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Parkinson’s disease (PD), the second most common neurodegenerative disorder, is

characterized by neuroinflammation, formation of Lewy bodies, and progressive loss of

dopaminergic neurons in the substantia nigra of the brain. In this review, we summarize

evidence obtained by animal studies demonstrating neuroinflammation as one of the

central pathogenetic mechanisms of PD. We also focus on the protein factors that

initiate the development of PD and other neurodegenerative diseases. Our targeted

literature search identified 40 pre-clinical in vivo and in vitro studies written in English.

Nuclear factor kappa B (NF-kB) pathway is demonstrated as a common mechanism

engaged by neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)

and 6-hydroxydopamine (6-OHDA), as well as the bacterial lipopolysaccharide (LPS).

The α-synuclein protein, which plays a prominent role in PD neuropathology, may also

contribute to neuroinflammation by activating mast cells. Meanwhile, 6-OHDA models of

PD identify microsomal prostaglandin E synthase-1 (mPGES-1) as one of the contributors

to neuroinflammatory processes in this model. Immune responses are used by the central

nervous system to fight and remove pathogens; however, hyperactivated and prolonged

immune responses can lead to a harmful neuroinflammatory state, which is one of the

key mechanisms in the pathogenesis of PD.

Keywords: Parkinson’s disease, nuclear factor kappa B (NF-κB), NLRP3 inflammasome, microglia, mast cells,

neuroinflammation
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder
defined by dopaminergic neuronal loss in the substantia nigra
(SN) pars compacta, aggregation of misfolded α-synuclein
(α-syn) as Lewy bodies, and motor dysfunction (Trudler
et al., 2015). Degeneration of the nigrostriatal pathway leads
to hallmark motor symptoms of this disease, including
bradykinesia, rigidity, tremor at rest, and postural instability.
Furthermore, most patients exhibit non-motor symptoms, such
as sleep disorders, autonomic nervous system dysfunction, and
cognitive impairment (Trudler et al., 2015; Kempuraj et al.,
2016). Currently, pharmacological and surgical interventions
are the main treatment options in PD which provide only
symptomatic relief for patients. Among various disease-
specific pathogenetic mechanisms, neuroinflammation plays a
prominent role in the onset and progression of a broad range of
neurodegenerative disorders, including PD, Alzheimer’s disease
(AD), and multiple sclerosis (MS). It has been demonstrated
that the sterile neuroinflammation in neurodegenerative diseases
embodies a cascade of events involving abnormal protein
aggregates, upregulated inflammatory mediators, and activation
of non-neuronal glial cells, which leads to neuronal damage.
Neurodegeneration, in turn, induces further glial activation and
neuroinflammation in the central nervous system (CNS). Out
of the several different non-neuronal cell types of the CNS,
microglia are the most prominent contributors to neuroimmune
reactions. They express several different pattern recognition
receptors (PRRs), such as toll-like receptor (TLR)2, TLR4, TLR9,
and receptor for advanced glycation end products (RAGE),
that recognize various pathogens and abnormal proteins.
Microglial activation leads to the secretion of various pro-
inflammatory mediators, including interleukin (IL) 1β, IL-
6, and tumor necrosis factor α (TNF-α), to restore tissue
hemostasis and also facilitate tissue repair (Ransohoff and
Brown, 2012; Ransohoff, 2016; Molteni and Rossetti, 2017).
Astrocytes represent another type of glial cells, which are
critical for neuronal networks and maintenance of brain tissue
homeostasis. Similar to microglia, astrocytes express PRRs and
can contribute to neuroimmune responses by releasing a broad
range of inflammatory mediators (Cunningham et al., 2019).
Although acute inflammatory response can clear abnormal
proteins, eliminate cell debris, and promote tissue repair,
persistent inflammation is detrimental since it produces harmful
inflammatory mediators and cytotoxins, as well as inhibits
neural regeneration.

Neuroinflammation contributes to PD pathogenesis
throughout the progression of this disease from early α-syn
aggregation to causing dopaminergic cell loss and ultimately
PD symptoms. For example, the accumulation of misfolded
α-syn has been suggested to cause dysregulation of both innate
and adaptive immune responses (Harms et al., 2021). Strong
support to the neuroinflammatory hypothesis of PD is provided
by genome-wide association studies linking sporadic PD to
polymorphism in the human leukocyte antigen (HLA) region
containing HLA-DR gene (Mohamadkhani et al., 2009; Simón-
Sánchez et al., 2009; Hamza et al., 2010; Ahmed et al., 2012).

The sustained inflammatory responses have been described
in both PD patients and animal models of this disease, which
through various mechanisms can cause neuronal dysfunction. In
addition to reactive microglia and astrocytes releasing neurotoxic
molecules, other mechanisms contributing to neuronal death
and neurodegeneration in PD have been discovered; they include
brain infiltration and activation of inflammatory mast cells and
T lymphocytes, increased oxidative stress, and upregulation of
inflammatory signaling molecules (Lyman et al., 2014; Jarrott
and Williams, 2016; Kempuraj et al., 2016).

Activated glial cells and infiltrating peripheral immune cells
are the main sources of the various pro-inflammatory mediators
contributing to the onset and progression of PD. Activated glial
cells release a broad range of both pro- and anti-inflammatory
cytokines, such as TNF-α, IL-1β/IL-1α, IL-6, IL-8, and IL-10, as
well as the brain inflammatory protein called glia maturation
factor (GMF), which regulates functions of glial cells and can also
induce neurodegeneration in the brain (Lim et al., 2004; Zaheer
et al., 2008a,b; Tore and Tuncel, 2009; Kempuraj et al., 2013;
Molteni and Rossetti, 2017; Mukai et al., 2018). Activated mast
cells release potentially harmful mediators, such as proteases,
utilizing the degranulation process (Tore and Tuncel, 2009;
Taracanova et al., 2017; Mukai et al., 2018).

Dopaminergic neurotoxins such as 6-OHDA, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), and its metabolite
1-methyl-4-phenylpyridinium (MPP+) have been shown to
adversely alter neuronal functions in bothmature and developing
nervous tissue. They have been used to induce PD in animal
models where they, in addition to dopaminergic neuronal
damage, cause glial activation, oxidative stress, mitochondrial
damage, and the release of inflammatory cytokines (Członkowska
et al., 1996; Stojkovska et al., 2015; Trudler et al., 2015; Pourasgari
andMohamadkhani, 2020). In vivo and in vitro studies show that
the mechanism of action for dopaminergic neurotoxins could
involve high-mobility group box 1 (HMGB1) (Huang et al.,
2017), which is a nuclear DNA binding non-histone protein
that facilitates the assembly of nucleoprotein complexes, but can
also be released extracellularly and act as a damage-associated
molecular pattern (DAMP) triggering neuroimmune responses
(Sims et al., 2010).

The present systematic review aims to identify and evaluate
the underlying genes and mechanisms of neuroinflammation in
PD pre-clinical studies. Following this, a gene list-independent
approach to compare different disease models is used.

METHOD

Search Strategy
Electronic databases PubMed, Scopus, Google Scholar, Web of
Science, and EMBASE were searched using the medical subject
headings (MeSH) aimed at identifying all research articles related
to the topic “The association between neuroinflammation
and Parkinson’s disease.” Two authors independently
conducted the search using search strategies specific for
each database and reviewed all relevant peer-reviewed articles
published before April 2022. The following search terms
were used “[(neuro-inflammation) AND Parkinson’s disease],”
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“[(neuro-inflammation) AND neurodegenerative disease],”
“[((inflammation) AND Parkinson’s disease) AND brain],”
“(adaptive immunity) AND (Parkinson), (immunological
biomarkers) AND (Parkinson), (hHumoral immunity) AND
(Parkinson),” “[((inflammation) AND neurodegenerative
disease) AND brain],” “[(inflammatory markers) AND
Parkinson’s disease],” and “[(inflammatory markers) AND
neurodegenerative disease],” ”[((inflammation) AND Parkinson’s
disease) AND animal].” A total of 40 articles were included.

Types of Studies (Selection Criteria)
This review article considered both quantitative and qualitative
data on the association between neuroinflammation and PD,
which were obtained by reviewing all available in vivo and
in vitro pre-clinical studies relevant to this topic. Review
articles and studies with human subjects were excluded. Only
articles published in English were included. Duplicate data
and low-quality studies, identified by the Systematic Review
Center for Laboratory animal Experimentation (SYRCLES)
quality assessment checklist (Hooijmans et al., 2014), were
excluded. All eligible studied, both with positive and negative
findings have been included in this systematic review. SYRCLES
quality assessment checklist (Hooijmans et al., 2014) was
used to assess selection bias, performance bias, detection bias,
attrition bias, reporting bias, and other sources of bias (see
Supplementary Table 1).

Data Extraction
The relevant studies were selected after the title, abstract, and full-
text screening of the articles. In addition, the reference lists of
selected studies were reviewed to identify any additional articles,
should they have not been identified by the search process. The
following information was extracted from each of the identified
studies: cell culture and animal model used, the size of the PD
model and control groups, inflammatory markers studied, and
the key results obtained (see Table 1). This study was approved
by the Iranian National Committee for Ethics in Biomedical
Sciences (Code of Ethics: IR.SBMU.RETECH.REC.1399.992).

RESULTS

Study Selection
The current study has been run based on PRISMA checklist
(Tore and Tuncel, 2009). At first, 2,499 papers were identified
through the search on PubMed, and 7,560 were identified
through searching other databases (Scopus, Google Scholar, Web
of Science, and EMBASE). However, 4,823 of those 10,059 articles
were excluded due to duplication in different databases. After
screening the abstracts and titles of these obtained studies, 2,121
more papers were excluded due to unavailability of abstracts,
or articles written in non-English, or being review articles.
Moreover, 3,003 more papers were removed due to being
irrelevant to the main subject or human studies. Finally, from
the 112 remaining articles, 36 records excluded because of not
relevant for the topic of the review. The full texts of the 76
remaining papers were fully assessed, and 36 more studies were
excluded due to insufficient or unclear data (n = 19) and low

quality (n =17). Finally, 40 articles, published before April 2022,
were chosen for systematic review (Figure 1).

Types of Studies Included at a Glance
The main results of all the papers included in this review are
summarized first based on the neuroinflammatory pathways of
PD. The method used to induce PD in animal models might be
a key factor which affects the mechanism of neuroinflammation
observed in a particular study; therefore, we reviewed the
methods in both Table 1 and a separate subsection of the
results. The other subsections are introduced based on the most
frequently appearing topics and mechanisms discussed in the
reviewed articles.

A total of 40 articles are included in this review. Twenty-one
out of 40 studies used only in vivo models, 11 were based on in
vitro experiments, and 8 studies employed both in vitro and in
vivo experiments. A variety of methods were used in different
studies to induce PD: 11 studies usedMPTP, 10 α-Syn injection, 6
LPS, 5 A53T α-Syn transgenic mice, and 2 paraquat. Two studies
used both 6-OHDA and LPS, 1 used both MPTP and LPS, 1
6-OHDA, and 1 used prothrombin kringle 2.

