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Abstract

Evidence is now overwhelming that inflammation is a central process in the pathogen‐
esis of progressive Parkinson's disease (PD). The hallmark of this neuroinflammation is
the activation of microglial cells and the secondary role of adaptive immunity in both
the familial and idiopathic forms of PD, leading to the loss of dopamine‐producing cells
within the Substantia nigra. This activation is characterized by the oxidative stress
response, production of inflammatory mediators, recruitment and activation of immune
effector  cells  which  create  a  toxic  environment  for  dopaminergic  neurons,  and in
forming a continuous cycle of inflammatory responses that result in chronic neuroin‐
flammation and progressive neurodegeneration. This chapter focuses on the different
components of the inflammatory response that are involved in Dopamine‐neurodegen‐
eration,  the  evidence  for  inflammation  in  different  forms  of  PD,  and  the  role  of
inflammation in the various animal models of PD. Finally, we provide current evidence
that targeting this inflammation with a number of anti‐inflammatory therapies can be
an effective way to halt the progression of chronic neuroinflammation‐induced PD.
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1. Introduction

Recently accumulated evidence suggests that neuroinflammation and chronic inflammation of
the central nervous system (CNS) may play a critical role in the development of a number of
neurodegenerative diseases. Particularly, in Parkinson's disease (PD), neuroinflammation has
been proposed as a major contributing factor that plays a role in the initiation and progres‐
sion of the dopaminergic neuronal loss that is the hallmark of the disease. Evidence to sup‐
port neuroinflammation as the mode of pathogenesis for PD originates from postmortem studies
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in patients and animal models. The proliferation and activation of microglial cells, as well as
increased  levels  of  pro‐inflammatory  mediators  such  as  tumor  necrosis  factor  (TNF)‐α,
interleukin (IL)‐6, IL‐1β, nitric oxide (NO), and reactive oxygen species (ROS), are present in
postmortem analysis of brains and in the cerebrospinal fluid (CSF) of PD patients [1]. These
findings suggest that pro‐inflammatory cytokines, specifically TNF‐α, may be involved in
neuronal cell death. Likewise, neuronal cell death can release mediators that activate micro‐
glial cells— thereby potentiating a vicious cyclical inflammatory‐mediated neuronal cell death.
PD is unique in that the clinical symptoms appear after a loss of approximately 70–80% of striatal
nerve terminals and 50–60% of dopaminergic cells in the Substantia nigra pars compacta (SNpc),
the region of the brain that is responsible for controlling movement [2, 3]. This recent scientif‐
ic understanding is vital to developing potential early biomarkers and/or therapeutic strat‐
egies to help with better diagnosis and disease management. We discuss various components
of neuroinflammation, focusing on the role of the innate and adaptive immune responses as
they relate to PD. In addition, we briefly summarize the inflammatory pathology seen in the
genetic and toxin‐induced models of this disease, as well as discuss several anti‐inflammatory
therapies currently being used or tested as potential treatments for PD.

2. Innate immune response and PD

The innate immune response serves as the first line of defense to both infiltrating pathogens
and/or endogenous insults. As such, it primarily functions to initiate an immediate and
nonspecific response to any compound it deems unnecessary and/or a potential threat.
Pathogen‐associated molecular patterns (PAMPS) and/or endogenous damage‐associated
molecular patterns (DAMPs) can trigger an innate immune response. In the case of CNS, the
innate immune system has several components: cells that mediate an immune response, such
as microglia and astroglia, the complement system, and the physical obstruction imparted by
the blood‐brain barrier (BBB). For centuries, the CNS was thought to be immune privileged
because the BBB did not allow various compounds to enter the CNS through the circulatory
system. However, as we are beginning to appreciate the intricacy of the immune‐nervous
system interaction, the notion of immune privilege no longer holds [4].

In PD, the various components of the innate immune system are activated and the integrity of
the BBB is compromised, allowing for the innate‐mediated recruitment and activation of the
adaptive arm of the immune system. While PD is not among other immune‐dependent
degenerative diseases, Parkinsonian symptoms have been shown to develop after infectious
inflammatory diseases such as Epstein‐Barr virus (EBV)‐induced encephalitis. Likewise, many
anti‐inflammatory therapeutic agents have served protective functions in PD models [5]. As
such, while the role of the immune system is not clear and/or extensively studied in the etiology
of the disease, it is well established that the immune system is critical for the progression of
the disease. Initial activation of the innate immune cells as well as the complement proteins
may serve protective roles, but when these innate defense mechanisms become unregulated
and maladaptive, it leads to disease progression. As immediate responders, cells of the innate
immune system play an important role in initiating an inflammatory response against various
nonspecific components of endogenous DAMPS and/or PAMPs. The innate cells, astrocytes
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and microglia, play an active role in the pathological mechanism responsible for the progres‐
sion of the disease.

2.1. Astrocytes

Astrocytes make up about 20–40% of the glial cell population in the CNS. Their functions
include, but are not limited to, maintaining the integrity of the BBB, facilitating repair and scar
formation, and maintaining the extracellular ion homeostasis. The expression of receptors that
are critical for innate immunity such as Toll‐like receptors (TLRs), nucleotide‐binding
oligomerization domains, double‐stranded RNA‐dependent protein kinase, scavenger
receptors, mannose‐binding lectin receptor, and complement system components has
implicated a role for astrocytes in innate immunity [6]. The role of astrocytes in PD is debata‐
ble and not well understood. Studies are inconclusive as to whether astrocytes have a
neuroprotective effect and/or a neurotoxic effect in PD. However, astrocytosis, the activation
of astrocytes, has been reported in some cases of PD as demonstrated by an increase in the glial
fibrillary acid proteins (GFAP) [7, 8]. GFAP is an intermediate filament needed by astrocytes
to synthesize cytoskeletal structures and is a well‐established biomarker for astrocytosis [8].
Furthermore, activated astrocytes are reported in postmortem brains of PD patients; howev‐
er, this activation is not confined to the SNpc and its function therefore still remains elusive [9].
In contrast, astrocyte activation is not only well documented in the 1‐methyl‐4‐phenyl‐1,2,3,6‐
tetrahydropyridine (MPTP) and 6‐hydroxydopamine (6‐OHDA) models of PD, but it has been
reported to precede neuronal cell death [10–12]. In the MPTP model, astrocytosis and
dopaminergic cell death are synchronized. In the 6‐OHDA model, several laboratories
demonstrate that astrocytosis occurs in a time‐dependent manner, peaking at 4 days post
injection and remaining in the brain for about a month. There are also studies that contradict
the presence of astrocytosis post 6‐OHDA injection [13]. Therefore, while astrocytes are an
important cell type in the CNS, their role in inflammation and PD is not yet well established.

2.2. Microglia

In contrast to astrocytes, consistent microglial activation and the accompanying inflammato‐
ry response have been reported in both patient and animal models of PD. As the resident CNS
macrophage, microglia cells are responsible for scavenging the CNS milieu for potential
infiltrating pathogens and/or endogenous insults. Consequently, the phagocytic, cytotoxic,
and antigen‐presenting capabilities of these cells enable them to protect the CNS from various
insults. Activated microglia targets infiltrating pathogens and damaged cells by releasing toxic
ROS, free radicals, and phagocytosis. Evidence of microglial activation and its role in PD
pathogenesis is indisputable. Knott et al. [9] and others [14] have reported activated amoe‐
boid‐shaped microglia in postmortem brain of PD patients. These activated microglia cells are
densely located and confined to the SNpc with a limited presence in the vasculature of the
caudate and putamen regions. Additionally, in determining the role of microglia in PD
pathogenesis, our results as well as those from other groups [15–17] have shown that in various
PD models, microglial cells are needed for the pathogenesis of PD. For example, we have
shown that high doses of the β2‐adrenergic receptor agonist salmeterol can induce dopami‐
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nergic cell toxicity. However, microglial cells are indispensable in the β2‐AR‐mediated toxicity,
as high‐dose salmeterol has no effect on neuron‐only cultures [15]. In PD, the expression of
ROS, free radicals, and the enzymes responsible for the production of these species such as
NADPH oxidase (NOX or PHOX), induced nitric oxide synthase (iNOS), and myeloperoxi‐
dase (MPO) are elevated in the SNpc. These reactive species can activate microglial cells, and
these activated microglia release pro‐inflammatory cytokines TNF‐α, IL‐1β, and IL‐6 to recruit
additional lymphocytes in the process of inflammation. Additionally, these cytokines can
cause cytotoxicity in a direct, receptor‐mediated manner, and/or in an indirect manner by
inducing the further production of ROS and pro‐inflammatory cytokines [18]. For example,
dopaminergic cells express receptors for TNF‐α, which, upon binding the TNF‐α ligand, can
cause cell death through Fas ligand‐mediated apoptosis, and Tumor Necrosis Factor
Receptor (TNFR) knockout is protective in the MPTP model of PD [19]. Indirectly, TNF‐α can
also activate additional microglia to release ROS and a variety of pro‐inflammatory cyto‐
kines. This leads to a cyclical pathway whereby activation of a few cells can amplify the initial
insult to a greater magnitude. This process has been termed reactive microgliosis and is now
a leading working model for understanding and targeting neuroinflammation in PD [20].

3. Adaptive immune response and PD

Adaptive immune response is a highly specific response to injurious agents mediated by B‐
and T‐lymphocytes, which is characterized by the humoral and cell‐mediated response,
respectively. These cells are activated by specific antigens and directly induce toxicity and cell
death to the antigen‐expressing cell. It is important to note that the adaptive immune cells
require an antigen‐presenting cell to prime the B‐ and/or T‐cell to recognize a specific antigen.
In PD, innate immune activation leads to an increased BBB permeability, allowing for the
infiltration of peripheral T‐cells and B‐cells [21]. These infiltrating cells are activated by active
microglia expressing MHC 1/II through presentation of endocytosed peptides to the respec‐
tive cells. Evidence to suggest the involvement of adaptive immune system is that single‐
nucleotide polymorphism (SNP) in the MHC Class II predisposes individuals to PD, implying
the role of both the innate and adaptive immune response in PD pathogenesis. Recent genome‐
wide association studies (GWAS) have highlighted alleles HLA‐DRA (for Class I) and HLA‐
DRB5 (for Class II) as risk factors for PD [22]. Furthermore, MHC Class I proteins are typically
used by CD8 T‐cells and require β2‐microglublin, a protein required for the structural stability
of MHC Class I, and in PD, the expression of β2‐microglublin is found to be increased on
microglial cells [21]. Additionally, an increase in the number of cytotoxic CD8 and CD4 T‐cells
infiltrating into the SNpc of PD patients is accompanied by a decrease in the cytotoxicity‐
suppressing capacity of regulatory T‐cells (Treg) [23, 24]. Therefore, it suggests that toxicity of
these effector T‐cells is not properly regulated and can exacerbate neuronal cell death in the
SN. With regard to B‐cells, antibodies (Ab) to dopaminergic neurons have been found in the
CSF of a proportion of the PD patients, thus implicating the involvement of the peripheral
humoral arm of the adaptive immune response [25, 26]. Furthermore, immunization, which
uses B‐cells to generate antibodies against an antigen, with bovine mesencephalic homoge‐
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nates [27] and hybrid dopaminergic cell line homogenates [25], can cause selective DA neuron
damage in a microglia‐dependent manner. The adaptive immune system has a delayed
contribution to the pathology of PD but, nevertheless, is important to understand in order to
develop therapies that can mitigate and counter the pathology induced by this system.

