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Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s disease. It

affects about 1% of the population over the age of 60, with the total number of patients exceeding 6.1 million

worldwide. As a highly diverse and complex pathology, PD is represented by a plethora of motor symptoms such

as tremor, muscle rigidity, bradykinesia, and postural instability. Non-motor symptoms, including cognitive and

behavioral impairments, sleep irregularities, sensory and autonomic dysfunction, are also common in PD.

Parkinson’s disease (PD)  neurodegeneration  neuroinflammation  YKL-40

1. Introduction

The inflammatory response serves to efficiently eliminate the causative agent and to facilitate tissue repair . The

initiation and progression of inflammation depend on the coordinated interaction between immune and non-immune

cells and the fine regulation of inflammatory mediators. Primary inflammatory stimuli (molecules and structures of

microbial origin, aggregated or misfolded proteins) and cytokines—interleukin-1β (IL-1β), interleukin-6 (IL-6), and

tumor necrosis factor-α (TNF-α)—promote inflammation. It is triggered as a result of interaction with the Toll-like

receptors (TLRs), IL-1 receptor (IL-1R), IL-6 receptor (IL-6R), and the TNF receptor (TNFR) . The activated

receptors activate intracellular signal transduction cascades, including the mitogen-activated protein kinase

(MAPK), nuclear factor kappa-B (NF-κB), and Janus kinase signal transducer and activator of transcription (JAK-

STAT) pathways. Effector macrophages and lymphocytes release pro- and anti-inflammatory cytokines that recruit

other leucocytes and modulate the inflammation itself via a complex network of interactions, thus regulating both

the expansion and the intensity of the process .

The inflammatory response in the central nervous system (CNS) (neuroinflammation) has been directly associated

with viral and bacterial diseases, autoimmune and neurodegenerative conditions, trauma, vascular damage, and

neuropsychiatric disorders. Neuroinflammation can in-crease the neuronal excitability, trigger cellular damages,

and augment the permeability of the blood-brain barrier .

Different studies have demonstrated that neuroinflammation participates not only in typically inflammatory diseases

such as viral encephalitis but also in neurodegenerative conditions, including Parkinson’s disease (PD) .

Neuroinflammation in PD involves activation of microglia and T-lymphocytes alongside an increased expression of

pro-inflammatory cytokines. Experiments with animal models of PD have indicated that neuroinflammation is

profoundly involved in neuronal cell death, despite not being its primary cause. In agreement with this assumption,
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available evidence suggests a significant role of glucocorticoid receptors in modulating microglial reactivity and

their substantial dysregulation in the inflammation-mediated neuronal degeneration .

2. Microglia in Parkinson’s Disease

Microglial cells are the resident macrophages of the brain . First discovered by Pío del Río Hortega , they serve

as primary cells of innate immunity in the CNS and play a crucial role in maintaining the homeostasis of the brain

. Microglia participate in synaptogenesis, synaptic pruning, neural progenitor-cell growth and differentiation, and

myelinogenesis . Microglial activation is a complex response against infection or injury that produces two

functionally distinct phenotypes: M1 and M2 . According to the general model, although greatly simplified, M1

microglia secrete pro-inflammatory cytokines (IL-1β, IL-6, IL-12, TNFα) that stimulate neurodegeneration .

These mediators broaden the immune response and may directly contribute to neuronal death. TNFα is known for

its pro-apoptotic activity which, in neurons, depends on the downregulation of c-Rel, a NF-κB homologue that

inhibits cell death and promotes neuronal survival . M1 cells also upregulate enzymes that produce reactive

oxygen species with antimicrobial function, thus elevating oxidative stress. Simultaneously, microglial metabolism

shifts from oxidative phosphorylation (OXPHOS) to glycolysis, allowing microglia to adapt to increased energy

demands. Metabolic reprogramming leads to faster, although less efficient, production of ATP for proliferation,

cytokine production, and ROS generation . It has been demonstrated that the glycolytic inhibitor deoxy-D-

glucose (2-DG) decreases TNFα and IL-6 in microglia through NF-κB suppression, inducing microglial death .

Furthermore, an in vitro study on BV-2 microglial cells revealed an elevated lactate production and decreased

mitochondrial activity following lipopolysaccharide stimulation . In contrast with M1, M2 cells express factors

involved in the inhibition of inflammation and promotion of tissue repair. They secrete substances, such as IL-10, to

reduce the activity of pro-inflammatory cells. M2 microglia also express high levels of phagocytic receptors to

promote the clearance of cell debris . Nevertheless, high-throughput studies have revealed that microglial

heterogeneity is even more complex, suggesting the presence of a wider spectrum of microglial phenotypes . To

date, little is known about the molecular mechanisms of microglial heterogeneity.