Summary of Methods Used to Induce PD in
Animal Models
Table 1 illustrates a variety of methods used by the reviewed
studies to induce PD in animal models. Each method initiates
its own pathway leading to PD-like pathology. Administration
of MPTP to different animal species has been used extensively
to model PD neuropathology. MPTP mimics the destruction
of dopaminergic neurons of the substantia nigra pars compacta
observed in PD. The mechanism by which MPTP causes damage
to dopaminergic neurons involves a sequence of events including
disturbance in the mitochondrial function, oxidative stress
and respiratory failure. MPTP leads to inducible nitric oxide
synthase (iNOS) overexpression. MPP+ is the active metabolite
of MPTP which accumulates in dopaminergic (DA) neurons
of the model after treatment with MPTP. MPP+ provokes
the production of superoxide radicals which react with nitric
oxide and generate peroxynitrite. This substance inhibits the
function of many proteins including tyrosine hydroxylase. As
a result, the production of dopamine is disturbed leading to
damage of DA neurons (Przedborski et al., 2000; Burré et al.,
2014, 2018).The loss of DA cells after MPTP administration
has also been shown to activate microglia in the SN of rhesus
monkeys (McGeer and McGeer, 2007). Therefore, in vivo and
in vitro use of MPTP and its metabolite MPP+ can help
elucidate the molecular mechanisms of the neuroinflammatory
reactions in PD. Injection of lipopolysaccharide (LPS) and the
following brain region-specific inflammation in mice provides
in vivo models to investigate neurodegenerative diseases such
as PD (Noh et al., 2014). LPS treatment in mice causes a
decrease in the level of IL-4 and IL-10 but an elevation in
the level of TNF-α, interleukin-1β, prostaglandin (PG) E2, and
nitric oxide. IL-10 has a neuroprotective effect against LPS
intoxication (Tansey and Goldberg, 2010). As shown in Table 1,
some studies have used this method to create a PD model.
6-hydroxydopamine (6-OHDA) is another neurotoxin used to
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TABLE 1 | A rapid review of articles assessed.

References Type of in

vitro/in vivo

models

Age and sex of

animal models

Experimental

design

Method used

to induce PD

Type of

immune cell

Inflammatory

factors

Disease mechanism New

therapeutic

targets

Zhang et al.

(2022)

N9 microglial cells

C57BL/6 mice

Age and sex not

specified

In vivo/In vitro LPS Microglia NLRP3, caspase-1,

tumor necrosis

factor-α (TNF-α), IL-1β

and inducible nitric

oxide synthase (iNOS)

AMS-17 inhibits NLRP3 pathways

and microglial activation.

Karikari et al.

(2022)

Wildtype C57BL/6

or Recombination-

activating gene 1

(RAG1)−/− mice

In vivo

stereotactically

injection of

Adeno-

associated

Vector 1/2

serotype

(AAV1/2)

containing

A53T α-syn to

the SN

AAV-A53T-

α-syn

B cells B cells do not protect neurons

from neurodegeneration

Lai et al. (2021) Young adult

wild-type mice

(C57BL/6N)

2.5-month-old

Male

In vivo The

unilateral

intracranial

injection

PFF

α-syn–injected

Microglia α-syn Neuroinflammation may occur

before α-syn pathologic

aggregation

La Vitola et al.

(2021)

C57BL/6 naive

mice and A53T

α-synuclein

transgenic PD

mice

8-week-old

C57BL/6 naive

mice

8-months-old

A53T mice

Sex not specified

In vivo LPS Microglia and

astrocytes

α-syn Peripheral neuroinflammation

induces PD by α-syn

accumulation and causes motor

deficits in A53T mice

Mao et al. (2021) PC12 cells – In vitro LPS Microglia Lipoic acid Lipoic acid inhibits p53/NF–κB

pathway

Zhang et al.

(2021)

In vitro: BV2

murine microglial

cells

Human embryonic

kidney (HEK) 293T

cells

Rat primary

microglia extracted

from the brains of

Sprague-Dawley

rats

In vitvo: Sprague-

Dawley rats

0 or 1-day-old

Male

In vitro/in vivo

stereotaxic

injection of

LPS

LPS Microglia α-syn metabotropic

glutamate receptor 5

(mGluR5)

α-syn causes

lysosome-dependent degradation

of mGluR5 to occur faster.

mGluR5 regulates

neuroinflammation

(Continued)
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TABLE 1 | Continued

References Type of in

vitro/in vivo

models

Age and sex of

animal models

Experimental

design

Method used

to induce PD

Type of

immune cell

Inflammatory

factors

Disease mechanism New

therapeutic

targets

Williams et al.

(2021)

C57BL/6

(wild-type),

Tcrb−/−, Cd4−/−,

and Cd8−/− mice

Sex and age not

specified

In vivo

stereotaxic

surgery

The

α-synuclein

overexpression

mouse model,

T cell

deficiency

Myeloid cells

CD4 and

CD8T cells

α-syn major

histocompatibility

complex II (MHCII)

IFNγ

α-syn causes the major

histocompatibility complex II

(MHCII) protein on CNS myeloid

cells to be upregulated and leads

to recruitment of CD4 and CD8T

cells into the CNS. These cells

produce IFNγ

Trudler et al.

(2021)

Human induced

pluripotent stem

cell

(hiPSC)-derived

microglia (hiMG)

hiMG with αSyn in

humanized

mouse brain

Sex and age not

specified

In vitro/In vivo

stereotactically

injection

of hiMG

A53T α-syn

secreted from

hiPSC-derived

A9-DA

neurons

Microglia α-syn antibody

Caspase 1

TLR2

In vitro, NLRP3) inflammasome is

activated by α-syn through TLR2

leading to interleukin-1β

secretion. αSyn–antibody

complexes had a positive effect

on this inflammation process. In

vivo, α-syn antibody worsened

caspase-1 activation and

neurotoxicity

Huang et al.

(2020)

SH-SY5Y cells – In vitro plated

in 10 cm

dishes with

various doses

of PQ added

Paraquat HMGB1 Paraquat induces an increase of

HMGB1 which results in cytokine

release through

RAGE-P38-NF-κB signaling

pathway

Knockdown

of HMGB1

Sarkar et al.

(2020a)

C57/BL mice

Primary microglial

cells from

postnatal

mouse pups

Sex and age not

specified

In vitro/In vivo αSynAgg
pre-formed

fibrils

Microglia αSynAgg αSynAgg causes downregulation

of progranulin (Grn) gene in

microglia demonstrating immune

roles of this gene in PD

Subbarayan

et al. (2020)

T cell deficient

(athymic nude) and

T cell competent

(heterozygous) rats

Sex and age not

specified

In vivo adeno-

associated

virus (AAV)

α-syn

AAV9-α-syn CD4+ and

CD8+ T cells,

micoglia

CD4+ and CD8+ T cells cause

overexpression of MHCII in

microglia and DA cell loss

Iba et al. (2020) α-syn transgenic

(tg) mice (e.g.,

Thy1 promoter line

61)

10–11 months old

Sex not specified

In vivo α-syn CD3+/CD4+

T cells

CD3+/CD4+ T cells recruited into

the brain in synucleinopathies

Morales-Garcia

et al. (2020)

SH-SY5Y Cell

Culture, Primary

rat ventral

mesencephalic

neuron/glia

cultures, male

Wistar rats

Age not specified In vitro/In vivo

Injection of

LPS into the

right side of

the SN.

6-OHDA

LPS

PDE7 An elevated level of PDE7

happens due to oxidative stress

caused by 6-OHDA or LPS.

(Continued)
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TABLE 1 | Continued

References Type of in

vitro/in vivo

models

Age and sex of

animal models

Experimental

design

Method used

to induce PD

Type of

immune cell

Inflammatory

factors

Disease mechanism New

therapeutic

targets

Sarkar et al.

(2020b)

Primary mouse

microglia

– In vitro Aggregated

αSyn

stimulation

Microglia Kv1.3: a voltage-gated

potassium channel

Fyn kinase mediates Kv1.3

channels. Expression of Kv1.3

channels increases

Javed et al.

(2020)

GMF knockout

(GMF−/−) and

C57BL/6 wild-type

(WT) mice

Sex and age not

specified

In vivo MPTP:

1-methyl-4-

phenyl-

1,2,3,6-

tetrahydropyridine

GMF

IL-1β and IL-18

GMF causes NLRP3

inflammasome inhibition and

decrease in the level of IL-1β and

IL-18

Li Y. et al. (2019) A53T mice, Murine

microglial cell line

BV-2 and murine

RAW 264.7 cell

line, B

Brain tissue from

Neonatal and

3-month-old mice

Brain tissue from

3-months-old

mice

Sex not specified

In vivo/in vitro

Stereotaxic surgery

α-syn Microglia α-syn

CXCL12

α-syn induces CXCL12

upregulation and its release from

microglia through

TLR4/IκB-α/NF-κB pathway.

Microglia migrate to the SN as a

result

Kempuraj et al.

(2019)

Mouse bone

marrow-derived

mast cells

(BMMCs),

astrocytes of

C57BL/6 fetal

mice.

– In vitro MPTP Astrocytes,

Mast cells,

Microglia

Interleukin-33

ERK1/2 MAPKs

NF-κB

GMF

p38

Astrocytes and glia-neurons

affected by mast cell proteases

and mast cells affected by GMF

and MPP+ are activated through

ERK1/2 MAPKs and NF-κB

pathways

and release IL-33

MPTP-induced mast cells secrete

CCL2 and express UDP4 which

are both significant in the

pathogenesis of PD

Abrogation of

ERK1/2

MAPKs and

NF-κB

pathways in

mast cells,

glia-neurons,

and

astrocytes

Kempuraj et al.

(2016)

Primary mouse

bone

marrow-derived

mast cells

(BMMCs), mouse

primary astrocyte

culture

– In vitro MPTP Mast cells CCL2

UCP4

MPTP-induced mast cells secrete

CCL2 and express UDP4 which

are both significant in the

pathogenesis of PD

Ikeda-Matsuo

et al. (2019)

mPGES-1

knockout mice,

Male and female

wild-type mice

primary

mesencephalic

culture generated

from pregnant

mPGES-1 KO and

WT mice at E15

Male

Age not specified

Female

Age not specified

In vivo/In vitro

Administration

of the

neurotoxin

locally

and unilaterally

6-OHDA mPGES-1

PGE2

6-OHDA induces PD in mice and

causes expression of mPGES-1

which subsequently results in

PGE2 production and neural cell

loss in the SN

(Continued)
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References Type of in

vitro/in vivo

models

Age and sex of

animal models

Experimental

design
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to induce PD

Type of

immune cell

Inflammatory

factors

Disease mechanism New

therapeutic

targets

Cao et al. (2012) Primary microglial

cultures from

wild-type mice

– In vitro α-syn Microglia Fcγ receptor

α-SYN

NF-κB

p65

FcγRs play an important role in

the α-SYN interaction with

microglia.