4. Neuroinflammation and overlapping vulnerability of Substantia nigra
(SN) neurons

The oxidative stress hypothesis focuses on the role that reactive oxygen and nitrogen species
play in the neurodegeneration seen in PD. Reviews by Fahn and Cohen [28] as well as by
Zigmond and Burke [29] discuss four characteristics of SNpc dopaminergic neurons that
support the oxidative stress hypothesis as one of the major mechanisms responsible for the
pathology of PD. However, understanding these characteristics can help explain the chronic,
self‐perpetuating inflammatory pathology that is responsible for disease progression in PD.
While inflammation involves activated immune cells and the release of a multitude of pro‐
inflammatory cytokines, the cycle does require a start point. The etiology of PD is unknown
as is what gives rise to the chronic inflammatory pathogenesis seen in PD. Two different
explanations of the chronic etiology of PD suggest that neuronal cell death leading to activated
immune cells and the resulting uncontrolled inflammation further exacerbates cell death, or
that activated immune cells cause cell death which results in the activation of additional
immune cells resulting in a vicious cycle of immune cell‐mediated inflammation and neuro‐
nal death. The characteristics of SNpc dopaminergic cells make them vulnerable to ROS,
subsets of which are important pro‐inflammatory cytokines. First, dopamine degradation
occurs by oxidative deamination, resulting in the production of H2O2 that then react with iron
present in the neurons to form reactive radicals. Second, superoxides and free radicals are by‐
products of the reaction between dopamine and the readily available oxygen to form reac‐
tive quinones. Third, the SNpc particularly rich in iron and hence the neurons found therein
are more vulnerable to cell death via oxidative stress. Fourth, the SNpc neurons contain
neuromelanin, which is formed by the auto‐oxidation of DA, and the by‐product of this
reaction is ROS. These characteristics make SNpc neurons particularly sensitive to a cyclical
process of oxidative stress contributing to inflammation that that leads to furthermore
neuronal damage.

5. Genetic causes of PD and neuroinflammation

Although PD is typically a sporadic disease, approximately 10% of PD cases have been linked
to several specific genes. These genes are α‐synuclein, Parkin, UCH‐L1 (ubiquitin C‐terminal
hydrolase L1), PINK1 (PTEN‐induced kinase 1, NB for mitochondrial function), DJ‐1, LRRK2
(leucine rich repeat kinase2), Pael‐R, and glucocerebrosidase [21, 30, 31]. These genes and their
products have a role in the degradation of α‐synuclein and/or in the control of the oxidative
milieu. Mutations in genes encoding α‐synuclein, Parkin, and/or UCH‐L1 result in the
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accumulation of misfolded α‐synuclein protein and are accompanied by neuronal cell death
[21]. Additionally, a pathological feature of PD is the Lewy body cytoplasmic inclusion bodies,
which primarily consist of α‐synuclein, tau, ubiquitin, and Parkin. These genes were identi‐
fied in familial PD, as risk factors for sporadic PD, and further verified by a GWAS. There‐
fore, understanding the role of these genes and their products in mediating inflammation can
help not only in developing more holistic model(s) of PD but also for therapy development.

5.1. LRRK2

Leucine‐rich repeat kinase 2 (LRRK2) is an enzyme that is commonly expressed on multiple
immune cells such as B‐cells, monocytes, dendritic cells, and microglia [32]. Mutations in
LRRK2 are associated with autosomal dominant form of PD with high resemblance to the
idiopathic PD phenotype and other inflammatory‐mediated diseases as Crohn's disease [33]
with a high predisposition to leprosy infection [34]. LRRK2 is a member of the receptor‐
interacting protein kinase (RIPK) family. The RIPK family has important roles in immunity as
well as regulating of cell death [35]. Furthermore, TLRs are an important activator of micro‐
glial cells. In the TLR‐signaling pathway, LRRK2 is phosphorylated [36], and Kim et al. [37] as
well as other groups [38] have reported a decrease in NF‐κB‐mediated transcription, specifi‐
cally of TNF‐α, post LRRK2 phosphorylation. NF‐κB is a major transcription factor for many
of the pro‐inflammatory cytokines that are reported to play a role in the pathogenesis of PD,
such as TNF‐α, IL‐1β, and IL‐6; LRRK2 modulation of NF‐κB will have important cellular
effects on the inflammatory state of the activated microglial cells. Furthermore, a mutation in
LRRK2, specifically R1442G, is reported to alter the phenotype of activated microglial cells to
produce higher amounts of inflammatory cytokines with a decrease in the production of anti‐
inflammatory cytokines [39]. Gillardon et al. [39] tested the neurotoxicity of these microglial
cells on cortical neurons by exposing neurons to conditioned medium from LPS‐activated
microglial cells, compared to conditioned medium from LPS‐activated wild‐type (WT)
microglia, conditioned media from LPS‐activated LRRK2 mutant significantly increased cell
death. In addition, Kim et al. [37] have shown that LRRK2 deficiency mitigates LPS‐mediat‐
ed increase in the mRNA of iNOS, TNF‐α, IL‐1β, and IL‐6. By itself, overexpression of the
mutant LRRK2 in vivo and in vitro causes neurotoxicity [40]. These data support a role for
LRRK2 in regulating the inflammatory response of microglial cells and the resulting effect on
neuronal viability.

5.2. Parkin

Parkin is an important component of the multi‐protein E3 ubiquitin ligase complex that is
responsible for the ubiquitin‐proteasome‐mediated degradation of α‐synuclein in the brain.
Mutations resulting in loss of function of Parkin are responsible for autosomal recessive form
of juvenile PD [41]. Parkin not only regulates mitochondrial health but also is involved in the
regulation of the NF‐κB signaling pathway [42]. Parkin ubiquitinates damaged mitochon‐
dria and subjects it to mitophagy and clearance from the cell [43]. Similarly, activated Parkin
catalyzes ubiquitination of the IkB kinase (IKK) subunit IKKγ, resulting in the downstream
activation of NF‐κB [42, 44]. In this NF‐κB signaling pathway, TNF‐receptor‐associated
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factor‐6 (TRAF6) also plays a role in regulating IKK activity. Loss‐of‐function mutation in
Parkin increases the expression of TRAF6 [45], thereby activating transforming growth
factor‐1 (TAK1) that activates IKK and ultimately NF‐κB and its associated transcriptional
activity [44]. With regard to Parkin and mitochondria, while mitophagy and PD have not yet
been linked, damaged mitochondria are a source of ROS that can activate microglial cells
through TLR‐PAMP/DAMP pathways [30].

5.3. α‐Synuclein

α‐synuclein is an 18‐kDa protein found in high concentrations in the CNS compared to other
areas. While the function of α‐synuclein is unclear, it is thought to be important for the release
of neurotransmitters and vesicle trafficking [46, 47]. Mutations in the SCNA, gene coding for
α‐synuclein, is implicated in inherited forms of PD. Similarly, α‐synuclein aggregation is a
critical component of Lewy bodies in both sporadic and genetic PD. With regards to inflam‐
mation, α‐synuclein is thought to activate microglial cells through the nonspecific DAMP‐
TLR2/4 pathway [48,49]. An emerging link between gut microbiota and peripheral
inflammation and PD is of interest to note. A study by Forsyth and colleagues [50] reported
increased gut permeability and Escherichia coli (E. coli), a Gram negative bacterium, staining in
early onset PD patients. The implication of this study is that E. coli‐dependent inflammatory
processes resulted in an increased iNOS that then nitrosylated α‐synuclein. WT, mutant,
aggregated forms of α‐synuclein can all trigger microglial activation by acting as a TLR‐ligand.
Conditioned media from dopaminergic cell line SH‐SY5Y that either overexpressed WT or
A53T mutant α‐synuclein activated BV‐2 microglial cell line, with the conditioned media from
the neurons overexpressing mutant α‐synuclein caused a more robust increase in TNF‐α, IL‐
1α, and IL‐1β [51]. More importantly, mutant and aggregated fibrils of α‐synuclein are
reported to have cell‐to‐cell transmission capacity, thereby causing neuronal toxicity in a prion‐
like mechanism as well [52]. Moreover, nitrated α‐synuclein can activate peripheral immune
activation, especially T‐cells and initiate the involvement of the adaptive immune response.
Lastly, Tran and colleagues [53] have recently reported that antibodies to α‐synuclein can offer
a promising protective effect by inhibiting the entry of α‐synuclein fibrils into neurons and
causing neuronal death.

5.4. PINK1

PINK1 is a mitochondrial serine/threonine protein kinase implicated in providing cellular
protection against mitochondrial‐associated oxidative stress. As such, it is reported to regulate
stressed mitochondria by enabling the binding of Parkin to stressed mitochondria and
inducing autophagy. The role of PINK1 in inflammation is somewhat unclear; as evidence
suggests that in PINK1 null animals injected with LPS, IL‐1β, IL‐12, and TNF‐α are in‐
creased [54]. However, in PINK1‐deficient embryonic fibroblasts, there is no increase in pro‐
inflammatory cytokine production post LPS injection because of decreased NF‐κB activity [54,
55]. As such, experiments aimed at understanding the role of PINK1 in inflammation should
be investigated in microglial cells which are known to propagate the inflammatory response
in PD.
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5.5. DJ‐1

DJ‐1, or Parkinson's disease Protein 7, inhibits the aggregation of α‐synuclein, thereby acting
as an oxidative stress sensor. PINK1 and DJ‐1 deletion causes disruption of other genes
involved in mitogen‐associated protein kinase (MAPK)/NF‐κB signaling pathway and thereby
alters the innate immune response of the microglia and other inflammatory cascades [6].
MAPKs are signaling proteins that mediate various intracellular signals in response to external
stimuli. Several important MAPKs play an essential role in the integrity of the cell as well as
modulating inflammation such as p38, C‐Jun N‐terminal kinase (JNK), and extracellular signal‐
regulated kinases (ERKs). In astrocytes, DJ‐1 loss of function primes astrocyte to release
increased pro‐inflammatory cytokines post LPS challenge [56]. This response was mediated
through p38 and JNK, thereby DJ‐1 may have a pivotal role in regulating TLR4‐MAPK
signaling and downstream transcriptional responses [57]. LPS‐mediated activation of
macrophages increases DJ‐1 expression [58], which is aligned with the associated TLR/MAPK‐
mediated signaling in microglial cells challenged with LPS.