Studies of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mice models have demonstrated that

microglial activation is a prominent and persistent feature of PD . Even the fact that substantia nigra

constitutes the predominantly affected site in PD is in concordance with the higher abundance of microglial cells in

this brain region . Microglia exert versatile roles in neuroinflammation, serving as both a damaging and a

protective factor. When activated, microglial cells infiltrate the site of neuroinflammation, where they perform

phagocytosis and secrete both pro- and anti-inflammatory cytokines . The cytokine synthesis and secretion are

hallmarks of microglial activation as part of the early inflammatory response and persist throughout the disease

progression . Secretion of pro-inflammatory factors such as IL-1β, IL-12, TNFα, and inducible nitric oxide

synthase (iNOS) greatly stimulates neuroinflammation and often corresponds to significant neuronal loss.

Conversely, the production of anti-inflammatory cytokines such as IL-4, IL-10, IL-13, TGFβ, and IGF-1 by microglial

cells suppresses inflammation and promotes neuroprotection . From this perspective, a prominent factor that

may contribute to microglial activation is the release of α-Syn. It is an abundant neuronal protein that localizes to
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the presynaptic terminals in the CNS where it regulates vesicular release . Its native conformation is

largely unfolded but the same protein can also exist in abnormal aggregated forms such as oligomers, protofibrils,

and fibrils . α-Syn is the main component of Lewy bodies and, as such, significantly contributes to the

pathogenesis of PD. In the PD brain, α-Syn is often released by neurons in the extracellular interstitium, which

allows its laboratory detection in the bodily fluids of PD patients. Subsequently, the α-Syn-induced microglial

activation triggers rapid α-Syn phagocytosis. In this process, the activated microglial cells engage their FcγR

receptors in the α-Syn uptake and initiate a sequence of pro-inflammatory events such as NF-κB/p65 translocation

and increased secretion of cytokines. These neuroinflammatory effects then result in neuronal loss and chronic

neurodegeneration in PD. In addition to α-Syn, other PD risk factors such as DJ-1 and LRRK2 can also participate

in the regulation of microglia-mediated inflammation. For instance, LRRK2 deficiency represses inflammation by

inhibiting the p38 MAPK and NF-κB pathways .

3. Astroglia in Parkinson’s Disease

Astroglia constitute the largest population of glial cells in the brain and perform functions essential for the normal

physiology of the CNS. Astrocytes mechanically support the neurons and the adjacent capillaries. They maintain

the integrity of the blood–brain barrier and its permeability . Astroglia synthesize and secrete a plethora of

neurotrophic factors, including glial cell line-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor

(BDNF), nerve growth factor (NGF), and cerebral dopamine neurotrophic factor (CDNF). These neurogenic

molecules stimulate and fine tune neuronal development, survival, and plasticity. In addition, CDNF provides

neuroprotection and promotes the recovery of damaged dopaminergic neurons . In the structure of the

tripartite synapse, astrocytes surround the synaptic cleft where they interact with the pre-and post-synaptic neurons

and uptake excessive glutamate . Astrocytes also provide metabolic support for the neurons by transferring

lactate for the Krebs cycle. They are able to produce antioxidants and to neutralize neuronal waste products,

including aggregated α-Syn and damaged mitochondria . Finally, astrocytes are responsible for the

remodeling of the nervous tissue by filling the gaps left after neuronal death, forming the so-called astroglial scar

.

Similar to microglia, astrocytes exist in different functional states. The A1 astrocytic population produces pro-

inflammatory factors such as IL-1α, C1q, and TNFα, thus enhancing neuronal death and inflammation. Conversely,

the A2 population promotes neuronal survival and neuroprotection after injury . Liddelow et al. (2017) have

determined that microglia cause astrocytic activation by secreting the cytokines IL-1α, TNF, and C1q . The

authors also demonstrated an elevated production of pro-inflammatory cytokines such as TNF-α, IL-1α, and IL-1β

in A1 astrocytes as a consequence of this activation. In their pro-inflammatory state, astrocytes no longer assist

neuronal survival but induce cell death by releasing neurotoxic molecules. In turn, astrocytes can modulate

microglial activation and microglia-mediated inflammation .

