mass. As a result, adiponectin is increased during periods of weight loss, which
is also a symptom of PD [49]. Dyskinesia has been also found to be inversely correlated
with body mass and positively correlated with weight loss [47]. Nevertheless, it should
be noted that the studied groups of patients had similar values of BMI. The mechanisms
associated with dyskinesia seem to be correlated with pulsatile dopamine agonism and
the degeneration of nigral cells in the basal ganglia [80]. The extent of these pathologies
is more likely severe in patients with longer disease duration. It should be emphasized
that adiponectin concentrations in the cerebrospinal fluid (CSF) were not measured in the
presented study, and the levels measured in blood serum cannot be directly translated into
concentrations of this adipokine in the CNS because some adiponectin multimers, such as
HMW adiponectin, cannot cross the BBB [81]. Cassani et al. [82] determined the adiponectin
concentration in Parkinson’s disease patients treated with levodopa and a dopamine ago-
nist for neurological symptoms. They found that in PD patients, adiponectin serum levels
were similar to those in normal-weight, healthy, young subjects and significantly higher
than those in an aged-matched group of morbidly obese subjects.

The main limitation of the presented study is the relatively small number of the
participants, i.e., 44 subjects suffering from PD, including 20 patients without dyskinesia
and 24 patients with dyskinesia. Therefore, the results might not be strictly representative
of the larger population. The limited number of participants in the study is a consequence
of the restrictive inclusion and exclusion criteria that were used to make the groups as
homogenous as possible. Obviously, with small sample sizes, it could be challenging to
ensure that the participants are truly representative of the population being studied, which
can lead to biased results. Additionally, with fewer participants, the statistical power of
the study may be reduced, making it difficult to detect significant differences. However,
in the presented study, an advanced statistical analysis was performed, and statistically
significant differences were confirmed.

Although the secretion of numerous adipokines has been investigated in relation
to Parkinson’s disease, there is still a lack of studies exploring the potential interaction
between these factors and how they may affect the progression of the disease. Specifically,
more research is needed to determine if the observed changes in the secretion of these
substances are simply a consequence of Parkinson’s disease or if they play a more active
role in the pathophysiology of PD. Undoubtedly, further research on a larger group of
patients, enabling their long-term observation during the disease progression, is crucial
to obtaining reliable results that could inspire clinical trials on modifying the secretion of
melatonin and the tested adipokines for the purpose of PD therapy,

5. Conclusions

The obtained results indicate that melatonin is a hormone whose reduced secretion
might be involved in the development of Parkinson’s disease. Thus, symptoms charac-
teristic of early-stage PD, including sleep disorders, might be related to the melatonin
deficiency. Melatonin supplementation could be recommended in the prevention of PD
and in reducing the troublesome symptoms of early PD. Surprisingly, high melatonin levels
were found to positively correlate with the advanced PD evaluated by the Hoehn—Yahr
scale. This could be a consequence of prolonged use of levodopa in the treatment of this
neurodegenerative disease, but further research is needed to explain these relationships.
Moreover, impaired adipokine secretion was observed, including leptin and resistin. Low
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leptin levels appear to be involved in both the development of PD and the disease pro-
gression. Interestingly, resistin concentrations were elevated only in the PD dyskinesia
patients, which indicates the potential role of this adipokine in the progression of PD
leading to dyskinesia. The changes in the concentration of adiponectin have not reached
statistical significance, but its level positively correlated with the severity of the disease
as assessed by the Hoehn—-Yahr scale. Summing up, the presented results indicate the
possible involvement of melatonin and the studied adipokines in both the development of
PD and the progression of the disease. We hope that our research may inspire the scientific
community dealing with this socially important disease to undertake further research on
both the mechanisms of action of melatonin, adiponectin, resistin, and leptin in the course
of PD and the possibility of developing new therapies in the prevention and treatment of
PD related to these substances.
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