6. Inflammation and PD models

There are several models of PD, both toxin based and gene based, used to study disease
progression and/or therapeutic development. In many of these models, inflammatory
mechanisms are reported to play roles in the pathogenesis and manifestation of the disease in
various animal models. In the remainder of this chapter, we will focus on characterizing the
inflammatory response seen in the various models.

6.1 Toxin‐based models

6.1.1. MPTP

1‐methyl‐4‐phenyl‐1,2,3,6‐tetrahydropyridine (MPTP) is a dopaminergic neurotoxin selec‐
tive for the dopaminergic cells of the SNpc. It is a lipophilic compound capable of crossing the
BBB, and once it has crossed the BBB, it is oxidized to MPP+ by MAO‐B. MPP+ interrupts the
mitochondrial complex I of the electron transport chain (ETC) and results in cell death and
release of ROS [23]. The MPTP model is a widely used model to develop animal models of the
disease, as PD progression post MPTP administration is similar in both humans and mon‐
keys [59]. In the MPTP model, microglial activation accompanied with an increased endothe‐
lial expression of adhesion molecules on the BBB to enable infiltration of T‐cells is reported
[21]. Additionally, there are an increased number of activated microglial cells which are
amoeboid in shape representative of activated cells [23]. Astroglial cells are activated late in
the disease, and their role is unclear. Infiltrated CD8 and CD4 T‐cells have lymphocyte
function‐associated antigen‐1 (LFA‐1), a protein expressed for recruitment and these infiltrat‐
ed T‐cells are primarily located it the SNpc and striatum. Furthermore, an increased expres‐
sion of MHC I and MHC II and microglial iNOS expression are observed [23]. In conjunction
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with anti‐inflammatory therapies, minocycline, a potent inhibitor of microglial activation and
iNOS knockout mice, is protective against MPTP‐induced neuronal cell death.

6.1.2. 6‐OHDA

Oxidopamine, commonly known as 6‐hydroxydopamine (6‐OHDA), is another dopaminer‐
gic neurotoxin capable of inducing PD symptomatology in animal models. In the 6‐OHDA
model, inflammatory pathology is propagated by activated microglial cells which occurs 1–3
days post intranigral injection of 6‐OHDA and DA neuronal loss occurring 1 week post
injection [23]. As part of the inflammatory milieu, there is an increase in TNF‐α, a pro‐
inflammatory cytokine capable of inducing cell death through TNFR.

6.1.3. LPS/rotenone

Lipopolysaccharide (LPS) is an endotoxin derived from Gram negative bacteria and another
widely used toxin to induce PD in animal models. The LPS model is different from MPTP and
the 6‐OHDA toxin‐based models, as LPS will activate microglial cells through the TLR2/4
receptors. Activated microglial will upregulate NO, superoxide, TNF‐α, and IL‐1β produc‐
tion and release [60]. These pro‐inflammatory mediators can cause neuronal cell death. In
animal models, intranigral injection of LPS induces microglial activation prior to neuronal
loss [32]. Rotenone is another lipophilic herbicide that disrupts the mitochondrial complex 1
causing cell death and associated upregulation in ROS. In the rotenone animal models of PD,
fibrillary cytoplasmic inclusions equivalent of Lewy bodies is found in the SNpc. In addition,
rotenone injection in neuronal‐only culture does not cause DA cell death, but in a mixed
neuronal‐microglial culture, DA neuron cell death is observed. This suggests that rotenone
requires microglial cells for its toxicity [23, 61]. Lastly, inhibition of superoxide is protective
against rotenone‐induced DA neuron degeneration. These two models suggest that while the
etiology of disease is unknown, microglial cells are indispensable for the progression of disease
and the resulting neuronal degeneration is seen in PD.

6.2. Gene‐based models

6.2.1. α‐synuclein

Genetic model of PD is very rare and not all as consistent and reproducible as the toxin‐based
models. While many genes are implicated in the PD etiology, α‐synuclein is the most widely
used gene‐based model so far [62]. The α‐synuclein models include a transgenic knockout and
overexpression of mutant or WT α‐synuclein [63]. Viral vectors expressing human α‐synu‐
clein injected into adult brains have also been used to increase α‐synuclein in the respective
brain regions. α‐synuclein models have been developed in monkeys, rats, mice, and in flies.
Bae et al. [63] as well as Watson et al. [64] reported astroglia and microglia activation accom‐
panied with increased mRNA transcripts of TNF‐α and several TLRs (1, 4, and 8) in SNpc [65].
α‐synuclein can act as a DAMP and activate microglia via TRLs, thereby suggesting a primed
microglial sensitivity. In the knockout transgenic models of α‐synuclein, little neuronal loss
and behavioral changes are reported. In addition, transgenic null mice can offer a degree of
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protection against MPTP intoxication and cell death [66, 67]. In contrast, viral overexpres‐
sion models of α‐synuclein in brain of adult animals show DA neurotoxicity accompanied by
the activation of both the innate and adaptive immune response [68]. Learning from these
models includes and further verifies a gain of function of α‐synuclein as ablation of α‐synuclein
features no neuropathological changes [62]. Furthermore, in a recent study, Van der Perren et
al. [69] reported the immunophilin ligand FK506 in a rAAV2/7 α‐synuclein overexpression rat
model to have anti‐inflammatory therapeutic potential. Specifically, the group [69] reported a
decrease in the infiltration of CD4+ and CD8+ T cells as well as in the number of activated
microglial cells. This further supports neuroinflammation as a key to the progression of the
disease and efficacy for therapeutic development.

6.2.2. LRRK2

LRRK2 mutations are implicated in an autosomal dominant form of PD with similar pheno‐
typic expression as idiopathic PD. To study the role of LRRK2 in PD pathogenesis, LRRK2
knockout animals were developed. Several groups [70,71] report no DA degeneration in
LRRK2 deficient rat and mice models. Lee et al. [72] developed herpes simplex virus (HSV)
amplicon‐based mouse model of LRRK2 dopaminergic neurotoxicity. Overexpression of the
LRRK2 G2019S resulted in significant loss of tyrosine hydroxylase (TH+) neurons. Thereby
these data suggest that knockout of LRRK2 may provide neuroprotection, and similarly, Lee
et al. [72] used LRRK2 inhibitors and found that it protected the overexpressed LRRK2 mice
from developing PD [72]. Most notably, the mechanism of protection seems to be dependent
on the activation and proliferation of microglial cells [70], implicating LRRK2 in the inflam‐
matory etiology for PD. Therefore, it appears LRRK2 is critical in PD pathology and plays a
significant role in regulating cellular inflammation, thereby supporting the notion that
neuroinflammation is critical to PD pathogenesis.

7. Anti‐inflammatory therapies in PD

While evidence strongly suggests that inflammation plays a major role in the etiology of a
number of different forms of PD, emerging evidence also demonstrates that therapies used to
lessen inflammation, including those directed against immune cells or inflammatory media‐
tors, can play a positive role in halting the degeneration of DA neurons in several models of
PD. Many studies suggest that inflammatory mediators such as TNFα, PGE2, NO, free radicals,
and other immune mediators play a role in the pathogenesis of PD and degeneration of
dopamine‐producing neurons, and that the use of specific reagents that target these media‐
tors, inhibition of cellular signaling mechanisms that regulate the production of these
mediators, or the use of neurotrophic factors that help protect against the neurotoxicity
induced by these mediators hold significant promise as therapeutic treatments for PD. In
addition, epidemiological and observational studies already suggest that use of anti‐inflam‐
matory drugs lower the risk of developing PD [73].
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Observations which demonstrate that inflammation in SNpc plays a role in PD led many
investigators to initially study the potential use of steroidal and nonsteroidal anti‐
inflammatory drugs for the treatment of PD. Steroidal anti‐inflammatory drugs (SAIDs) such
as dexamethasone showed neuroprotective effects and LPS‐induced neurotoxicity in
Substantia nigra [74]. Nonsteroidal anti‐inflammatory drugs (NSAIDs) are used as analgesics
and anti‐pyretics to suppress the adverse effects of inflammation. NSAIDs as a group normally
reduce the production of prostaglandins by inhibiting cyclooxygenase (COX, an enzyme that
catalyzes specific prostaglandin synthesis) and also reduce the synthesis of nitric oxide. In
addition, it has been found that a subset of NSAIDs called as selective Aβ42 lowering agents
(SALAs) reduces the risk of Alzheimer dementia (AD) [75] and consequently may be effective
in PD as well. Neuroprotective effects of ibuprofen have been studied in PD pathogenesis, and
these studies show that it can protect dopaminergic neurons against glutamate toxicity in vitro
[76, 77]. It is interesting to note that some neurologic drugs used to treat PD have been found
to result in changes to immune system. One such drug, amantadine (Symmetrel, Endo Pharmac
LPS induced mice and mesencephalic culture
6‐OHDA induced euticals) which functions as an antagonist of the NMDA‐type glutamate
receptor leading to increased dopamine release and dopamine reuptake, also increases the
CD4:CD8 ratio [78] and enhances IL‐2 levels in PD patients. In contrast, L‐DOPA monotherapy
does not show similar effects [79]. In the next sections, we discuss the effectiveness of a number
of anti‐inflammatory treatments in preventing dopaminergic cell death in animal models of
PD (section summarized in Table 1).

Therapy Compounds Study design Outcomes Reference

SAIDs and
NSAIDs

Dexamethasone  Intra‐nigral injection of LPS in
rats 

↑ TH activity in striatum.  [73] 

Ibuprofen  Primary mesencephalic
culture from rats treated
with ibuprofen 

↑dopamine uptake, protected
neurons against excitotoxicity. 

[76] 

Amantadine  Peripheral blood
mononuclear cells from
idiopathic PD patients 

↑ CD3+ CD4+ cells, improves T‐cell
mediated immunity. 

[77] 

Antibiotics  Rifampicin  LPS induced BV2 microglia  ↓ in NFkB activation,
↓ expression of iNOS, COX2,
TNF‐α, IL‐1β
↓production of NO, PGE2. 

[81] 

MPP induced PC12 cells  ↓MPP induced neuronal death,
↓expression of α‐syn multimer. 