Inhibition of

FcγRs

Yao et al. (2019) BV2 microglia

cells, human DA

cell line, SH-SY5Y

cells

– In vitro LPS

MPTP

Microglia p38

p62

The level of p38 and p62 elevates.

They cause pro-inflammatory

cytokines secretion

MicroRNA-

124 have an

effect on p38

and p62

negatively

and on

autophagy

positively

Panicker et al.

(2019)

HEK-293T cells – In vitro AAV-αSyn Microglia Fyn kinase

αSyn

NLRP3-inflammasome

CD36

β-Syn uptake in microglia is

regulated by Fyn and CD36

α-syn activates

NLRP3 inflammasome

Inhibition of

the NLRP3

inflammasome

and Fyn

Jo et al. (2019) C57BL/6N

wild-type (WT)

mice

Male

Age not specified

In vivo MPTP Gintonin, a

ginseng-derived

glycolipoprotein

Gintonin reduces the level of

α-syn aggregation induced by

MPTP in the SN and striatum of

the mouse model

Earls et al.

(2019)

C57BL/6J mice 8-week-old males

and females

In vivo

Intrastriatal

injection

PFF

α-syn–injected

Microglia,

Astrocytes, B,

CD4+ T,

CD8+ T, and

natural killer

cells

PFF α-syn Intrastriatal injection of PFF α-syn

leads to the activation of

Microglia, Astrocytes, B, CD4+ T,

CD8+ T, and natural killer cells in

not only CNS but also peripheral

lymphoid organs

Hong et al.

(2018)

C57BL/6 mice Male

Age not specified

In vivo MPTP Mast cells TG2 Mast cells release TG2 after

activation of NF-κB pathway by

MPP+

Neal et al. (2018) C57 BL/6J mice Sex and age not

specified

In vivo

Intraperitoneal

injection

MPTP Astrocyte GPNMB GPNMB activates the CD44

receptor leading to an

anti-inflammatory phenotype in

astrocyte

Zhu et al. (2018) Mouse primary

astrocytes

– In vitro MPTP Drd2

NLRP3 inflammasome

Dopamine D2 receptor limits

NLRP3 inflammasome in

astrocytes

Ambrosi et al.

(2017)

Sprague–Dawley

rats

Male

Age not specified

In vivo

Unilateral

infusion to

the SN

6-OHDA CD4+ T

regulatory

(Treg) cells

CD4+ T regulatory (Treg) cells are

decreased in the circulation
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Disease mechanism New

therapeutic

targets

Kim B. W. et al.

(2016)

C57BL/6 mice 8–12 weeks old

Male

In vivo

Intraperitoneal

injections

MPTP Microglia

Astrocytes

LCN2 Expression of LCN2 increases in

the nigrostriatal DA system as

MPTP-induced PD in mice

activates glia and astrocytes

Abrogation of

LCN2 in the

nigrostriatal

DA system

Main et al. (2016) C57Bl/6 wildtype

mice and

IFNAR1−/− mice

Sex and age not

specified

In vivo MPTP Type-1 IFNs Type-1 IFNs contribute to

neurodegeneration in PD

Zhu et al. (2015) Cell culture from

ventral

mesencephalic

tissues of

embryonic

Sprague Dawley

rats

– In vitro LPS Astrocytes IL-10 LPS treatment results in neural

cell loss and activates astrocytes

to release IL-10

IL-10

Shin et al. (2015) Sprague Dawley

(SD) rats, C57BL/6

mice

Sex and age not

specified

In vivo

Intranigral

injection

of pKr-2

Prothrombin

kringle-2

Microglia TLR4 Prothrombin kringle-2 (pkr-2)

administration in rat and mouse

brains increases TLR4 expression

Inhibition of

pkr-2 induced

increase of

TLR4

Paumier et al.

(2015)

Sprague Dawley

rats

Three-month-old

Male

In vivo

Intrastriatal

injection

α-syn PFF

injection

α-syn α-syn PFF injection leads to α-syn

accumulation and

neurodegeneration

Li et al. (2013) A53T human

alpha-synuclein

transgenic mice

Sex and age not

specified

In vivo A53T α-syn A53T α-syn causes mitochondrial

damage

Kim et al. (2013) SH-SY5Y human

neuroblastoma,

primary cortical

neurons, rat and

mouse primary

microglia, BV2

murine microglial

cell lines, and

COS-7 cells

Sprague-Dawley

rats and

C57BL/6 mice

Sex and age not

specified

In vitro/In vivo

Stereotaxically

injection of

AAV-αSyn to

the putamen.

Transportation

of AAV-αsyn

retrogradely

to the

substantia nigra.

α-syn Microglia TLR2

α-synuclein

α-syn is a ligand of TLR2 on

microglia and causes a release of

cytokines from the activated

microglia

Drugs that

affect TLR2 or

extracellular

α-syn

Gu et al. (2010) A53T human

alpha-synuclein

transgenic mice

Sex and age not

specified

In vivo A53T α-syn Astrocytes COX-1

IL-1β

A53T α-syn expressed in

astrocytes causes microglia

activation and release of

proinflammatory cytokines

Fernagut et al.

(2007)

Thy1-aSyn mice 10–12 weeks old

Sex not specified

In vivo Paraquat α-syn α-syn aggregates in the

substantia nigra and is resistant to

proteinase K
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create PD models which affects nerve terminals as well as
cell bodies and induces death of neurons through inhibition
of the mitochondrial respiratory enzymes. In PD models 6-
OHDA lesions are made in nigrostriatal dopaminergic pathways
(Deumens et al., 2002). One of the studies used paraquat to
induce PD in vitro (Trudler et al., 2021). Paraquat is a pesticide
exposure to which is epidemiologically known to be a risk factor
for PD (Berry et al., 2010). The rotenone-induced PD is another
method, which is the best model to study mitochondrial complex
I deficiency in PD (Greenamyre et al., 2003).

α-Synuclein-Induced Neuroinflammation in

vivo and in vitro
α-Synuclein: A Key Regulator of Glial Immune

Responses
Synucleins are proteins highly expressed in the brain. There are
three members in this protein family: α-, β-, and γ-synuclein.
α-Synuclein is a pre-synaptic protein mostly found in nerve
terminals (Goedert, 2001). Under physiological conditions, α-
Syn interacts with many neuronal proteins to play a variety of
functional roles such as inhibiting phospholipase D, regulating
microtubules, elevating the rate of tau phosphorylation, etc. It
also interacts with soluble NSF attachment protein receptors
(SNAREs), which play a role in neurotransmitter release through
meditating fusion of vesicles. This indicates that α-Syn is a
likely contributor to the release of neurotransmitters (Burré
et al., 2010, 2014, 2018). Point mutations in the gene encoding
α-Syn (SNCA) are linked to the familial form of PD. A
variety of mutations are known to be linked to PD including
A53T, A30P, E46K, G51D, and H50Q. We will discuss some
of these mutations in transgenic PD models in the following
section in more details. Lewy bodies, the hallmark neuronal
inclusions observed in neurodegenerative diseases including
idiopathic PD, mainly consist of insoluble fibrillar α-syn protein
(Goedert, 2001; Marques and Outeiro, 2012; Bendor et al.,
2013). In pathological situations, soluble monomeric α-syn
generates β-sheet-like oligomers (protofibrils), which form into
amyloid fibrils. Amyloid fibrils, then, accumulate in Lewy bodies
(Burré et al., 2015). Neurons can also release α-syn, inducing
inflammatory responses of microglia (Kim et al., 2013). The
fibrillar α-syn, but not its monomeric or oligomeric forms,
is the main trigger of neuroinflammation in PD. It interacts
with microglial TLR2 as well as another innate immune sensor,
the nucleotide oligomerization domain-like receptor family,
pyrin domain containing 3 (NLRP3), resulting in activation
of the nuclear factor κB (NF-κB) and assembly of NLRP3
inflammasomes. This sequence of events ultimately leads to
the release of TNF-α and IL-1β by the microglia, two potent
pro-inflammatory cytokines that are known to play a role
in the pathogenesis of PD (Gustot et al., 2015; Zhou et al.,
2016; Panicker et al., 2019; Trudler et al., 2021). AMS-
17 is known to inhibit NLRP3 pathways and activation of
microglia. Further investigations using PD model mice indicate
that microglial endocytosis of α-syn, impairment of lysosomal
functions, and the release of lysosomal protease cathepsin B
into the cytoplasm are required for α-syn-induced assembly of
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FIGURE 1 | PRISMA 2020 flow diagram for systematic reviews which included searches of databases.

the NLRP3 inflammasomes in microglia. α-Syn also negatively
regulates the AMP-activated protein kinase (AMPK)-mediated
autophagy, which leads to the intracellular accumulation of
reactive oxygen species (ROS), followed by activation of the
NLRP3 inflammasome (Zhou et al., 2016). Furthermore, α-
syn binds to the microglial CD36 receptor, resulting in the
activation of Fyn kinase and subsequently the activation of the
NF-kB pathway. Fyn kinase also participates in the activation
of NLRP3 since it is decreased in the fyn−/− mice injected
with adeno-associated virus overexpressing α-syn (AAV-αSyn)
compared to the wild-type animals (Panicker et al., 2019).
In addition, Fcγ receptors (FcγR) located on the surface of
microglia can mediate α-syn intracellular trafficking leading to
pro-inflammatory activation of these cells (Cao et al., 2012). α-
Syn can also promote neuroinflammation by interacting with
astrocytes since it has been shown to upregulate secretion
of interleukin IL-6 and expression of intercellular adhesion
molecule-1 (ICAM-1) by human astrocytes. Notably, the PD-
causing mutations of α-syn upregulate its potency as a pro-
inflammatory stimulant of astrocytes (Klegeris et al., 2006; Jo
et al., 2019). In addition to stimulating glial cells, α-syn facilitates
aggregation of other inflammatory proteins. For example, co-
localization and co-aggregation of α-syn with S100A9 protein
have been observed in Lewy bodies and neuronal cells in
the SN and frontal lobe areas of PD patients. S100A9 is a

member of a family of structurally homologous calcium-binding
S100 proteins, which are involved in many inflammatory and
neurodegenerative diseases (Srikrishna, 2012; Markowitz and
Carson, 2013; Horvath et al., 2018). Aggregated a-syn leads to
downregulation of progranulin (GRN) gene in microglia which
affects immune functions of these cells (Sarkar et al., 2020a).
Another effect of α-syn is related to metabotropic glutamate
receptor 5 (mGluR5). This receptor has a neuroprotective role,
but its lysosome-dependent degradation occurs faster as a result
of synucleinopathy (Zhang et al., 2021). Even though α-syn
has been demonstrated to be an initiator in neuroinflammation
processes, some studies indicated that inflammation can occur
before synucleinopathy (Lai et al., 2021).