Altered astrocytic function is involved in different mechanisms of PD development, such as α-Syn accumulation,

neuroinflammation, impaired mitochondrial metabolism and oxidative stress. Of particular interest is the fact that at

least eight out of 17 genes of known causative importance for PD are expressed in astrocytes . One of them,
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PARK7, is even more prominent in astroglia than in neurons and shows noticeable upregulation in astrocytes from

PD individuals. The product of this gene, DJ-1, is involved in oxidative stress response, glutamate uptake, and

neuroprotection .

It has been shown that microglia and astrocytes can exhibit a protective effect on neurons by eliminating

extracellular α-Syn. Glial cells engulf and degrade complexes of aggregated α-Syn via proteasomal and autophagic

mechanisms . Exchange of intracellular materials including α-Syn and intact mitochondria occurs not only

between astrocytes and neurons but between neurons themselves . Although α-Syn is predominantly expressed

and accumulated in neurons, different studies have reported that α-synuclein aggregates in astrocytes as well.

Accumulation of α-Syn can disrupt astrocyte function and accelerate neurodegeneration through mitochondrial

dysfunction and impaired autophagy .

Sonninen et al. (2020) have demonstrated that metabolic changes occur in iPSC-derived astrocytes from PD

patients carrying mutant variants of the LRRK2 gene. These astrocytes were characterized by abnormal α-Syn

expression, metabolic alterations, impaired Ca  regulation, and elevated cytokine production . It has been

proposed that mitochondrial dysfunction in astrocytes possibly evokes neuronal toxicity by altering the normal

glutamate uptake and degradation, Ca -induced cell death, impaired metabolism, and accumulation of ROS and

toxic fatty acids . The interplay between astroglia and microglia is presented in Figure 1.

Figure 1. The complex interplay between cellular and molecular factors in PD-related neuroinflammation.

4. Inflammatory Cytokines
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Numerous reports have revealed the significant association between PD severity and the level of immune markers

in plasma and serum.

Notably higher serum levels of the proinflammatory cytokine IL-1β are detected in patients with early PD .

However, no significant correlation was found between the IL-1β levels and the clinical scales for PD assessment.

Selikhova et al. (2002) described elevated IL-6 in the plasma of patients with early idiopathic PD . Higher

abundance of the pro-inflammatory cytokines IL-1β, INF-γ, and TNF-α was detected in PBMCs isolated from PD

patients . The levels of TNF-α (but not those of IL-1β and IL-10) correlate with cognition and other non-motor

symptoms of PD .

It is noteworthy that, contrary to these findings, a significant downregulation of inflammatory cytokines has also

been demonstrated in patients with PD. In a study by Rocha et al. (2018), the PD-patient cohort exhibited a lower

percentage of T-lymphocytes, including activated T-lymphocytes, in comparison with healthy controls . In

accordance with these findings, the authors also described decreased plasma levels of IL-4, IL-6, IL-10, TNF, IFN-

γ, and IL-17A in the PD group . In a previous paper, the same authors also detected significantly elevated levels

of the soluble TNF-α receptors, sTNFR1 and sTNFR2, in plasma of PD patients, suggesting the inflammatory

etiology of PD . Another comparative analysis  suggested that IL-6 was significantly higher in patients with PD

than in healthy controls. Conversely, the authors found no significant differences in the levels of CRP, sIL-2R, or

TNF-α between the two studied groups. Dufek et al. (2008) investigated a panel of inflammatory markers in serum

samples from 29 patients with PD and found significant overexpression of only TNF-α . None of the other

markers of interest (IL-6, acute phase proteins, and factors of the complement system) showed any abnormal

changes in the PD group. There were also no significant correlations between the patients’ clinical state and the

levels of the examined serum markers.

Another cohort study revealed significantly lower serum levels of IL-1α and IL-6 in PD patients than in their age-

matched controls . Conversely, the serum IL-1β levels in the PD group appeared significantly higher than those

in the control one. Again, the authors observed no correlation between the studied markers and disease severity.

In a study of 83 PD patients and 83 healthy subjects, higher serum levels of TNF-α and lower levels of IL-27 were

detected in patients with PD compared to healthy controls (p < 0.0001) .