[83] 

Ceftriaxone  PC12 cells exposed to
neurotoxin 6‐OHDA 

Binds with α‐syn and blocks its
polymerization in vitro 

[85] 

6‐OHDA induced PD rat
model 

↑GLT‐1 expression, reduces striatal
TH loss. 

[86] 
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Therapy Compounds Study design Outcomes Reference

D‐cycloserine  MPTP induced PD rat
model 

Improved behavioral deficits
restored IL‐2 level ↓microglial
activation. 

[87] 

Rapamycin  In PC12 cells and MPTP
induced mouse model 

↓neuronal death, regulate Akt
phosphorylation at Thr308. 

[89] 

Minocycline  In MPTP induced mouse
model, primary
mesencephalic culture 

↓expression of iNOS, caspase‐1,
inhibited NO induced
neurotoxicity, ↓phosphorylation of
p38. 

[90] 

In differentiated LUHMES
cells induced by reactive
oxygen species 

Specific scavenger of peroxynitrite,
↓microglia activation. 

[91] 

Neuropeptides  PACAP  MPP+ induced SHSY‐5Y
neuroblastoma 

↓cell death, ↑ cAMP  [98] 

Oxygen and glucose deprived
BV2 microglia 

↓TRL4, MyD88, NFkB ↓production
of pro‐inflammatory cytokines 

[95] 

MPTP induced mice  ↑TH expression, ↓caspase‐3, IL‐6,
TNF‐a 

[98] 

VIP  LPS induced mice and
mesencephalic culture
6‐OHDA induced 

↓pro‐inflammatory cytokine, ↓NO  [99] 

Polyphenols  Pinocembrin  6‐OHDA SHSY‐5Y  ↓apoptosis, ↓ROS  [101] 

Naringenin  6-OHDA induced mice and
SHSY-5Y 

↑Nrf2. ↑neuroprotection, ↓ROS  [102] 

Flavonoids from
Selaginella extract 

Rotenone induced Drosophila
PD model 

↑anti‐oxidant enzyme activity,
↓oxidative stress 

[103, 104] 

Curcumin  6‐OHDA induced SHSY‐5Y  ↓p‐p38, ↓caspase‐3  [105] 

Baicalein  MPTP induced mice and
primary rat astrocytes 

↓NFkB nuclear translocation,
↓microglia and astrocyte activation,
↓COX2, ↓phosphorylation of JNK
and ERK 

[106] 

Theaflavin  MPTP with probenecid
induced mice 

↑TH expression, ↓caspase‐3,8,9,
↓COX2, IL‐1β, TNF‐α, IL‐6 

[109] 

Resveratrol  MPTP induced mice  ↑TH protein and mRNA, ↑SOCS‐1,
↓TNF‐α, IL‐1β,IL‐6, ↓TNF‐αR1, IL‐
1βR1, IL‐Rα 

[110] 
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Therapy Compounds Study design Outcomes Reference

Rotenone or MPP+ induce
primary rat astrocytes/
microglia, mesencephalic
culture, BV2 

↓NO, ROS, MPO, ↓iNOS, COX2,
TNF‐a, IL‐1b mRNA, ↓phagocytic
activity 

[111] 

Anti‐
inflammatory
Cytokines 

IL‐10  LPS induced mesencephalic
culture 

↓TNF‐α, NO, ↓extracellular
superoxide, inhibit PHOX activity 

[112] 

Hu‐IL‐10 gene transfer in 6‐
OHDA induced rats. 

↑TH‐positive neurons, ↓ glial
activation 

[113] 

TGF‐β  Retrograde model of PD
induced with 6‐OHDA and
treated with TGF‐β alone and
in combination with GDNF. 

Reduce dopamine receptor
hypersensitivity, ↑TH‐positive
neurons, induce synaptogenesis 

[114] 

LPS and MPTP induced
mice 

↓ROS, ↓PHOX p47phox activity,
↓LPS activated phosphorylation of
ERK and p47phox 

[116] 

Insulin therapy  Pioglitazone  MPTP induced mice  ↓microglial activation, ↓GFAP
positive cells in SN, ↑ IkBα, ↓NFkB
activation 

[121] 

LPS induced rat microglial
cells 

↓NO, iNOS, TNF‐α, IL‐1β, IL‐6,
↓phosphorylation of p38. 

[119] 

GLP‐1 receptor
agonist: Exenatide 

MPTP mice and 6‐OHDA
induced mesencephalic
culture 

↓neurotoxicity, improve motor
functions, ↑TH‐positive cells,
↑cAMP ↓TNF‐α, superoxide, NO 

[122] 

Beta2‐adrenergic
receptor
agonists 

Salmeterol  LPS and MPTP induced
mice 

↓phosphorylation of MAPK, p65
NFkB. 

[16] 

Morphinan
compounds 

L‐morphine  LPS and MPP+ induced rat
mesencephalic culture 

↓PHOX activity, ↓pro‐
inflammatory cytokines, ↓ERK
phosphorylation. 

[127] 

Sinomenine  LPS and MPP+ induced rat
mesencephalic culture 

↓TNF‐α, PGE2, ROS ↓PHOX
activity. 

[128] 

3‐HM  Rat mesencephalic culture
stimulated with LPS 

↓NO, TNF‐α, PGE2, ROS
↓microglia activation 

[129] 

LPS and MPTP models  ↑expression of neurotrophic
factors ↑acetylation of histone H3
↓reactive microgliosis ↓ROS 

[130] 

Therapy against
NFkB 

NBD  MPTP induced mice  ↓NFkB activation, ↓iNOS, ↓TNF‐α,
IL‐1β ↓CD11b, ↓neuronal death 

[132] 
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Therapy Compounds Study design Outcomes Reference

Compound A (IKK
inhibitor) 

LPS induced rats and
mesencephalic culture 

↓neurotoxicity, ↓TNF‐α, IL‐1β,
↓NO, iNOS, ↓IKKβ
phosphorylation and NFkB
activation
↓phosphorylation of ERK, p38,
JNK, ↓ROS, ↓superoxide 

[133] 

Anti‐oxidants  DPI (NADPH
oxidase inhibitor) 

LPS induced midbrain
neuron‐glia culture 

↓neurotoxicity ↓NOX2 activation.  [135] 

LPS induced rats and
mesencephalic culture 

↓ROS, ↓TNF‐α, NO ↓ERK
phosphorylation, ↓PHOX activity 

[136] 

Coenzyme Q10  MPTP model  ↓ROS, ↓free radicals production,
↓neurotoxicity 

[137] 

NAC  Intravenous infusion of NAC
in PD patients MPP+ induced
PC12 cells 

↑glutathione level in blood  [140] 

Edaravone  ↓oxidative stress, ↓ROS ↑Heme‐
oxygenase‐1 expression 

[142] 

Table 1. Neuroprotective effects of anti‐inflammatory therapies.

7.1. Antibiotics in neuroprotection in PD

Antibiotics are routinely used to kill or inhibit the growth of microorganisms at low concen‐
trations. In addition to their antimicrobial activity, antibiotics can either directly or indirect‐
ly regulate the expression of many inflammatory gene transcripts [80], and a number of
antibiotics such as tetracycline and β‐lactams have been shown to have significant anti‐
inflammatory properties [81]. Antibiotics now appear to have protective effects against
neurodegeneration and the neuroinflammatory process [82]. These properties of antibiotics
make them suitable for the development of effective therapies against neurodegenerative
diseases such as PD. Rifampicin, a macrocyclic antibiotic, upregulates Ab clearance in brain,
and it is also neuroprotective in other chronic neurodegenerative diseases and cerebral
ischemia [83]. Pretreatment with Rifampicin increases cell viability and reduces α‐synuclein
expression and its aggregation. Moreover, in MPP+‐induced PC12 cells, Rifampicin prevents
the formation of α‐synuclein oligomer [84]. It can also block the release of pro‐inflammatory
cytokines such as NO, PGE2 TNF‐α, and IL‐1β from LPS‐stimulated BV‐2 microglial cells [85].
Similarly, β‐lactam also has protective role against neurodegeneration and can cross BBB. β‐
lactam antibiotic ceftriaxone has demonstrated neuroprotective activity as well as high binding
affinity with α‐synuclein and can block its in vitro polymerization [86]. Ceftriaxone also
increases the expression of glutamate transporter‐1 (GLT‐1) which enhances glutamate uptake
and therefore reduces excitotoxicity in 6‐OHDA model of PD [87]. D‐cycloserine (DCS), an
antibiotic prescribed for Mycobacterium tuberculosis, also acts as an NMDA receptor
antagonist that prevents excitotoxicity damage induced by MPTP [88] and inhibits the
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production of MMP3 and MMP9 in LPS stimulate microglial cells. In addition, Rapamycin was
able to prevent mitochondrial dysfunction in PINK1/Parkin Drosophila mutants [89].
Furthermore, it enhances the expression of neuronal survival promoting kinase Akt, antioxi‐
dant enzymes and anti‐apoptotic markers [90]. Similarly, Minocycline has shown neuropro‐
tective effects in PD models [91]. Minocycline suppresses α‐synuclein aggregation and its
toxicity [92], as well as microglial activation of p38 the MAPK signaling pathway resulting in
the suppression of pro‐inflammatory mediator release [93]. These results support the poten‐
tial of antibiotics as neuroprotective and therapeutic agents in PD.

7.2. The role of anti‐inflammatory compounds in neuroinflammation and PD

Neurotrophic factors are essential for neural growth and development, and these factors
normally signal through Trk receptors. Adenosine and pituitary adenylate cyclase‐activat‐
ing peptide (PACAP) act as ligands and induces activation of Trk receptors through adeno‐
sine (A2A) receptor and PAC1 receptors, respectively [94]. Recent studies reported the
antioxidant and anti‐inflammatory properties of PACAP [95, 96]. It can inhibit the release of
several pro‐inflammatory mediators from LPS‐activated microglial cells by inhibiting the
transcriptional activity of NF‐kB [97], as well as the production of several chemokines like
MIP‐1α, ‐1β, MCP‐1, and RANTES [98]. A synthetic analog of PACAP showed neuroprotec‐
tion in MPP+‐induced SHSY‐5Y cells and MPTP‐injected mice. It restored the expression of
tyrosine hydroxylase in Substantia nigra and modulated the inflammatory response [99].
Another peptide, called vasoactive intestinal peptide (VIP), can also inhibit the expression of
pro‐inflammatory cytokines from LPS‐activated cultured microglia [100]. These studies
suggest these peptides can serve as promising molecules for the development of anti‐inflam‐
matory and neuroprotective drugs in the treatment of PD.