α-Syn and Transgenic PD Mouse Models
To further study the pathophysiology of α-syn, various transgenic
mousemodels of PD have been created including α-syn knockout
models and models overexpressing wildtype or mutated human
α-syn (Fernagut and Chesselet, 2004). α-Syn KO mice are used
to identify the role of α-syn in PD pathogenesis. A study on α-
syn KO mice demonstrated that these PD models are resistant
to acute administration of MPTP, which highlights the key
role of α-syn in increasing the vulnerability of DA neurons to
neurodegeneration when exposed to environmental neurotoxins
(Dauer et al., 2002). As previously mentioned, two missense
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mutations of α-syn gene are linked to PD: A53T and A30P.
Homozygous transgenic A30P∗A53T α-syn mice manifest many
features of PD phenotype and are useful models to study this
disease (Kilpeläinen et al., 2019). Mutant α-syn in transgenic
A53Tmice does not form aggregates but is distributed in different
parts of neurons abnormally leading to motor impairment in
transgenic mice followed by further paralysis and death (Giasson
et al., 2002; Gispert et al., 2003). In transgenic mice which
overexpressed A53T α-syn selectively in astrocytes, microglia
became reactive and produced proinflammatory cytokines, such
as IL-1β, and upregulated cyclooxygenase (COX)-1 leading to
neurodegeneration (Gu et al., 2010). Accumulation of A53T α-
syn in transgenic mice leads to peripheral inflammation and
motor deficits (La Vitola et al., 2021). A53T α-syn has a
destructive effect on mitochondrial function in the DA neurons
of transgenic mice. It causes damage to mitochondrial transport
and respiratory mechanisms (Li et al., 2013). Some other
transgenic mouse models are also created to investigate PD such
as Thy1-aSyn and α-syn pre-formed fibril (PFF)-injected models.
Intrastriatal injection of PFF α-syn leads to the activation of
microglia, astrocytes, B, CD4+ T, CD8+ T, and natural killer cells
in not only CNS but also peripheral lymphoid organs (Earls et al.,
2019). Thy1-aSyn models overexpress human wildtype α-syn by
the murine Thy-1 promoter. In this model, many manifestations
of sporadic PD are seen including inflammation, biochemical and
molecular changes resembling those observed in PD (Chesselet
et al., 2012). To study pre-clinical stages of PD, Thy1-aSyn
transgenic mice are helpful as in this model high levels of α-
syn cause no DA neuronal death up to 8 months (Fleming et al.,
2008).

Role of NF-κB Pathway in
Neuroinflammation
As described above, the interaction of α-syn with microglia
causes activation of NF-kB, which is central to a broad range
of neuroinflammatory processes (Tobon-Velasco et al., 2014);
therefore, inhibition of this signaling pathway could be a
therapeutic target for PD. Panicker et al. treated Fyn−/− mice
with LPS to evaluate the role of Fyn in NF-κB activation
(Greenamyre et al., 2003). NF-kB signaling in microglia can be
activated by the DAMPs released from damaged CNS cells, such
as HMGB1, IL-33, ATP, cytochrome C, mitochondrial DNA,
and several different heat shock proteins (HSP) (Klegeris, 2021).
HMGB1 is a prototypical DAMP present in most nucleated
cells, which can be actively secreted or passively released
from stimulated and necrotic cells, respectively. a-Syn-induced
upregulation of CXCL12 and its release from microglia through
TLR4/IκB-α/NF-κB pathway results in microglia migration to
the SN (Li Y. et al., 2019). GMF causes NLRP3 inflammasome
inhibition and decreases levels of IL-1β and IL-18 (Javed
et al., 2020). An in vitro study showed that knockdown
of HMGB1 alleviated upregulation of NF-κB signaling and
inflammatory responses; therefore, anti-HMGB1 monoclonal
antibody therapy should be considered as a potential treatment
strategy for PD (Nishibori et al., 2019; Huang et al., 2020).
The pro-neuroinflammatory effects of DAMPs in the CNS can

be counterbalanced by several different resolution-associated
molecular patterns, including HSP10, αB-crystallin, prothymosin
α, and binding immunoglobulin protein (BiP), also known as
HSP70 (Wenzel et al., 2020). Thus, an in vitro model of PD
was used to demonstrate that HSP70 inhibited the mRNA and
protein expressions of NF-κB along with another key pro-
inflammatory signaling molecule signal transducer and activator
of transcription (STAT)-3 (Li et al., 2019). Notably, select
miRNAs, such as miR-124 and miR-7, can also inhibit the
progression of neuroinflammation in PD models by modulating
NF-κB signaling pathways (Zhou et al., 2016; Yao et al., 2019).
One study showed the Lipoic acid (LA) has an anti-inflammatory
effect by inhibiting the p53/NF-κB pathway in an LPS-induced
model of PD (Mao et al., 2021).

Contribution of Mast Cells to
Neuroinflammation in PD Models
The essential role of mast cells in neuroinflammation is
supported by several studies. Kempuraj et al. showed that
exposure of murine and human mast cells to MPP+ induced
release of chemokine c-c motif ligand 2 (CCL2), which in
turn has been implicated in the pathogenesis of PD (Kempuraj
et al., 2016). MMP+ treatment-induced secretion of IL-33
and a high level of ROS generation by murine mast cells. In
addition, mouse mast cell protease (MMCP)-6 and MMCP-7
triggered the release of IL-33 from glia-neuron mixed cultures
and primary mouse astrocytes. All these events involved the
activation of the NF-kB pathway demonstrating its critical role in
neuroinflammation associated with PD (Kempuraj et al., 2019).
Furthermore, MPP+ activated NF-κB in mast cells leading to
upregulation of transglutaminase 2 (TG2) and subsequent release
of the pro-inflammatory TNF-α and IL-1β. This study also
demonstrated that TG2-expressing mast cells recruited into SN
tissues might contribute to neuroinflammation in PD (Hong
et al., 2018).

Role of Adaptive Immunity in PD Models
Nigrostriatal damage correlates with complex alterations in
both central and peripheral immunity (Ambrosi et al., 2017).
Regarding in vivo studies, some immunological features change
in MPTP-treated mice as a result of the damage to central
dopaminergic cells (Bieganowska et al., 1993). In 6-OHDA-
treated rats, a decrease in the percentage of circulating
CD4+ T regulatory (Treg) cells was observed (Ambrosi
et al., 2017). Upregulation of a-syn provokes adaptive immune
system (Theodore et al., 2008). Upregulation of the major
histocompatibility complex II (MHCII) protein in CNS myeloid
cells and recruitment of CD4+ and CD8+ T cells into the CNS
occur due to α-syn accumulation (Williams et al., 2021). One
study demonstrated that CD3+/CD4+ T cells are recruited into
the perivascular parenchyma of the neocortex, hippocampus,
and striatum in α-syn transgenic mice. This study supports
the role of adaptive immune cells in neuroinflammation in
synucleinopathies (Iba et al., 2020). Degeneration of DA cells
occurs through a CD4+ T cell-dependent Fas/FasL cytotoxic
pathway (Brochard et al., 2009). CD4+ and CD8+ T cells, in
an α-syn rat model of PD, cause an upregulation of MHCII
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in microglia and significant loss of DA neurons (Subbarayan
et al., 2020). One study on A53T α-syn mice indicated that
T cells contribute to the neurodegeneration caused by α-
syn, while B cells have no neuroprotective effect against this
neurodegeneration (Karikari et al., 2022). Taken together, these
studies indicate that the adaptive immune system is associated
with neuroinflammation and neurodegeneration in PD.

Other Factors Contributing to
Neuroinflammation in PD Models
TLR4 is a cell-surface protein that interacts with bacterial
endotoxin and other pathogen-associated molecular patterns
(PAMPs) as well as several different DAMPs (Leitner et al., 2019).
This receptor is expressed by many different cell types including
glial cells. TLR4 activation causes motor impairment in MPTP-
treated mice. TLR4 signaling has been suggested to initiate
neuroinflammation in PD since microglia express this receptor
and α-syn activates it. A decrease in the inflammatory response
to α-syn oligomers is observed in murine macrophages derived
from bone marrow. In TLR4-deficient mice, the activation of
microglia and astrocytes is inhibited by the suppression of NF-
κB and the NLRP3 inflammasome signaling pathways (Campolo
et al., 2019; Hughes et al., 2019; Shao et al., 2019). An elevated
level of microglial TLR4 damages the nigrostriatal DA system.
The increase in this receptor occurs after the administration of
prothrombin kringle-2 (pKr-2) in rat and mouse brains, which
indicates pKr-2 as a new potential TLR4-linked therapeutic target
for PD (Shin et al., 2015). Lee et al. report that apoptosis signal-
regulating kinase 1 (ASK1) is responsible for the MPTP-induced
glial activation and neurotoxicity (Lee et al., 2012). PD model
mice were also used to identify glial lipocalin-2 (Lcn-2) as a
protein contributing to the disease pathogenesis since its levels
were increased in the SN and striatum of the MPTP-treated
animals (Kim B. W. et al., 2016).

A microsomal isoform of prostaglandin E synthase-1
(mPGES-1) plays a vital role in the inflammatory processes of
peripheral tissues and the CNS by producing the inflammatory
PGE2. It contributes to clinical manifestations of inflammation,
such as pyrexia and pain, and has been shown to contribute
to accelerated neuronal death in PD (Uematsu et al., 2002;
Engblom et al., 2003; Kamei et al., 2004). Furthermore,
mPGES-1 is upregulated in nigrostriatal DA neurons from
postmortem PD brain specimens and the 6-hydroxydopamine
(6-OHDA) model of PD. Elevated PGE2 produced by this
enzyme is believed to contribute to the DA neuronal death
in this model (Ikeda-Matsuo et al., 2019). The type 7
cyclic nucleotide phosphodiesterase 7 (PDE7) is another pro-
inflammatory enzyme revealed by several pre-clinical models to
contribute to PD pathogenesis. PDE7 inhibitors display anti-
inflammatory and neuroprotective activities and can stimulate
adult neurogenesis both in vivo and in vitro (Morales-Garcia
et al., 2011, 2015, 2017). Recently, small non-coding RNAs, such
as microRNAs (miRNAs), have been identified as biomarkers of
neurodegenerative processes and shown to be involved in PD
pathogenesis (Kim et al., 2016). Specific miRNAs bind to the
three prime untranslated regions (3

′

-UTRs) of target mRNAs

regulating gene expression in the post-transcriptional phase
(Bartel, 2004). In the MPTP model of PD, type-I IFNs mediate
neuroinflammation in its early stages and worsen PD pathology
(Main et al., 2016).