All these studies are greatly limited due to the relatively small number of participants. The first large-cohort

research to evaluate serum cytokine markers in the context of PD examined 262 newly diagnosed PD patients and

99 healthy controls . It demonstrated that a panel of cytokines is robustly associated with cognitive and motor

features of PD. The experimental results revealed higher levels of TNF-α, IL-1β, IL-2, and IL-10 in PD versus

healthy individuals. Based on their data, the authors suggest that a more pro-inflammatory profile is associated

with impaired cognition and rapid motor regression, while a more anti-inflammatory profile is related to improved

cognitive abilities and preserved motor function. Earlier research investigating the role of CRP in 375 PD

individuals has suggested that CRP associates with faster motor decline.
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The immense scientific work in clarifying the complex interplay between immunity and PD development delineates

the potential usefulness of cytokines as biomarkers of inflammation and neurodegeneration. Probably the most

promising future insights will combine clinical data, cellular and molecular features.

5. YKL-40 in Parkinson’s Disease-Related Neuroinflammation

The YKL-40 glycoprotein has been established as a prospective biomarker of neuroinflammation in

neurodegenerative diseases. YKL-40 has also been debated as a biomarker in diverse medical conditions,

including toxoplasmosis , autoimmune disorders  and hemodialysis inflammation . This protein serves as

an acute-phase factor, secreted by a variety of immune cells (especially macrophages) in response to pro-

inflammatory signals including IL-1β, IL-6 and IFNγ, and TNFα. It is noteworthy to mention that YKL-40 has a

number of different cellular sources (chondrocytes, fibroblast-like synovial cells, vascular smooth muscle cells, and

macrophages) . The previous results showed correlation of YKL-40 and neuron-specific enolase levels with

clinical scores for assessment of severity and outcome of traumatic brain injury . Researchers proposed that

YKL-40 might reflect certain aspects of the response to brain injury, such as neuroinflammation and brain damage.

A series of studies have suggested that the levels of YKL-40 correlate with the glial activation and the number of

cells involved in neurodegeneration . Its levels in cerebrospinal fluid (CSF) have been correlated with the

disease phenotype of Parkinson’s-related disorders. For instance, Magdalinu et al. (2015) discovered that the

levels of YKL-40 were lower in patients with PD compared to those with atypical Parkinson’s syndrome, but still

higher than the levels in the control group . No correlations with disease stages or severity were observed in this

research. However, the expression data regarding YKL-40 in PD remain controversial. Substantially higher YKL-40

levels in PD patients have also been reported. A two-year follow-up study revealed a significant increase in the

concentration of YKL-40 in the CSF of PD patients compared to the baseline levels. Furthermore, the steady

increase in YKL-40 levels correlated with the deterioration of cognitive abilities . Conversely, according to other

authors, the levels of YKL-40 were lower in patients with PD than in healthy controls or those with multisystem

atrophy, progressive supranuclear palsy and corticobasal degeneration. Additionally, the concentration of YKL-40 in

CSF appeared lower in degenerative disorders known as synucleinopathies than in tauopathies . In that study,

Olsson et al. (2013) evaluated the levels of YKL-40 together with those of the soluble CD14 as markers for

astrocyte and microglial activation. They examined CNF and serum samples from 37 controls, 50 PD patients, and

79 P+ patients (with progressive supranuclear palsy, corticobasal degeneration, and multiple system atrophy). The

experimental results identified significantly lower YKL-40 levels in the CNF of PD patients compared to healthy

controls or participants with multiple system atrophy and tauopathies. A more recent study has reported elevated

YKL-40 levels in cerebrospinal fluid (CSF) from patients with AD dementia, but not in those with PD and Lewy body

dementia (LBD), in comparison with non-dementia controls. The authors also investigated the possible association

between YKL-40 dysregulation in CSF and other inflammatory-markers. They found no relationship between YKL-

40 and levels of the astrocytic marker glial-fibrillary acidic protein (GFAP), interleukin-8 (IL-8), monocyte

chemoattractant protein-1 (MCP-1), and interferon gamma-induced protein 10 (IP-10) . Additionally, the plasma

levels of YKL-40 have been evaluated in the extended spectrum of neurodegenerative dementias. Villar-Piqué et

al. (2019) described significantly higher plasma YKL-40 levels in Creutzfeldt-Jakob disease (CJD) with a moderate
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potential to discriminate CJD cases from controls. Additionally, YKL-40 levels were strongly associated with age but

not with gender. In CJD, YKL-40 concentrations appear significantly higher at late disease stages .

Based on these vast experimental data, the protein YKL-40 may have a potential role as a promising biomarker

that reflects the severity of inflammation in PD.
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