7.2.1. Neuroprotective and anti‐inflammatory role of polyphenols

Several traditional medicinal plants and herbs are rich in polyphenol, and their neuroprotec‐
tive effects have been studied extensively. These compounds have neuroprotective proper‐
ties against oxidative stress, neuroinflammation, mitochondrial dysfunction, and protein
fibrillization. Kong et al. reported that polyphenols reduce the intracellular level of ROS in DA
neurons [101]. Recently, it has been found that pretreatment with flavonoids such as pino‐
cembrin [102] and naringenin [103] reduces the formation of ROS, in 6‐OHDA‐challenged
human neuroblastoma SHSY‐5Y cells. This effect was due to an increase in Nrf2 protein level
and by activating ARE pathway genes. In addition, flavonoids from Selaginella species have
the ability to increase the expression and activity of anti‐oxidative enzymes endogenously
[104], and the aqueous extract of Selaginella suppresses rotenone induced neurotoxicity,
attenuated locomotor dysfunction, oxidative stress, and mitochondrial dysfunction in
Drosophila melanogaster [105]. Polyphenols may also target MAPK pathways and apoptosis,
since phosphorylation of MAPK and expression of cleaved caspase 3 were reduced in 6‐OHDA
induced SHSY‐5Y cells by curcumin [106]. Similarly, the phosphorylation of NF‐kB, JNK, and
ERK was inhibited by flavone baicalein in MPP+‐induced primary astrocytes and indicated its
implication in the treatment of PD [107]. Several other polyphenols have been shown to reduce
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the expression of pro‐inflammatory cytokine such as IL‐1β, TNF‐α, and IL‐6 [108, 109].
Furthermore, theaflavin treatment in MPTP mice model of PD increases the expression of anti‐
inflammatory cytokines such as IL‐4 and IL‐10 by the modulation of the suppressor of cytokine
signaling 1 (SOCS1). Oral administration of resveratrol in MPTP mouse model upregulated
the expression of SOCS1 in striatum and Substantia nigra and suppresses the production of
pro‐inflammatory cytokines [110] and also improved cell survival in rotenone‐induced
primary mesencephalic culture. Resveratrol also diminished the level of MPO (MPO; an
enzyme produces hypochlorous acid and tyrosyl radical during microglial respiratory burst)
and ROS in MPP+‐induced BV2 microglia cells [111, 112]. Many polyphenol compounds have
been studied to test their neuroprotective and anti‐inflammatory properties, but further
research will be needed to understand the signaling mechanism of how these compounds act
to offset neuroinflammation.

7.2.2. Anti‐inflammatory cytokine therapies in PD

The use of anti‐inflammatory cytokine serves as a potent approach for the development of anti‐
parkinsonian drugs. Two major anti‐inflammatory cytokines, IL‐10 and transforming growth
factor beta 1 (TGFβ1), produced by Treg cells, have been studied in PD models. Pre‐ and
posttreatment of rat mesencephalic neuron glia culture with IL‐10 showed neuroprotective
effects against LPS‐induced neurotoxicity by inhibiting the production of TNF‐α, nitric oxide,
and extracellular superoxide [113]. Gene delivery of human IL‐10 by using adeno‐associated
viral type‐2 (AAV2) in 6‐OHDA rat model of PD also showed neuroprotection by suppress‐
ing the 6‐OHDA‐induced loss of TH‐positive neurons [114]. Similarly, TGFβ1 also shows
protective effects against neurotoxicity. TGFβ1 in combination with GDNF reduces progres‐
sive cell death and enhances the expression of TH in surviving nigral neurons in retrograde
model of Parkinsonism in rats [115]. It has also been shown that TGFβ1 protects from neuronal
death induced by glutamate excitotoxicity [116]. The neuroprotective effect of TGFβ1 is
primarily due to its ability to inhibit the production of ROS from microglia during activation.
Additionally, after LPS activation, ERK phosphorylation and subsequent serine phosphory‐
lation on p47phox were significantly inhibited by pretreatment with TGFβ1 [117]. Recently, it
also has been reported that overexpression of fractalkine (CX3CL1) reduces neuronal loss in
6‐OHDA model of PD and suppresses α‐synuclein‐mediated neurodegeneration [118]. The
use of these anti‐inflammatory mediators therapeutically to suppress represents a new
therapeutic avenue for the treatment of PD.

7.2.3. Regulatory T‐cell therapy

Treg cells have the capability to mitigate inflammation and serve as an attractive therapeutic
target. Treg cell therapy can be used for neuroprotection in PD as these cells also utilize
immunosuppressive mechanisms including the production of anti‐inflammatory cytokines.
The neuroprotective effects of bee venom is associated with the deactivation of microglia and
suppression of CD4+ T cell infiltration, and it also increases the proportion of CD4+, CD25+ and
Foxp3+ Treg cells in MPTP mouse model of PD. Several studies have been shown that Treg cell
responses inhibit microglial activation and enhance neuronal survival in MPTP mouse model
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of PD [24, 119]. In addition, another type of Treg cell, Th2 cells also inhibit microglial activa‐
tion by the production of IL‐4 and IL‐10 against MPTP‐induced neurotoxicity. What signals
suppress the Treg cell functions and how to improve anti‐inflammatory activity are yet to be
determined.

7.2.4. Insulin as potent therapeutic agent for treatment in PD

Insulin is the enzyme most responsible for lowering the blood glucose, but it has also been
found to have potent anti‐inflammatory effects. Insulin signaling regulates a number of cellular
processes such as neurotransmission, vesicle trafficking cell survival, and inflammatory
mediator production. Recent evidence has shown that insulin signaling is impaired in
Alzheimer and, to some degree to, Parkinson's patients. Preclinical studies suggest that the
application of insulin or long‐lasting analogs of incretin peptides in transgenic animal model
of PD, and AD reduces neurodegeneration and neuronal and synaptic functionality [120, 121].
Pioglitazone is generally prescribed for type 2 diabetes mellitus and reduces insulin resist‐
ance and acts on peroxisome proliferator‐activated receptor γ (PPARγ) receptors. It also
functions to reduce microglial activation and induction of iNOS positive cells by enhancing
inhibitory protein kappa B (IkBα) and inhibition of NF‐kB subunit p65 in MPTP mouse model
of PD [122]. In LPS model of PD, Pioglitazone showed neuroprotection by inhibiting micro‐
glia‐mediated oxidative stress [120]. Another anti‐diabetic agent, GLP‐1 (glucagon‐like
peptide), is a hormone which maintains homeostasis between insulin and glucose. Exena‐
tide is a synthetic agonist for the GLP‐1 receptor and shows significant promise as neuropro‐
tective in PD animal models [123]. These studies describe the potent impact of insulin or anti‐
diabetic treatments as possible anti‐inflammatory neuroprotective therapies for PD.

7.2.5. Use of β‐adrenergic receptor agonists as an anti‐inflammatory agent in the treatment of PD

Beta2‐adrenergic receptors (β2AR) are seven transmembrane G‐protein‐coupled receptors
found on numerous cell types, including inflammatory cells and neurons. β2AR agonists are
FDA approved for the treatment of chronic obstructive pulmonary disorders (COPD), and
their use as treatment for neurodegenerative diseases such as PD represents a new and
potentially very productive therapeutic approach. In the CNS, microglia expresses high levels
of β2AR, and it has been demonstrated that long‐acting β2AR agonists such as salmeterol
(Advair, GlaxoSK) protect against DA neuronal death from microglia‐mediated neuroinflam‐
mation [16]. In addition to inhibiting the production of inflammatory mediators and oxida‐
tive stress responses by microglial cells, several in vivo studies also reported neuroprotective
roles of long‐acting β2AR agonists by inducing neurotrophic growth factors and astrocyte
activation [124, 125]. Long‐acting agonist such as salmeterol showed neuroprotective effects
by pretreatment in LPS‐stimulated long‐term mouse model and also by the treatment with
salmeterol after MPTP injection. Low dose of salmeterol treatment in these models sup‐
pressed the NF‐kB activation and its nuclear translocation. Similarly, it also reduces phos‐
phorylation of MAPK such as ERK1/2, p38, and JNK [126]. Furthermore, it has been shown
that low dose of salmeterol also inhibits TGF‐beta‐activated kinase 1 (TAK1), which is a
common upstream regulatory molecule for MAPK and NF‐kB activation, and involves in

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

73



various inflammatory signaling pathways [127]. This suggests the anti‐inflammatory effects
of salmeterol by reducing phosphorylation of MAPK and NF‐kB activation via inhibition of
TAK1. The activation of β2AR stimulates MAPK signaling also via β‐arrestin‐dependent and
G‐protein‐independent mechanism [126]. Overall, these agonists can inhibit inflammatory
response and have potential to regulate inflammation in chronic inflammatory disorders of
CNS. These results suggest that β2AR agonists can be developed as anti‐inflammatory therapy
to subside the progressive loss of dopaminergic neurons in PD patients.

7.2.6. Use of morphinan‐related anti‐inflammatory compounds in PD

Several morphinan analogs such as naloxone, dextromethorphan, or naltrexone have been
described as anti‐inflammatory and neuroprotective. Morphine isomers (L‐morphine and its
D stereoenantiomer) can inhibit microglial activation and LPS‐ or MPP+‐induced neurotoxic‐
ity in rat primary mesencephalic cultures. Furthermore, it also suggests that morphinan
compounds bind to the catalytic subunit of PHOX and inhibits its activity leading to the
reduced production of superoxide and other pro‐inflammatory cytokines [128]. Similar results
were observed with sinomenine, a dextrorotatory isomer of morphine and protective effects
of sinomenine mediated through the inhibition of microglial PHOX activity [129]. Similarly,
3‐hydroxymorphinan (3‐HM), a metabolite of dextromethorphan, recently emerged as a potent
therapeutic agent for the treatment of PD. These compounds show neuroprotection by two
different pathways; one through a neurotrophic effect mediated by astrocytes and another by
their anti‐inflammatory effect mediated by the suppression of microglial activation. When
the 3‐HM compound was studied for its mechanistic effects in vivo, it was found that it
attenuated the depletion of striatal levels of dopamine and showed neuroprotection against
LPS‐ and MPTP‐elicited neurotoxicity [130]. These effects were observed even when drug was
administered post MPTP injections [131]. Collectively, these findings offer a different yet
highly potent new therapeutic direction for the treatment of neuroinflammation in PD.