Comparison Between Different Cell Lines
Used to Model PD in vitro
As seen in Table 1, BV2 murine microglial cells (four articles)
and and SH-SY5Y human neuroblastoma cell line (four articles)
are the two most commonly-used cell lines to induce PD in vitro
in the articles included in this review. Six in vitro studies used
rat/mice primary neuron/glia to model PD rather the previously
mentioned cell lines. Primary neuronal cultures are useful
PD models obtained from the embryonic rodent brain which
resemble the morphology and physiology of human neurons
(Lopes et al., 2017a). Experimental variations and difficulty in
maintenance are some disadvantages of this model (Slanzi et al.,
2020). To study the role of microglial cells in PD pathology, the
immortalized murine microglial cell line BV-2 has been widely
used instead of primary microglial cells. LPS administration in
this model leads to pathological pattern of PD similar to that
observed in microglial cells in vitro and in vivo (Henn et al.,
2009). SH-SY5Y human neuroblastoma cells is a widely-used PD
model which mimics some aspects of DA neuron phenotype,
such as the expression of tyrosine hydroxylase, dopamine-β-
hydroxylase, and dopamine transporter (Hong-rong et al., 2010).
SH-SY5Y neuroblastoma can be differentiated to cells that are
similar to cholinergic, dopaminergic, or noradrenergic neurons
(Slanzi et al., 2020). However, one disadvantage of this model is
that there is no standard differentiation protocol and variation in
the source of the cells and their culture maintenance techniques
lead to different results. In order to provide a PD model, SH-
SY5Y neuroblastoma lineage is manipulated both chemically
and genetically. MPP+, 6-OHDA, and rotenone treatment as
well as overexpression of mutated α-syn are some examples.
SH-SY5Y cells cannot transform MPTP to its metabolite and
must be treated by MPP+ itself (Xicoy et al., 2017). Some
other cell lines are also mentioned in Table 1. For example,
PC12 cells are derived from rat pheochromocytoma of the
adrenal medulla. These cells produce and secrete catecholamines.
However, due to their tumoral origin, they may manifest altered
signaling pathways (Slanzi et al., 2020). HEK 293 cell line (or
immortalized human embryonic kidney cells) has been used for
large-scale experiments but their non-neuronal origin is the main
disadvantage of this model (Falkenburger and Schulz, 2006).
Animal models of PD are appropriate for studies on motor
deficits in PD as the disease progresses. However, since PD is a
human-specific neurodegenerative diseases, its pathology, such
as damage to DA neurons, needs to be induced. No animal
model has been able to recreate all the PD aspects so far. In
vitro models provide a controlled environment to investigate
the disease mechanisms. However, these models do not have
the complexity of CNS. In addition, the source of cells used,
their morphology, physiology, and maintenance under different
culture conditions result in different outcomes (Lopes et al.,
2017a).
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DISCUSSION

The complex pathological features of PD include the death
of dopaminergic neurons in SN as well as α-syn aggregation
accompanied by neuroinflammation (Hirsch and Hunot, 2009;
Tansey and Goldberg, 2010; Hirsch et al., 2012; Guo et al., 2017;
Mohamadkhani, 2018). In the current systematic review, we
considered 40 original in vitro and in vivo studies describing
the molecular mechanism, signaling pathways, and other factors
that potentially contribute to the PD pathophysiology in animal
models. Our review highlights the following main findings:
(1) the methods applied to create PD animal models include
treatment of the animals with MPTP, LPS, 6-OHDA, paraquat,
and rotenone, in addition to transgenic animal models (Giasson
et al., 2002; Miklossy et al., 2006; Fernagut et al., 2007; Gu et al.,
2010; Li et al., 2013; Paumier et al., 2015; Zhu et al., 2015, 2018;
Kempuraj et al., 2016, 2019; Kim B. W. et al., 2016; Main et al.,
2016; Hong et al., 2018; Neal et al., 2018; Earls et al., 2019; Ikeda-
Matsuo et al., 2019; Jo et al., 2019; Li Y. et al., 2019; Panicker
et al., 2019; Yao et al., 2019; Huang et al., 2020; Javed et al., 2020;
Morales-Garcia et al., 2020; Sarkar et al., 2020a; Lai et al., 2021;
La Vitola et al., 2021; Trudler et al., 2021; Williams et al., 2021;
Zhang et al., 2021). (2) α-syn is an important regulator of glial
immune responses, which can induce neuroinflammation and,
thus, lead to PD development (Cao et al., 2012; Kim et al., 2013;
Ikeda-Matsuo et al., 2019; Jo et al., 2019; Panicker et al., 2019);
(3) the NF-κB pathway, induced by α-syn, contributes to the
neuroinflammatory process during PD progression (Zhou et al.,
2016; Li et al., 2019; Nishibori et al., 2019; Yao et al., 2019; Huang
et al., 2020; Wenzel et al., 2020; Klegeris, 2021); (4) mast cells
are important contributors to the disease pathogenesis in PD
mouse models (Kempuraj et al., 2016, 2019; Hong et al., 2018);
(5) adaptive immune system plays role in neuroinflammation and
neurodegeneration in PD pathogenesis (Bieganowska et al., 1993;
Brochard et al., 2009; Ambrosi et al., 2017; Iba et al., 2020). (6)
additional factors contributing to PD neuroinflammation involve
the pKr-2 protein, which can facilitate neuroinflammation and
PD progression in rodent models by upregulating microglial
TLR4 (Shin et al., 2015); mPGES-1, which is upregulated in
the SN of 6-OHDA-induced PD models and could lead to
neurotoxicity (Uematsu et al., 2002; Engblom et al., 2003;
Kamei et al., 2004; Morales-Garcia et al., 2011, 2015, 2017; Kim
et al., 2016; Ikeda-Matsuo et al., 2019); and type-I IFN, which
aggravates PD by inducing neuroinflammation in the early stages
of this disease (Main et al., 2016).

MPTP is one of the agents used to create animal Parkinson
models (Miklossy et al., 2006; Kim B. W. et al., 2016;
Main et al., 2016; Hong et al., 2018; Neal et al., 2018; Zhu
et al., 2018; Kempuraj et al., 2019; Yao et al., 2019). For
performing its toxicity, MPTP is initially transformed to MPP+.
In DA neurons, ASK1 conveys the MPP+-induced signals
leading to the generation of glial-activating molecules like
COX-2. During the MPTP-induced toxicity in mice, ASK1
signaling plays a significant role as a connection between
neuroinflammation and oxidative stress (Lee et al., 2012).
A review by Guo et al. illustrates that ASK1 signaling is
linked to the pathogenesis of several neurodegenerative diseases

including PD (Guo et al., 2017). Therefore, ASK1 is important
in the neurotoxicity caused by MPTP treatment. Furthermore,
it is suggested that ASK1 may be a target for treating or
preventing PD and other neurodegenerative diseases (Guo et al.,
2017). Treatment of mice with MPTP also increases glial
Lcn-2 levels, according to Kim B. W. et al. (2016). This is
consistent with previously reported inflammatory functions of
this protein potentially playing a role in various age-related
CNS diseases. Lcn-2 has been shown to promote cell death
and iron dysregulation, in addition to neuroinflammation,
leading to cognitive impairments. Therefore, elevated Lcn-2
levels can be considered a risk factor for age-related CNS
disorders (Dekens et al., 2021). Additionally, it is indicated that
MPP+ causes superoxide radicals to form, which combine with
nitric oxide to form peroxynitrite. Many proteins, including
tyrosine hydroxylase, are inhibited by this chemical. As a result,
dopamine synthesis is disrupted, leading to injury of DA neurons
(Liberatore et al., 1999; Przedborski et al., 2000, 2004). McGeer
et al. demonstrated that in the SN of rhesus monkeys, the loss
of DA cells after MPTP treatment caused microglia activation,
which contributes to neuroinflammation (McGeer and McGeer,
2007) (Figure 2).

An LPS-induced mouse model of neuroinflammation has
been shown to be a useful tool for studying the pathogenic
mechanisms behind neurodegeneration and testing possible
therapeutic agents (Noh et al., 2014; Zhu et al., 2015; Panicker
et al., 2019; Yao et al., 2019; Morales-Garcia et al., 2020; La
Vitola et al., 2021; Zhang et al., 2021). The TLR4 and NF-κB
signaling pathway is activated by LPS injections, which stimulates
microglia. This causes release of IL-6, TNF-α, and insulin-like
growth factor 1 (IGF-1), which can be beneficial or harmful
to surrounding tissues depending on conditions (Wyss-Coray
and Mucke, 2002; Block et al., 2007; Noh et al., 2014). In both
the mouse and the rat, LPS injection causes the expression of
pro-inflammatory markers such as TNF-α and IL-1b in the
entire brain and plasma (Qin et al., 2007; Henry et al., 2009;
Nikodemova and Watters, 2011; Oskvig et al., 2012; Molteni
et al., 2013). LPS injections produce systemic inflammation and
neuroinflammation, which lead to an increase in Aβ levels and
neuronal cell death, resulting in cognitive impairment. Thus,
systemic inflammation can play a role in the progression of
cognitive impairments observed in Alzheimer’s disease (AD) and
PD (Zhao et al., 2019). According to the study by Morales-Garcia
et al. (2020), PDE7 is involved in the progression of neuronal
damage in neurodegenerative illnesses, in part due to its role
in the regulation of neuroinflammation, suggesting that it could
be a key factor in the advancement of PD. In fact, this study
detected a strong rise of PDE7 expression, both in vitro and in
vivo, primarily in microglial cells, implying that PDE7 expression
is critical for the neuroinflammatory response triggered by these
cells, which leads to an increase in DA neuron degeneration
(Morales-Garcia et al., 2020).

Another agent used for creating PD animal models is
6-OHDA (Ikeda-Matsuo et al., 2019; Morales-Garcia et al.,
2020). 6-OHDA was the first chemical agent shown to have
selective neurotoxic effects on catecholaminergic pathways
(Ungerstedt, 1968; Sachs and Jonsson, 1975). 6-OHDA
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FIGURE 2 | Servier (2022) mechanisms involved in PD pathogenesis. In this figure, the mechanisms following MPTP exposure through which dopaminergic cell death

occurs are illustrated. The active metabolite of MPTP, MPP+, is produced in glial cells and transfers into dopaminergic neurons via DA transporter. In the neuron, this

activated metabolite causes synaptic dysfunction as well as mitochondrial dysfunction which triggers aggregation of α-Syn. It also can lead to neuroinflammation and

microglial activation. Acting together, the mentioned mechanisms can lead to dysfunction of BBB, which is one of the main pathological findings in PD, in addition to

Lewy bodies and α-Syn aggregation.

causes catecholaminergic neuron degeneration by using
the same catecholamine transport mechanism as dopamine
and norepinephrine (Figure 3) in the substantia nigra, the
nigrostriatal tract, or the striatum to specifically target the
nigrostriatal DA system (Perese et al., 1989; Przedbroski et al.,
1995). DA neurons start degenerating 24 h after 6-OHDA
(Przedbroski et al., 1995; Schwarting and Huston, 1996)
injections into the SN or the nigrostriatal tract, and striatal
dopamine is reduced 2–3 days later (Faull and Laverty, 1969).
There is substantial evidence that oxidative stress plays a
role in the neurotoxic effects of 6-OHDA. In the presence of
iron, 6-OHDA-induced degeneration has been linked to the
production of hydrogen peroxide and hydroxyl radicals (Sachs
and Jonsson, 1975). The fact that intranigral iron injection has
similar neurotoxic effects to 6-OHDA suggests that iron may
play a role in 6-OHDA-induced degeneration. Furthermore,
investigations have shown that 6-OHDA causes a decrease in
glutathione peroxidase (GSH) and superoxide dismutase (SOD)

activity as well as an increase in malondialdehyde levels in the
striatum (Perumal et al., 1992; Kumar et al., 1995). 6-OHDA is
similarly harmful to mitochondrial complex I, resulting in the
generation of superoxide free radicals (Hasegawa et al., 1990;
Cleeter et al., 1992).

Paraquat, a well-studied neurotoxic agent, is commonly
regarded as one of the environmental elements contributing to
PD (Fernagut et al., 2007; Huang et al., 2020). Because of its
structural similarities to MPP+, Paraquat has presented as a
possible risk factor for PD. Paraquat can pass the blood-brain-
barrier, but only to a limited degree. It induces a dose-dependent
decrease in DA nigral neurons and striatal DA innervation, and
subsequent reduced mobility, when administered systemically
to mice (Boireau et al., 1995). Paraquat method of action is
thought to entail oxidative stress, and its harmful effects could
be mediated through the mitochondria because of its structural
resemblance to MPP+ (Betarbet et al., 2002). Paraquat has
been shown in several studies to cause neuroinflammation and
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FIGURE 3 | Servier (2022) the neuroinflammatory cascade mediated by NF-κB. TNF-α, IL-1β, IL-6, and CD-40L are proinflammatory substances activating the

canonical pathway. In the canonical pathway, an inhibitor of κβ kinase (IKK) β (or IKKγ) is required for NF-κB activation. IKKβ phosphorylates Iκβ. The regulatory

subunit of the IKK complex is the NF-κB essential modulator (NEMO). In the cytosol, IκB is degraded by proteasomes, and the phosphorylated heterodimer of NF-κB

(p50–p65) is transferred to the nucleus and binds to the NF-κB response element. Thus, pro-inflammatory mediators such as TNF-α, IL-1β, IL-6, iNOS, and ICAM

become activated, which play role in the degradation of dopaminergic neurons (DA). In the non-canonical pathway, NEMO phosphorylates IKK-α and induces

proteasomal destruction as well as proteasomal processing of p100, a subunit of the NF-B heterodimer, creating the p52-RELB active heterodimer. IKκ induces INF-α

production, triggered by TLR7,9. The p52-RELB active heterodimer enters the nucleus and binds to the NF-κB response element, regulating the expression of

pro-inflammatory factors. Eventually NF-κB mediated neuroinflammation plays role in Parkinson’s disease through DA degradation.

microglial activation. Underlying inflammatory processes greatly
increase the sensitivity of DA neurons to toxic damage (Purisai
et al., 2007; Mitra et al., 2011). According to a study by Ishola
et al. TNF-α levels in the midbrain were considerably elevated
by Paraquat, indicating neuroinflammation (Ishola et al., 2018).
TNF-α is a cytokine that makes up the acute phase reaction
and is a cell signaling protein implicated in inflammatory
cascades (Tweedie et al., 2007; Ishola et al., 2013). Xiao et al.
reported that Paraquat could activate BV-2 microglia and cause
neuroinflammation. This involves inhibition of Akt1 activation,
mediated by the increased ROS. Also, Paraquat treatment was
followed by a significant increase in the expression of M1
microglia markers including TNF-α, IL-1β, and IL-6. Therefore,
Paraquat elevated the M1 phenotype of BV-2 microglia (Xiao
et al., 2022). According to Mitra et al. Paraquat induced ROS
production and differential α-syn expression, which promoted
neuroinflammation. This was characterized by area-specific
changes in microglial cell localization and appearance, as well as
an increase in TNF-α expression patterns in the substantia nigra,
frontal cortex, and hippocampus (Mitra et al., 2011). Paraquat
may also act through HGMB1 (Huang et al., 2020). In SH-SY5Y
cells, a well-established in vitro model for PD research, Paraquat
exposure resulted in a significant increase in HMGB1, which was
translocated to cytosol and then released into the extracellular
milieu of SH-SY5Y cells in a concentration and time-dependent
manner. The activation of the RAGE-P38-NF-kB signaling
pathway and the generation of inflammatory cytokines such as

TNF-α and IL-6 were both reduced when HMGB1 was knocked
out. These findings suggest that HMGB1 plays role in Paraquat-
induced cell death by increasing neuroinflammatory responses
and activating RAGE signaling pathways (Huang et al., 2020).

Another agent used for inducing PD in animal models is
rotenone. This agent is an inhibitor of mitochondrial complex
I, which is neurotoxic to non-DA and DA neurons (Chen et al.,
2006; Choi et al., 2015). This is to some extent because of its
inhibitory impact on mitochondria and also causing elevation
of oxidative stress. It is indicated in studies using primary
cultured glia or microglia that rotenone triggers oxidative stress
and neuroinflammation, leading to elevated secretion of pro-
inflammatory cytokines (Ye et al., 2016). According to Main et al.
type-I IFNs play critical role in mediating the neuroinflammation
caused by rotenone in both primary cultured glia and neurons in
vitro. They also observed a neuroprotective effect by attenuating
type-I IFNs signaling. This confirms the important role of these
cytokines in neuroinflammation, which leads to death of neurons
in chronic neuropathologies (Main et al., 2017) as was shown in
another study by Main et al. on MPTP-induced mice (Main et al.,
2016).

According to this systematic review, α-syn has a potentially
significant role in the pathogenesis of PD. α-Syn performs
many functions through its interactions with different proteins
(Burré et al., 2018). It can inhibit phospholipase D (PLD).
Many experimental studies, clearly show that α-syn and PLD
have a functional interaction. PLD2 overexpression in the
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rat substantia nigra pars compacta, for example, induced
dopaminergic neuron death due to increased lipase activity,
while α-syn co-expression decreased PLD2 toxicity (Mendez-
Gomez et al., 2018). Furthermore, PLD1 controls autophagic flux
and clearance of α-syn aggregates (Bae et al., 2014), whereas
overexpression of wild-type α-syn in human neuroblastoma
cells reduces PLD1 expression (Conde et al., 2018). An
important interaction of α-syn is with SNARE, which facilitates
the formation of synaptic vesicles (Burré et al., 2010, 2014,
2018; Huang et al., 2019). SNARE complex assembly requires
monomeric α-syn, and deficiencies in this protein can impair
vesicle formation. Aggregated α-syn, on the other hand,
prevents SNARE-mediated membrane fusion (Hawk et al.,
2019). The findings explain a potential mechanism for SNARE-
mediated neuronal dopamine release deficiencies leading to
neurodegeneration due to a lack of monomeric α-syn and/or
increased insoluble α-syn aggregation. However, since SNARE
proteins are required for a variety of membrane fusion processes,
changes in α-syn could affect vesicle production in a variety
of cell types, particularly during fetal development when α-syn
is most widely expressed (Baltic et al., 2004). Because vesicle
formation is essential for microglia to phagocytose and transfer
extracellular cargo to the lysosome for destruction, the deficiency
of endogenous α-syn may have an impact on vesicle formation.
During the beginning phase of autophagy, SNARE proteins are
necessary for the synthesis of precursor vesicles that convert
to the phagophore (Wang et al., 2020). This microglial process
aids in the elimination of harmful proteins and protects against
neuron-derived α-syn aggregation (Choi et al., 2016). Microglia’s
ability to remove misfolded α-syn could be harmed if vesicle
production during autophagy is impaired and consequently
contribute to aggregation of α-syn. The SNARE complex is also
involved in vesicle exocytosis during microglia cytokine release
(Murray et al., 2005). One probable reason for decreased cytokine
release is α-syn interaction with SNAP23, a subunit of SNARE
complex. Many microglial activities rely on vesicle production
to protect against harmful protein buildup and to enhance
inflammatory responses in the brain (Gardai et al., 2013).

α-sSyn induces neuroinflammation directly. This process
is initiated by α-syn activating microglial TLR2 and NLRP3,
which ultimately increases their secretion of IL-1β, TNF-α, and
other pro-inflammatory cytokines (Panicker et al., 2019). For
example, Bauernfeind et al. (2009) and Qiao et al. (2012) have
demonstrated that α-syn is recognized by microglial TLR2,
leading to activation of the NF-κB pathway and subsequent
production of IL-1β (Bauernfeind et al., 2009; Qiao et al.,
2012). Wang et al. (2019) highlight that NLRP3 inflammasome
activation not only induces IL-1β secretion by microglia, but also
causes a type of inflammatory cell death known as pyroptosis
leading to rupture of microglial plasma membrane and further
release of IL-1β (Wang et al., 2019). A meta-analysis by Qin
et al. showed that peripheral levels of several inflammatory
cytokines including TNF-α and IL-1β are higher in PD patients
compared to healthy controls (Qin et al., 2016). IL-1β released
frommicroglia has been suggested to participate in inflammatory
responses that cause impairment of DA neurons (Block et al.,
2007). Injection of IL-1β into the SN of rats induces the death

of DA neurons, which is the pathological feature of PD (Ferrari
et al., 2006; Block et al., 2007). This, in turn, increases the
release of α-syn and creates a vicious circle that amplifies
neuroinflammation and accelerates the pathogenesis of PD. Due
to its critical role in neuroinflammation, inhibition of NLRP3
pathways is a recently suggested therapeutic strategy for PD
(Wang et al., 2019). FcγR on the surface of microglia can mediate
α-syn intracellular trafficking, causing microglia to become pro-
inflammatory (Cao et al., 2012). According to a study by Javed
et al. GMF inhibits the NLRP3 inflammasome and leads to a
decrease in the levels of IL-1β and IL-18 (Javed et al., 2020).
Miklossy et al. showed that ICAM-1 is upregulated in astrocytes
of PD and MPTP-treated monkeys. Also, lymphocyte function-
associated antigen 1 (LFA-1) was increased in the reactive
microglia. Therefore, inflammation is a potential factor in PD
pathogenesis (Miklossy et al., 2006).