7.2.7. Pro‐inflammatory transcription factor, NF‐kB as a therapeutic target in PD

Nuclear transcription factor NF‐kB plays an important role in inflammation. It regulates the
expression of various genes involved in immune function and cell survival. NF‐kB activa‐
tion has been reported in Substantia nigra of PD patients and in animal models of PD. The
inhibition of NF‐kB activation can suppress oxidative stress and production of pro‐inflamma‐
tory cytokines and chemokines in microglia [132]. Ghosh et al. [133] reported that intraperi‐
toneal injection of NBD (NF‐kB essential modifier‐binding domain) peptide reduces nigral
activation of NF‐kB, inhibits microglial activation in Substantia nigra, and improves motor
function in MPTP mouse model of PD. Selective inhibitors against IKK‐β also reduce micro‐
glial n and neuronal death in SNpc in MPTP‐intoxicated PD mice [133] and in LPS‐induced
neurodegeneration by inhibiting NF‐kB activation and decreasing the production of pro‐
inflammatory cytokines. It also suppresses the activity of microglial NADPH oxidase and
reduces the production of ROS [134]. These reports suggest the suppression of NF‐kB signaling
pathway in microglia is neuroprotective and represent NF‐kB as a strong potential target for
anti‐inflammatory therapy in the treatment of PD.
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7.2.8. Antioxidants as neuroprotective agents in PD

Oxidative stress and generation of free radicals have been reported to be a major effector of
neuronal death seen in neurodegeneration in PD. This can also be linked to other processes
such as nitric oxide toxicity, excitotoxicity, mitochondrial dysfunction, and inflammation.
Oxidative stress impairs cell viability by damaging lipid, proteins, and nucleic acids [135]. The
development of therapies against oxidative stress and free radicals may be beneficial in PD by
inhibiting the onset of apoptotic cell death and degeneration of nigrostriatal dopaminergic
neurons. The neurotoxin MPTP inhibits the mitochondrial electron transport chain and
suppresses the activity of mitochondrial complex I and eventually elevates oxidative stress
within DA neurons. MPTP also increases the production of free radicals and ROS by micro‐
glial cells, ultimately leading to the death of dopamine producing neurons. It has been found
that mice lacking the NADPH oxidase complex do not exhibit DA neurotoxicity from MPTP‐
or LPS‐induced neurodegeneration, and that the administration of NADPH oxidase inhibi‐
tor DPI can prevent DA neurotoxicity [136, 137]. Several other antioxidants have been
investigated in the treatment of PD, and it has been found that coenzyme Q10 is a potent
antioxidant and electron acceptor for mitochondrial complex I and II, can enhance activity of
complex I, and reduce oxidative stress [138]. Clinical trial with randomized, parallel group,
placebo controls, and double‐blind with multiple doses of CoQ10 (300, 600, or 1200 mg/day)
in 80 early PD patients showed that CoQ10 is well tolerated at doses up to 1200 mg/day, less
disability was developed in PD subjects, and symptomatic relief was higher in subjects
receiving the highest dose [139]. In contrast, a recent phase III, randomized, double‐blind,
placebo‐controlled clinical trial concluded that CoQ10 is safe and well tolerated but showed
no evidence of clinical benefits [140]. Another antioxidant and a pro‐drug of amino acid
cysteine called N‐acetyl‐cysteine (NAC) also showed neuroprotective effects. Preclinical data
suggest NAC is neuroprotective and can reduce oxidative stress and ROS accumulation.
Recently, a clinical trial with NAC intravenous infusion concludes that NAC enhances the level
of glutathione (a potent antioxidant) in blood and brain in PD patients [141]. Similarly,
Edaravone (MCI‐186, 3‐methyl‐1‐phenyl‐2‐pyrozolin‐5‐one) is a neuroprotective antioxidant,
generally prescribed for recovery of acute brain ischemia and cerebral infraction [142]. It
showed neuroprotective effects in MPP‐induced PC12 cells by reducing oxidative stress and
enhancing expression heme oxygenase‐1 expression (a cellular stress response protein) [143],
but clinical trials are yet to be done.

8. Conclusion

Inflammation plays an important role in the etiology of a number of different forms of PD, and
anti‐inflammatory drugs hold much promise as a therapeutic treatment for patients with mild
and moderate forms of PD. The continued evaluation of these drugs, including their efficacy,
target, and mechanism of action, hold much promise for the future treatment of PD.

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

75



Author details

Patrick Flood*, Naik Arbabzada and Monika Sharma

*Address all correspondence to: pflood@ualberta.ca

University of Alberta, Edmonton, Canada

References

[1] Hirsch EC, Hunot S, Damier P, Faucheux B. Glial cells and inflammation in Parkin‐
son's disease: a role in neurodegeneration? Ann Neurol. 1998 Sep;44(3 Suppl 1):S115–
20.

[2] Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K, Seitelberger F. Brain
dopamine and the syndromes of Parkinson and Huntington. Clinical, morphological
and neurochemical correlations. J Neurol Sci. 1973 Dec;20(4):415–55.

[3] Bezard E, Dovero S, Prunier C, Ravenscroft P, Chalon S, Guilloteau D, et al. Relation‐
ship between the appearance of symptoms and the level of nigrostriatal degeneration
in a progressive 1‐methyl‐4‐phenyl‐1,2,3,6‐tetrahydropyridine‐lesioned macaque
model of Parkinson's disease. J Neurosci Off J Soc Neurosci. 2001 Sep 1;21(17):6853–61.

[4] Elenkov IJ, Wilder RL, Chrousos GP, Vizi ES. The sympathetic nerve‐‐an integrative
interface between two supersystems: the brain and the immune system. Pharmacol
Rev. 2000 Dec;52(4):595–638.

[5] Huang Y, Halliday GM. Aspects of innate immunity and Parkinson's disease. Front
Pharmacol. 2012;3:33.

[6] Farina C, Aloisi F, Meinl E. Astrocytes are active players in cerebral innate immunity.
Trends Immunol. 2007 Mar;28(3):138–45.

[7] Damier P, Hirsch EC, Zhang P, Agid Y, Javoy‐Agid F. Glutathione peroxidase, glial
cells and Parkinson's disease. Neuroscience. 1993 Jan;52(1):1–6.

[8] Wilhelmsson U, Bushong EA, Price DL, Smarr BL, Phung V, Terada M, et al. Redefin‐
ing the concept of reactive astrocytes as cells that remain within their unique do‐
mains upon reaction to injury. Proc Natl Acad Sci U S A. 2006 Nov 14;103(46):17513–8.

[9] Knott C, Wilkin GP, Stern G. Astrocytes and microglia in the substantia nigra and
caudate‐putamen in Parkinson's disease. Parkinsonism Relat Disord. 1999 Sep;5(3):
115–22.

[10] Teismann P, Schulz JB. Cellular pathology of Parkinson's disease: astrocytes, micro‐
glia and inflammation. Cell Tissue Res. 2004 Oct;318(1):149–61.

Challenges in Parkinson's Disease76



[11] Kohutnicka M, Lewandowska E, Kurkowska‐Jastrzebska I, Członkowski A, Człon‐
kowska A. Microglial and astrocytic involvement in a murine model of Parkinson's
disease induced by 1‐methyl‐4‐phenyl‐1,2,3,6‐tetrahydropyridine (MPTP). Immuno‐
pharmacology. 1998 Jun;39(3):167–80.

[12] Nomura T, Yabe T, Rosenthal ES, Krzan M, Schwartz JP. PSA‐NCAM distinguishes
reactive astrocytes in 6‐OHDA‐lesioned substantia nigra from those in the striatal
terminal fields. J Neurosci Res. 2000 Sep 15;61(6):588–96.

[13] Depino AM, Earl C, Kaczmarczyk E, Ferrari C, Besedovsky H, del Rey A, et al.
Microglial activation with atypical proinflammatory cytokine expression in a rat model
of Parkinson's disease. Eur J Neurosci. 2003 Nov;18(10):2731–42.

[14] McGeer PL, Itagaki S, Boyes BE, McGeer EG. Reactive microglia are positive for HLA‐
DR in the substantia nigra of Parkinson's and Alzheimer's disease brains. Neurology.
1988 Aug;38(8):1285–91.

[15] Qian L, Hu X, Zhang D, Snyder A, Wu H‐M, Li Y, et al. beta2 Adrenergic receptor
activation induces microglial NADPH oxidase activation and dopaminergic neurotox‐
icity through an ERK‐dependent/protein kinase A‐independent pathway. Glia. 2009
Nov 15;57(15):1600–9.

[16] Qian L, Wu H, Chen S‐H, Zhang D, Ali SF, Peterson L, et al. β2‐adrenergic receptor
activation prevents rodent dopaminergic neurotoxicity by inhibiting microglia via a
novel signaling pathway. J Immunol Baltim Md. 1950. 2011 Apr 1;186(7):4443–54.

[17] Mount MP, Lira A, Grimes D, Smith PD, Faucher S, Slack R, et al. Involvement of
interferon‐gamma in microglial‐mediated loss of dopaminergic neurons. J Neurosci Off
J Soc Neurosci. 2007 Mar 21;27(12):3328–37.

[18] Xing B, Bachstetter AD, Van Eldik LJ. Microglial p38α MAPK is critical for LPS‐induced
neuron degeneration, through a mechanism involving TNFα. Mol Neurodegener.
2011;6:84.

[19] Sriram K, Matheson JM, Benkovic SA, Miller DB, Luster MI, O'Callaghan JP. Mice
deficient in TNF receptors are protected against dopaminergic neurotoxicity: implica‐
tions for Parkinson's disease. FASEB J Off Publ Fed Am Soc Exp Biol. 2002 Sep;16(11):
1474–6.

[20] Peterson L, Ismond KP, Chapman E, Flood P. Potential benefits of therapeutic use of
β2‐adrenergic receptor agonists in neuroprotection and Parkinson's disease. J Immunol
Res. 2014;2014:103780.

[21] Kannarkat GT, Boss JM, Tansey MG. The role of innate and adaptive immunity in
Parkinson's disease. J Parkinsons Dis. 2013;3(4):493–514.

[22] Ahmed I, Tamouza R, Delord M, Krishnamoorthy R, Tzourio C, Mulot C, et al.
Association between Parkinson's disease and the HLA‐DRB1 locus. Mov Disord Off J
Mov Disord Soc. 2012 Aug;27(9):1104–10.

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

77



[23] Orr CF, Rowe DB, Halliday GM. An inflammatory review of Parkinson's disease. Prog
Neurobiol. 2002 Dec;68(5):325–40.

[24] Reynolds AD, Banerjee R, Liu J, Gendelman HE, Mosley RL. Neuroprotective activi‐
ties of CD4+CD25+ regulatory T cells in an animal model of Parkinson's disease. J
Leukoc Biol. 2007 Nov;82(5):1083–94.

[25] Le WD, Engelhardt J, Xie WJ, Schneider L, Smith RG, Appel SH. Experimental
autoimmune nigral damage in guinea pigs. J Neuroimmunol. 1995 Mar;57(1‐2):45–53.