The NF-κB pathway is found to be a significant mechanism
driving neuroinflammatory reactions (Kempuraj et al., 2019).
The two major routes involved in the activation of NF-κB are the
canonical or classical pathway and the non-canonical or alternate
pathway. The canonical pathway involves dimers of Rel proteins
p50 and p65 forming complexes with inhibitory complex IκBα in
the cytosol, where they are activated and regulate the production
of pro-inflammatory cytokines (Lawrence, 2009). TNF, LPS, IL-
1β, and T cell receptor or B cell receptor, as well as other cell,
surfaces receptors such as TLRs, TNF receptor, and IL-1 receptor,
activate NF-κB throughout the canonical pathway (Baeuerle and
Baltimore, 1996). Members of the TNF receptor superfamily,
such as B cell-activating factor (BAF), receptor activator of NF-
κB (RANK), lymphotoxin B (LT) receptor, and CD40, activate
the non-canonical NF-κB pathway in response to diverse stimuli.
These receptors also activate the canonical pathway at the same
time. Only IKKα homodimers, not IKKβ or IKKγ implicated in
the canonical pathway for IκB phosphorylation, are responsible
for non-canonical NF-κB pathway activation (Singh et al., 2020)
(Figure 3). Inhibition or capture of HMBG1 can suppress this
pathway and has been considered as a therapeutic approach. A
review by Nishibori et al. illustrates that administration of anti-
HMGB1 monoclonal antibodies inhibits Dneuronal loss in a 6-
OHDA rat model of PD by suppressing ROS production and
neuroinflammation (Nishibori et al., 2019). The protective effects
of miR-124 and miR-7 against inflammation may make them
protective in PD as already suggested by Titze-de-Almeida and
Titze-de-Almeida, who describe the potential benefits of miR-
7 replacement therapy in this disease (Titze-de-Almeida and
Titze-de-Almeida, 2018). Microglia migration to the substantia
nigra is triggered by α-syn-induced increase of CXCL12 and its
release from microglia via the TLR4/IB/NF-κB pathway (Ahmed
et al., 2012).α-Syn is also a CD36 agonist (Panicker et al.,
2019). It has been shown that CD36 and Fyn kinase facilitate
the uptake of α-syn by microglia and initiate the assembly of
inflammasomes through a protein kinase Cδ-dependent nuclear
translocation of NF-κB-p65. Furthermore, uptake of α-syn is
reduced in Fyn-deficient microglia and bone marrow-derived
macrophages (BMDM) that lack CD36. Therefore, Fyn plays an
important role in promoting neuroinflammation in PD (Panicker
et al., 2019). In addition, based on a genome-wide association
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study (GWAS), the Fyn locus is linked to the increased risk of
PD (Nalls et al., 2019). Sarkar et al. showed that in PD models,
Kv1.3 is elevated. The downstream mediator of the NF-κB and
p38MAPK pathways, the Fyn/PKC signaling cascade, proximally
controlled the Kv1.3 upregulation. They showed that Kv1.3
overexpression contributes significantly to neuroinflammation-
mediated neurodegeneration in PD models. These findings also
point to a possible Kv1.3-mediated signaling pathway which
can modulate microglial inflammation in PD (Sarkar et al.,
2020b). Sarkar et al. in another study discovered new molecular
pathways for α-syn aggregation-induced neuroinflammation. α-
Syn upregulated the expression of RNA binding proteins in
mouse microglia, implying higher RNA processing and splicing
as well as mitochondrial oxidative stress. They also found
evidence for decreased microglial progranulin as a new disease
mechanism in PD, suggesting that lysosomal dysfunction and
autophagy are involved in the disease pathogenesis (Sarkar et al.,
2020a). Zhang et al. proposed another novel mechanism. They
discovered that mGluR5 was critical in preventing α-syn-induced
neuroinflammation. This effect was dependent on the interaction
between mGluR5 and α-syn, as well as mGluR5 degradation via
the lysosomal pathway induced by α-syn. According to this study,
the separation of the mGluR5—α-syn complex in microglia is
induced by increased mGluR5 expression (Zhang et al., 2021).

A large number of αsyn transgenic mice models have been
developed to replicate a spectrum of clinical and behavioral
characteristics of PD and other synucleinopathies. The form
of α-syn expressed (wild type vs. mutant) and its promoter-
specific expression pattern are the key differences between the
existing mouse lines (Kahle, 2008; Chesselet and Richter, 2011;
Magen and Chesselet, 2011). A number of mouse lines with
α-syn deficiency have also been employed to help researchers
understand the roles of this protein in the brain cellular processes
(Abeliovich et al., 2000; Specht and Schoepfer, 2004; Kokhan
et al., 2012). Transgenic α-syn KO mice (Abeliovich et al., 2000)
were initially reported to be unimpaired in spatial memory
learning, as demonstrated by the Morris Water Maze (MWM)
challenge (Chen et al., 2002). A further study indicated that
there are actually cognitive abnormalities in this transgenic
mouse model but at more advanced ages compared to the
initial report (Kokhan et al., 2012). A likely confounding
element in understanding the potential role of α-syn in cognitive
dysfunction seems to be the compensatory function of gamma
synuclein (γ-syn) in synaptic regulation during the absence of
α-syn, resulting in the alleviation of cognitive abnormalities
in α-syn-KO mice (Senior et al., 2008). Therefore, γ-syn
could perform a compensatory function by restoring cognitive
functions in α-syn-KO mice (Hatami and Chesselet, 2015).

A53T α-syn causes neurodegeneration (Giasson et al., 2002;
Gu et al., 2010). Mice with A53T α-syn have significant motor
impairments, which can lead to paralysis and death (Giasson
et al., 2002). In a study by Gu et al. (2010), inflammation and
microglial activation were promoted by the A53T α-syn, which
caused astrogliosis, particularly in the midbrain, brainstem,
and spinal cord. This study also discovered a significant DA
neurons loss in the midbrain and motor neurons of the spinal
cord in symptomatic mice, which could explain the paralysis

characteristics of mutant mice. Furthermore, COX-1-mediated
inflammatory pathways can play a role in neurodegeneration,
as indicated by the COX-1 inhibitor’s ability to lengthen the
lifespan of A53T mice. The A53T α-syn mice also developed
age-dependent α-syn inclusions, whichmimic the pathology seen
in people with PD. Overexpression of A53T α-syn inhibited
complex I function in DA neurons of transgenic mice (Chinta
et al., 2010), depolarized mitochondrial membrane potential,
increased ROS in human neuroblastoma cells (Parihar et al.,
2009), and induced mitochondrial autophagy in neurons bearing
the A53T mutation (Chinta et al., 2010; Choubey et al.,
2011). Furthermore, α-syn has been demonstrated to alter
mitochondrial motility (Xie and Chung, 2012). One theory
for the mechanism underlying the effect of A53T α-syn on
mitochondria is that it raises Ca2+ signal in neurons, which
has been demonstrated to limit mitochondrial mobility (Yi
et al., 2004; Wang and Schwarz, 2009). Previous investigations
have suggested that A53T α-syn can create Ca2+ permeable
holes in the plasma membrane (Furukawa et al., 2006) and
can control Ca2+ entry pathway (Hettiarachchi et al., 2009).
Li et al. discovered that A53T α-syn decreased both overall
mitochondrial mobility and the fraction of mobile mitochondria.
In other words, in A53T α-syn neurons, the percentage of
stationary mitochondria rose (Li et al., 2013); therefore, it
is probable that A53T α-syn controls syntaphilin or myosin
(Kang et al., 2008; Pathak et al., 2010) to improve anchoring
of stationary mitochondria. Mice expressing A30P α-syn have
failed to exhibit alterations in locomotor activity, and dopamine
levels in spite of the buildup of α-syn in various brain regions
(Kahle et al., 2001; Yavich et al., 2004; Freichel et al., 2007).
Kilpeläinen et al. characterized homozygous double mutant
A30P∗A53T α-syn transgenic mice and reported that these
animals did show early onset and age-dependent alterations in
striatal dopaminergic function and locomotor activity, as well
as formation of α-syn oligomers, suggesting that it could be a
useful tool for modeling early onset PD associated with familial
SNCA mutations (Kilpeläinen et al., 2019). Thy-1 promoter
has been used for producing transgenic α-syn overexpressing
mice. The α-syn transgene is widely expressed in these mice,
and cytoplasmic and nuclear inclusions containing human α-syn
appear in various brain areas, including the cortex, hippocampus,
olfactory bulb, and to a lesser extent, the substantia nigra (Cenci
and Björklund, 2020).

Our review also highlighted the roles of adaptive immune
response in PD models. T lymphocyte infiltration and enhanced
MHC II immunoreactivity were seen in MPTP-treated mice,
but no B lymphocyte infiltration was reported (Kurkowska-
Jastrzebska et al., 1999; Karikari et al., 2022). Furthermore,
the injection of regulatory T cells reduced the neurotoxicity of
MPTP (Reynolds et al., 2007). In contrast to T lymphocytes’
obvious participation in human PD, there is no indication of
B lymphocytes’ presence in the brains of animal models of
PD. It is worth mentioning that mice lacking both B and T
lymphocytes were resistant to MPTP toxicity in a recent study
employing the MPTP mouse model of PD (Benner et al., 2008).
In the past, research on neuroinflammation in AD and PD has
primarily focused on aberrant innate immune system activation
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(Benner et al., 2008; Rodrigues et al., 2014; Caplan and Maguire-
Zeiss, 2018; Labzin et al., 2018). Recent data suggests that
changes in the adaptive immune response may also play a role
in inflammation and neurodegeneration in Alzheimer’s disease
and age-related synucleinopathies (Kannarkat et al., 2013; Allen
Reish and Standaert, 2015; Baird et al., 2019). α-Syn oligomers
and fibrils increased the ratio of CD8+ to CD4+ T cells in
the CNS and decreased the expression of STAT3, CD25, and
CD127 in CD3+CD4+ T cells. CD4+ T cell infiltration into
the CNS has also been linked to changes in the phenotype
of brain microglia (Olesen et al., 2018). Thus, CD3+CD4+ T
cells’ homing and tolerance capabilities are affected by α-syn
aggregates (Olesen et al., 2018). In acute neurotoxic models of
PD, such as MPTP-injected mice, substantial T cell infiltration
was detected in the substantia nigra at the first day following
MPTP challenge, and gradually decreased and normalized by
day 30 (Chandra et al., 2017). In addition to the potentially
neurotoxic impacts of cytokines secreted by Th1 or Th17 cells
(Park et al., 2017; Storelli et al., 2019), Th2 and Treg cells
are considered to suppress innate immune activation in the
CNS, indicating that an imbalance in T cell types may cause
overactivation of glia and chronic inflammation (Gendelman and
Appel, 2011; Olson and Gendelman, 2016; von Euler Chelpin
and Vorup-Jensen, 2017). Previous research has revealed that
α-syn aggregates are released into the extracellular space under
pathological situations (Desplats et al., 2009; Lee et al., 2014;
Emmanouilidou and Vekrellis, 2016; Steiner et al., 2018), in
which they can potentially stimulate T cells. In the context of
MHC class II, two types of antigen-presenting cells are reported
to display epitopes originating from the α-syn Y39 region. IL-5
from CD4+ T cells and IFN from CD8+ T cells are the main
triggers of this response (Sulzer et al., 2017). As a result, α-
syn peptides can behave as antigenic epitopes, activating T cell
responses, which could explain the link between PD and specific
MHC alleles (Sulzer et al., 2017). Recent research has found that
extracellular α-syn has a variety of impacts on CD4+ and CD8+
T cell populations in the peripheral and central nervous systems,
implying that α-syn variations affect CD4+ T cell homing and
tolerance capacity (Olesen et al., 2018). Another study used
a combination of human α-syn PFF and AAV-human-α-syn
injections into the rat substantia nigra and found both microglia
activation and CD4+ and CD8+ T cell infiltration (Thakur et al.,
2017). Furthermore, extracellular α-syn aggregates have been
reported to inhibit CD25 expression, which could explain why
recently activated T cells in PD have a lower survival potential
(Olesen et al., 2018).