[26] McRae‐Degueurce A, Rosengren L, Haglid K, Bööj S, Gottfries CG, Granérus AC, et al.
Immunocytochemical investigations on the presence of neuron‐specific antibodies in
the CSF of Parkinson's disease cases. Neurochem Res. 1988 Jul;13(7):679–84.

[27] Appel SH, Le WD, Tajti J, Haverkamp LJ, Engelhardt JI. Nigral damage and dopami‐
nergic hypofunction in mesencephalon‐immunized guinea pigs. Ann Neurol. 1992 Oct;
32(4):494–501.

[28] Fahn S, Cohen G. The oxidant stress hypothesis in Parkinson's disease: evidence
supporting it. Ann Neurol. 1992 Dec;32(6):804–12.

[29] Zigmond MJ. and Burke RE. Pathophsiology of Parkinson's disease. In: Kenneth L.
Davis, Dennis Charney, Joseph T. Coyle, and Charles Nemeroff, editors. Neuropsy‐
chopharmacology: The Fifth Generation of Progress. American College of Neuropsy‐
chopharmacology; 2002. pp. 1781–1793.

[30] Dzamko N, Geczy CL, Halliday GM. Inflammation is genetically implicated in
Parkinson's disease. Neuroscience. 2015 Aug 27;302:89–102.

[31] Wood‐Kaczmar A, Gandhi S, Wood NW. Understanding the molecular causes of
Parkinson's disease. Trends Mol Med. 2006 Nov;12(11):521–8.

[32] Su X, Federoff HJ. Immune responses in Parkinson's disease: interplay between central
and peripheral immune systems. BioMed Res Int. 2014;2014:275178.

[33] Van Limbergen J, Wilson DC, Satsangi J. The genetics of Crohn's disease. Ann Rev
Genomics Hum Genet. 2009;10:89–116.

[34] Cardoso CC, Pereira AC, de Sales Marques C, Moraes MO. Leprosy susceptibility:
genetic variations regulate innate and adaptive immunity, and disease outcome. Future
Microbiol. 2011 May;6(5):533–49.

[35] Green DR, Oberst A, Dillon CP, Weinlich R, Salvesen GS. RIPK‐dependent necrosis and
its regulation by caspases: a mystery in five acts. Mol Cell. 2011 Oct 7;44(1):9–16.

[36] Dzamko N, Inesta‐Vaquera F, Zhang J, Xie C, Cai H, Arthur S, et al. The IkappaB kinase
family phosphorylates the Parkinson's disease kinase LRRK2 at Ser935 and Ser910
during Toll‐like receptor signaling. PLoS One. 2012;7(6):e39132.

Challenges in Parkinson's Disease78



[37] Kim JS, Cho JW, Shin H, Lee WY, Ki C‐S, Cho AR, et al. A Korean Parkinson's dis‐
ease family with the LRRK2 p.Tyr1699Cys mutation showing clinical heterogeneity.
Mov Disord Off J Mov Disord Soc. 2012 Feb;27(2):320–4.

[38] Moehle MS, Webber PJ, Tse T, Sukar N, Standaert DG, DeSilva TM, et al. LRRK2
inhibition attenuates microglial inflammatory responses. J Neurosci Off J Soc Neurosci.
2012 Feb 1;32(5):1602–11.

[39] Gillardon F, Schmid R, Draheim H. Parkinson's disease‐linked leucine‐rich repeat
kinase 2(R1441G) mutation increases proinflammatory cytokine release from activat‐
ed primary microglial cells and resultant neurotoxicity. Neuroscience. 2012 Apr
19;208:41–8.

[40] Russo I, Bubacco L, Greggio E. LRRK2 and neuroinflammation: partners in crime in
Parkinson's disease? J Neuroinflammation. 2014;11:52.

[41] Frank‐Cannon TC, Tran T, Ruhn KA, Martinez TN, Hong J, Marvin M, et al. Parkin
deficiency increases vulnerability to inflammation‐related nigral degeneration. J
Neurosci Off J Soc Neurosci. 2008 Oct 22;28(43):10825–34.

[42] Sha D, Chin L‐S, Li L. Phosphorylation of parkin by Parkinson disease‐linked kinase
PINK1 activates parkin E3 ligase function and NF‐kappaB signaling. Hum Mol Genet.
2010 Jan 15;19(2):352–63.

[43] Narendra D, Tanaka A, Suen D‐F, Youle RJ. Parkin is recruited selectively to im‐
paired mitochondria and promotes their autophagy. J Cell Biol. 2008 Dec 1;183(5):795–
803.

[44] Chen ZJ. Ubiquitin signalling in the NF‐kappaB pathway. Nat Cell Biol. 2005 Aug;7(8):
758–65.

[45] Chung J‐Y, Park HR, Lee S‐J, Lee S‐H, Kim JS, Jung Y‐S, et al. Elevated TRAF2/6
expression in Parkinson's disease is caused by the loss of Parkin E3 ligase activity. Lab
Investig J Tech Methods Pathol. 2013 Jun;93(6):663–76.

[46] Marques O, Outeiro TF. Alpha‐synuclein: from secretion to dysfunction and death. Cell
Death Dis. 2012;3:e350.

[47] Recchia A, Debetto P, Negro A, Guidolin D, Skaper SD, Giusti P. Alpha‐synuclein and
Parkinson's disease. FASEB J Off Publ Fed Am Soc Exp Biol. 2004 Apr;18(6):617–26.

[48] Fellner L, Irschick R, Schanda K, Reindl M, Klimaschewski L, Poewe W, et al. Toll‐like
receptor 4 is required for α‐synuclein dependent activation of microglia and astroglia.
Glia. 2013 Mar;61(3):349–60.

[49] Kim C, Ho D‐H, Suk J‐E, You S, Michael S, Kang J, et al. Neuron‐released oligomeric
α‐synuclein is an endogenous agonist of TLR2 for paracrine activation of microglia.
Nat Commun. 2013;4:1562.

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

79



[50] Forsyth CB, Shannon KM, Kordower JH, Voigt RM, Shaikh M, Jaglin JA, et al. Increased
intestinal permeability correlates with sigmoid mucosa alpha‐synuclein staining and
endotoxin exposure markers in early Parkinson's disease. PLoS One. 2011;6(12):e28032.

[51] Alvarez‐Erviti L, Couch Y, Richardson J, Cooper JM, Wood MJA. Alpha‐synuclein
release by neurons activates the inflammatory response in a microglial cell line.
Neurosci Res. 2011 Apr;69(4):337–42.

[52] Lema Tomé CM, Tyson T, Rey NL, Grathwohl S, Britschgi M, Brundin P. Inflamma‐
tion and α‐synuclein's prion‐like behavior in Parkinson's disease‐‐is there a link? Mol
Neurobiol. 2013 Apr;47(2):561–74.

[53] Tran HT, Chung CH‐Y, Iba M, Zhang B, Trojanowski JQ, Luk KC, et al. A‐synuclein
immunotherapy blocks uptake and templated propagation of misfolded α‐synuclein
and neurodegeneration. Cell Rep. 2014 Jun 26;7(6):2054–65.

[54] Akundi RS, Huang Z, Eason J, Pandya JD, Zhi L, Cass WA, et al. Increased mitochon‐
drial calcium sensitivity and abnormal expression of innate immunity genes precede
dopaminergic defects in Pink1‐deficient mice. PLoS One. 2011;6(1):e16038.

[55] Lee HJ, Chung KC. PINK1 positively regulates IL‐1β‐mediated signaling through
Tollip and IRAK1 modulation. J Neuroinflammation. 2012;9:271.

[56] Waak J, Weber SS, Waldenmaier A, Görner K, Alunni‐Fabbroni M, Schell H, et al.
Regulation of astrocyte inflammatory responses by the Parkinson's disease‐associat‐
ed gene DJ‐1. FASEB J Off Publ Fed Am Soc Exp Biol. 2009 Aug;23(8):2478–89.

[57] Trudler D, Weinreb O, Mandel SA, Youdim MBH, Frenkel D. DJ‐1 deficiency triggers
microglia sensitivity to dopamine toward a pro‐inflammatory phenotype that is
attenuated by rasagiline. J Neurochem. 2014 May;129(3):434–47.

[58] Mitsumoto A, Nakagawa Y. DJ‐1 is an indicator for endogenous reactive oxygen species
elicited by endotoxin. Free Radic Res. 2001 Dec;35(6):885–93.

[59] Jackson‐Lewis V, Przedborski S. Protocol for the MPTP mouse model of Parkinson's
disease. Nat Protoc. 2007;2(1):141–51.

[60] Gayle DA, Ling Z, Tong C, Landers T, Lipton JW, Carvey PM. Lipopolysaccharide
(LPS)‐induced dopamine cell loss in culture: roles of tumor necrosis factor‐alpha,
interleukin‐1beta, and nitric oxide. Brain Res Dev Brain Res. 2002 Jan 31;133(1):27–35.

[61] Gao H‐M, Hong J‐S, Zhang W, Liu B. Distinct role for microglia in rotenone‐induced
degeneration of dopaminergic neurons. J Neurosci Off J Soc Neurosci. 2002 Feb 1;22(3):
782–90.

[62] Dauer W, Przedborski S. Parkinson's disease: mechanisms and models. Neuron. 2003
Sep 11;39(6):889–909.

Challenges in Parkinson's Disease80



[63] Bae E‐J, Lee H‐J, Rockenstein E, Ho D‐H, Park E‐B, Yang N‐Y, et al. Antibody‐aided
clearance of extracellular α‐synuclein prevents cell‐to‐cell aggregate transmission. J
Neurosci Off J Soc Neurosci. 2012 Sep 26;32(39):13454–69.

[64] Watson MB, Richter F, Lee SK, Gabby L, Wu J, Masliah E, et al. Regionally‐specific
microglial activation in young mice over‐expressing human wildtype alpha‐synu‐
clein. Exp Neurol. 2012 Oct;237(2):318–34.

[65] Cebrián C, Loike JD, Sulzer D. Neuroinflammation in Parkinson's disease animal
models: a cell stress response or a step in neurodegeneration? Curr Top Behav
Neurosci. 2015;22:237–70.

[66] Fernagut P‐O, Chesselet M‐F. Alpha‐synuclein and transgenic mouse models.
Neurobiol Dis. 2004 Nov;17(2):123–30.

[67] Dauer W, Kholodilov N, Vila M, Trillat A‐C, Goodchild R, Larsen KE, et al. Resis‐
tance of alpha‐synuclein null mice to the parkinsonian neurotoxin MPTP. Proc Natl
Acad Sci U S A. 2002 Oct 29;99(22):14524–9.