It is reported that Fas-deficient animals have less MPTP-
induced DA neuron loss (Hayley et al., 2004). While the Fas/FasL
pathway has been linked to the removal of activatedmacrophages
and therefore to the resolution of inflammation in the setting of
antigen presentation (Ashany et al., 1995), new evidence reveals
that this pathway may alternatively generate proinflammatory
cytokines in tissue macrophages (Park et al., 2003). As a result,
CD4+ Th FasL-mediated activation of microglial cells may play
a role in the inflammatory response and degeneration of DA
neurons. FasL produced by T cells may potentially play a role
in inflammatory responses in astrocytes, which are known to

be highly resistant to Fas-mediated cell death and to produce
proinflammatory cytokines and chemokines in response to Fas
ligation (Choi and Benveniste, 2004). Fas expression has been
found to be elevated on these glial cells in the MPTP model
(Ferrer et al., 2000; Hayley et al., 2004). Alternatively, cell-to-cell
interaction between infiltrating CD4+ T cells and DA neurons
may cause neuronal death (Giuliani et al., 2003).

Our review unveils the critical role of mast cells in the
pathogenesis of PD. As stated above, MPP+ treatment induces
mast cell activation and a subsequent increase in levels of CCL2,
IL-33, and ROS generation (Kempuraj et al., 2016, 2019). This is
in line with a review by Sandhu and Kulka (2021) that reported
MPP + is an active metabolite of MPTP that causes activation of
mouse bone marrow-derived mast cells (BMMC) and increased
release of CCL-2 and MMP-3. Thus, IL-33 secretion by mast cells
is increased after MPP+ treatment and plays its role through
a heterodimeric receptor complex consisting of suppression
of tumorigenicity 2 (ST2) and the accessory IL-1 receptor
protein (IL-1RAP). The IL-33/ST2 pathway is involved in CNS
homeostasis and its pathologies, including neurodegenerative
diseases (Sun et al., 2021). Mast cells are a population of IL-33
targeting cells, recognizing it by IL-33 receptor, ST2 (Lunderius-
Andersson et al., 2012). Mast cells activation is observed in PD
brains and may play role in neuroinflammation in this disease
(Kempuraj et al., 2015, 2019).

TG2 is expressed by mast cells in MPTP-treated mice, which
can stimulate inflammatory cytokines and neuroinflammation
(Hong et al., 2018). A review by Kim et al. (2013) confirms the
roles of TG2 in PD and other neurodegenerative diseases. This
gene has been reported to encode an enzyme with four different
activities, including protein disulfide isomerase, transamidase,
protein kinase, and GTPase. Its transamination function can
cause a toxic and insoluble aggregation of amyloid and other
proteins. In the Lewy bodies, large numbers of isopeptide bonds
produced by TG2 were found. The SH-SY5Y neuroblastoma cell
line was treated with MPP+, which greatly elevated TG2 activity
(Beck et al., 2006; Verhaar et al., 2011). It is established that α-
syn is one of TG2’s substrates (Junn et al., 2003). TG2 catalyzes
the cross-linking of α-synuclein, resulting in the formation of
insoluble, high-molecular-weight aggregates. TG2 was recently
discovered to be a substrate of PINK1, a PD-associated Ser/Thr
protein kinase. PINK1 phosphorylates TG2 directly, increasing
protein stability by preventing proteasomal breakdown (Min
et al., 2015). As a result, PINK1 regulates TG2 activity, whichmay
be linked to the production of aggresomes in neural cells (Min
et al., 2015). According to recent studies, endoplasmic reticulum
(ER) dysfunction is a key component of PD development. As a
result, proper TG2 function is intimately linked to ER function.
In MPP-treated SH-SY5Y cells, for example, biochemical contact
and colocalization between TG2 and ER were detected (Verhaar
et al., 2012). In a separate investigation, it was discovered that
the localization of TG2 to the granular ER compartment in the
PD brain is highly selective for stressed and melanized neurons
(Wilhelmus et al., 2011). In this regard, TG2 inhibitors may be a
promising therapy for alleviating the brain diseases which TG2
plays role in (Min and Chung, 2018). Additionally, inhibition
of pKr-2 is identified as a potential therapeutic strategy in PD

Frontiers in Aging Neuroscience | www.frontiersin.org 19 July 2022 | Volume 14 | Article 855776

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Fathi et al. Inflammatory Biomarkers and Genes in Parkinson’s Disease

since pKr-2 treatment of rats causes an increase in microglial
TLR4, which is essential for their immune activation (Shin et al.,
2015). Furthermore, TLR4 agonists can cause necroptosis, which
leads to cell death and release of their intracellular contents
triggering innate immune responses and neuroinflammation (Yu
et al., 2021); therefore, TLR4 antagonists could have therapeutic
potential in PD and other neuroinflammatory disorders as
already summarized by Leitner et al. (2019). Suppression of PGE2
is another potential treatment strategy in PD, which is supported
by observations that the DA toxin 6-OHDA upregulates mPGES-
1 and triggers PGE2-dependent death of DA neurons (Ikeda-
Matsuo et al., 2019). This therapeutic approach has been reviewed
by Singh et al. (2021).

Aging is a physiological challenge that all organisms face
throughout time, and it is also the leading risk factor for
neurodegenerative illnesses. Therefore. effects of aging on
the neuroinflammation within PD mice models should be
considered. Zhao et al. showed that in aged mice, compared to
young mice, behavioral performance decreased and DA neurons
were depleted, which was followed by increased expression of
pro-inflammatory factors (TLR2, p-NF-κB-p65, IL-1β, and TNF-
α), as well as the pro-oxidative stress factor gp91phox. The
inflammatory M1 microglia were increased by aging, and the
equilibrium between oxidation and anti-oxidantswas disrupted.
In LPS-treated, aged mice, poor behavioral performance and loss
of DA neurons were observed, as well as upregulated TLR2, p-
NF-κB-p65, IL-1β, TNF-α, iNOS, and gp91phox (Zhao et al.,
2018). Also, Yao and Zhao demonstrated that in a MPTP-PD
mouse model, aging enhanced M1 microglia activation while
inhibiting M2 microglia activation in the substantia nigra, which
was associated with an increase in proinflammatory cytokines
TNF-α and IL-1β (Yao and Zhao, 2018).

We also reviewed cell models of PD used in the included
studies. Rat/mice primary neuron/glia, BV2 murine microglial
cells, and SH-SY5Y human neuroblastoma cell line were among
the most common cell lines used for creating in vitro PDmodels.
PD cell models have some advantages in comparison with animal
models. First, PD-related genes can be efficiently overexpressed
or knocked out in cultured cells. Second, in dopamine-
producing cell lines, both MPP+ and 6-OHDA can be utilized
to trigger cell death. Other benefits of these models include
their unlimited proliferation which allows high-throughput
experimentation with a wide range of experimental techniques
and endpoints; homogeneity of cell populations which leads to
high reproducibility; and the fact that some cell lines such as
SH-SY5Y express important enzymes for dopamine metabolism
and synapse formation (Han et al., 2003; Schildknecht et al.,
2009; Lopes et al., 2010; Scholz et al., 2011; Thomas et al.,
2013). Their main disadvantage is high proliferative capacity,
which differs from neurons that do not divide. In comparison
to primary neurons and organotypic cultures, immortalized
cells are not only unable to replicate the appearance and
physiology of a neuronal cell, but they also do not express many
of the synaptic proteins. In addition, continuous proliferation
induces a selection pressure that favors mutations that improve
proliferation and survival, causing succeeding generations of cell
lines to lose their DA phenotype in comparison to their parental

lines. As a result, after repeated passaging, many cell lines become
inappropriate for usage (Lopes et al., 2017a). Despite having
important DA traits, SH-SY5Y cells lack neuronal characteristics.
This cell line is in the early phases of neuronal development, with
low numbers of neuronal markers. Furthermore, their oncogenic
characteristics and persistent multiplication are incompatible
with neurons (Gilany et al., 2008; Filograna et al., 2015; Lopes
et al., 2017a). Both genetic and toxin-based techniques have
been used to recreate PD pathology in this cell model, with 6-
OHDA being the most widely used toxin. The majority of these
investigations are concerned with achieving neuroprotection
in cells exposed to 6-OHDA (Wei et al., 2015; Lin and Tsai,
2017). Undifferentiated SH-SY5Y cells have also been used to
investigate the mechanisms of 6-OHDA toxicity (Soto-Otero
et al., 2000; Izumi et al., 2005; Xicoy et al., 2017). 6-OHDA
is taken up by DA neurons via DAT transporter and induces
considerable oxidative stress. Undifferentiated cells do not mimic
the 6-OHDA-induced cell death mechanisms that occur in vivo
because they only express modest amounts of DAT (Lopes et al.,
2017b).

CONCLUSION

In the current systematic review, we have collected data
identifying the importance of several neuroinflammatory
pathways and molecular mechanisms in the pathogenesis
of PD. We conclude that neuroinflammation plays a role in
both the initiation and progression of PD. We illustrate that
neuroinflammatory reactions in PD models can be induced by
various factors including MPTP, α-syn, 6-OHDA, and pKr-2,
while other mechanisms, such as TLR2, NLRP3, IL-1β, TNF-α,
NF-κB pathway, HMBG1, ROS production, CD36, Fyn, mast
cells, ASK1, Lcn-2, TG2, CCL2, IL-33, TLR4, mPGES-1, and
PGE2, contribute to the establishment and progression of the
pathogenetic mechanisms in these models.

In addition, we identify several potential therapeutic
approaches that may be effective in PD by alleviating
neuroinflammation. They include miR-124 and miR-7 as
well as inhibitors of NLRP3 inflammasomes, HMBG1, and TG2.
We also acknowledge limitations to our work, which include
very limited research on some of the mechanisms we review
and a shortage of other comprehensive systematic reviews
and meta-analyses that could be used to further validate our
conclusions. Further research is needed to understand other
neuroinflammatory mechanisms involved in the pathogenesis
of PD and to develop new therapeutic approaches targeting
them. By evaluating the relative impact of each factor and
determining their collective contribution to neuroinflammation
in PD, multitargeted therapeutic approaches could be developed
that will hopefully solve the puzzle of PD, which currently lacks
effective treatments.
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