[68] Theodore S, Cao S, McLean PJ, Standaert DG. Targeted overexpression of human alpha‐
synuclein triggers microglial activation and an adaptive immune response in a mouse
model of Parkinson disease. J Neuropathol Exp Neurol. 2008 Dec;67(12):1149–58.

[69] Van der Perren A, Macchi F, Toelen J, Carlon MS, Maris M, de Loor H, et al. FK506
reduces neuroinflammation and dopaminergic neurodegeneration in an α‐synuclein‐
based rat model for Parkinson's disease. Neurobiol Aging. 2015 Mar;36(3):1559–68.

[70] Daher JPL, Volpicelli‐Daley LA, Blackburn JP, Moehle MS, West AB. Abrogation of α‐
synuclein‐mediated dopaminergic neurodegeneration in LRRK2‐deficient rats. Proc
Natl Acad Sci U S A. 2014 Jun 24;111(25):9289–94.

[71] Hinkle KM, Yue M, Behrouz B, Dächsel JC, Lincoln SJ, Bowles EE, et al. LRRK2
knockout mice have an intact dopaminergic system but display alterations in explor‐
atory and motor co‐ordination behaviors. Mol Neurodegener. 2012;7:25.

[72] Lee BD, Shin J‐H, VanKampen J, Petrucelli L, West AB, Ko HS, et al. Inhibitors of
leucine‐rich repeat kinase‐2 protect against models of Parkinson's disease. Nat Med.
2010 Sep;16(9):998–1000.

[73] Manthripragada AD, Schernhammer ES, Qiu J, Friis S, Wermuth L, Olsen JH, et al. Non‐
steroidal anti‐inflammatory drug use and the risk of Parkinson's disease. Neuroepi‐
demiology. 2011;36(3):155–61.

[74] Castaño A, Herrera AJ, Cano J, Machado A. The degenerative effect of a single
intranigral injection of LPS on the dopaminergic system is prevented by dexametha‐
sone, and not mimicked by rh‐TNF‐alpha, IL‐1beta and IFN‐gamma. J Neurochem.
2002 Apr;81(1):150–7.

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

81



[75] Szekely CA, Green RC, Breitner JCS, Østbye T, Beiser AS, Corrada MM, et al. No
advantage of A beta 42‐lowering NSAIDs for prevention of Alzheimer dementia in six
pooled cohort studies. Neurology. 2008 Jun 10;70(24):2291–8.

[76] Gao X, Chen H, Schwarzschild MA, Ascherio A. Use of ibuprofen and risk of Parkinson
disease. Neurology. 2011 Mar 8;76(10):863–9.

[77] Casper D, Yaparpalvi U, Rempel N, Werner P. Ibuprofen protects dopaminergic
neurons against glutamate toxicity in vitro. Neurosci Lett. 2000 Aug 11;289(3):201–4.

[78] Tribl GG, Wöber C, Schönborn V, Brücke T, Deecke L, Panzer S. Amantadine in
Parkinson's disease: lymphocyte subsets and IL‐2 secreting T cell precursor frequen‐
cies. Exp Gerontol. 2001 Nov;36(10):1761–71.

[79] Gangemi S, Basile G, Merendino RA, Epifanio A, Di Pasquale G, Ferlazzo B, et al. Effect
of levodopa on interleukin‐15 and RANTES circulating levels in patients affected by
Parkinson's disease. Mediators Inflamm. 2003 Aug;12(4):251–3.

[80] Yim G, Wang HH, Davies J. Antibiotics as signalling molecules. Philos Trans R Soc
Lond B Biol Sci. 2007 Jul 29;362(1483):1195–200.

[81] Gordon RA, Mays R, Sambrano B, Mayo T, Lapolla W. Antibiotics used in nonbacte‐
rial dermatologic conditions. Dermatol Ther. 2012 Feb;25(1):38–54.

[82] Bi W, Zhu L, Wang C, Liang Y, Liu J, Shi Q, et al. Rifampicin inhibits microglial
inflammation and improves neuron survival against inflammation. Brain Res. 2011
Jun 13;1395:12–20.

[83] Yulug B, Hanoglu L, Kilic E, Schabitz WR. RIFAMPICIN: an antibiotic with brain
protective function. Brain Res Bull. 2014 Aug;107:37–42.

[84] Xu J, Wei C, Xu C, Bennett MC, Zhang G, Li F, et al. Rifampicin protects PC12 cells
against MPP+‐induced apoptosis and inhibits the expression of an alpha‐Synuclein
multimer. Brain Res. 2007 Mar 30;1139:220–5.

[85] Bi W, Zhu L, Jing X, Zeng Z, Liang Y, Xu A, et al. Rifampicin improves neuronal
apoptosis in LPS‐stimulated co‐cultured BV2 cells through inhibition of the TLR‐4
pathway. Mol Med Rep. 2014 Oct;10(4):1793–9.

[86] Ruzza P, Siligardi G, Hussain R, Marchiani A, Islami M, Bubacco L, et al. Ceftriaxone
blocks the polymerization of α‐synuclein and exerts neuroprotective effects in vitro.
ACS Chem Neurosci. 2014 Jan 15;5(1):30–8.

[87] Chotibut T, Davis RW, Arnold JC, Frenchek Z, Gurwara S, Bondada V, et al. Ceftriax‐
one increases glutamate uptake and reduces striatal tyrosine hydroxylase loss in 6‐
OHDA Parkinson's model. Mol Neurobiol. 2014 Jun;49(3):1282–92.

[88] Ho Y‐J, Ho S‐C, Pawlak CR, Yeh K‐Y. Effects of D‐cycloserine on MPTP‐induced
behavioral and neurological changes: potential for treatment of Parkinson's disease
dementia. Behav Brain Res. 2011 Jun 1;219(2):280–90.

Challenges in Parkinson's Disease82



[89] Tain LS, Mortiboys H, Tao RN, Ziviani E, Bandmann O, Whitworth AJ. Rapamycin
activation of 4E‐BP prevents parkinsonian dopaminergic neuron loss. Nat Neurosci.
2009 Sep;12(9):1129–35.

[90] Malagelada C, Jin ZH, Jackson‐Lewis V, Przedborski S, Greene LA. Rapamycin protects
against neuron death in in vitro and in vivo models of Parkinson's disease. J Neurosci
Off J Soc Neurosci. 2010 Jan 20;30(3):1166–75.

[91] Du Y, Ma Z, Lin S, Dodel RC, Gao F, Bales KR, et al. Minocycline prevents nigrostria‐
tal dopaminergic neurodegeneration in the MPTP model of Parkinson's disease. Proc
Natl Acad Sci U S A. 2001 Dec 4;98(25):14669–74.

[92] Schildknecht S, Pape R, Müller N, Robotta M, Marquardt A, Bürkle A, et al. Neuro‐
protection by minocycline caused by direct and specific scavenging of peroxynitrite. J
Biol Chem. 2011 Feb 18;286(7):4991–5002.

[93] Matsui T, Svensson CI, Hirata Y, Mizobata K, Hua X‐Y, Yaksh TL. Release of prosta‐
glandin E(2) and nitric oxide from spinal microglia is dependent on activation of p38
mitogen‐activated protein kinase. Anesth Analg. 2010 Aug;111(2):554–60.

[94] Aron L, Klein R. Repairing the parkinsonian brain with neurotrophic factors. Trends
Neurosci. 2011 Feb;34(2):88–100.

[95] Miyamoto K, Tsumuraya T, Ohtaki H, Dohi K, Satoh K, Xu Z, et al. PACAP38 sup‐
presses cortical damage in mice with traumatic brain injury by enhancing antioxi‐
dant activity. J Mol Neurosci MN. 2014 Nov;54(3):370–9.

[96] Qin X, Sun Z‐Q, Dai X‐J, Mao S‐S, Zhang J‐L, Jia M‐X, et al. Toll‐like receptor 4 signaling
is involved in PACAP‐induced neuroprotection in BV2 microglial cells under OGD/
reoxygenation. Neurol Res. 2012 May;34(4):379–89.

[97] Delgado M, Leceta J, Ganea D. Vasoactive intestinal peptide and pituitary adenylate
cyclase‐activating polypeptide inhibit the production of inflammatory mediators by
activated microglia. J Leukoc Biol. 2003 Jan;73(1):155–64.

[98] Delgado M, Jonakait GM, Ganea D. Vasoactive intestinal peptide and pituitary
adenylate cyclase‐activating polypeptide inhibit chemokine production in activated
microglia. Glia. 2002 Aug;39(2):148–61.

[99] Lamine A, Létourneau M, Doan ND, Maucotel J, Couvineau A, Vaudry H, et al.
Characterizations of a synthetic pituitary adenylate cyclase‐activating polypeptide
analog displaying potent neuroprotective activity and reduced in vivo cardiovascu‐
lar side effects in a Parkinson's disease model. Neuropharmacology. 2015 May
22;108:440–450.

[100] Delgado M, Ganea D. Vasoactive intestinal peptide prevents activated microglia‐
induced neurodegeneration under inflammatory conditions: potential therapeutic role
in brain trauma. FASEB J Off Publ Fed Am Soc Exp Biol. 2003 Oct;17(13):1922–4.

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

83



[101] Kong AN, Owuor E, Yu R, Hebbar V, Chen C, Hu R, et al. Induction of xenobiotic
enzymes by the MAP kinase pathway and the antioxidant or electrophile response
element (ARE/EpRE). Drug Metab Rev. 2001 Nov;33(3‐4):255–71.

[102] Jin X, Liu Q, Jia L, Li M, Wang X. Pinocembrin attenuates 6‐OHDA‐induced neuronal
cell death through Nrf2/ARE pathway in SH‐SY5Y cells. Cell Mol Neurobiol. 2015 Apr;
35(3):323–33.

[103] Lou H, Jing X, Wei X, Shi H, Ren D, Zhang X. Naringenin protects against 6‐OHDA‐
induced neurotoxicity via activation of the Nrf2/ARE signaling pathway. Neurophar‐
macology. 2014 Apr;79:380–8.

[104] Chandran G, Muralidhara null. Insights on the neuromodulatory propensity of
Selaginella (Sanjeevani) and its potential pharmacological applications. CNS Neurol
Disord Drug Targets. 2014 Feb;13(1):82–95.

[105] Girish C, Muralidhara null. Propensity of Selaginella delicatula aqueous extract to offset
rotenone‐induced oxidative dysfunctions and neurotoxicity in Drosophila melanogaster:
Implications for Parkinson's disease. Neurotoxicology. 2012 Jun;33(3):444–56.

[106] Meesarapee B, Thampithak A, Jaisin Y, Sanvarinda P, Suksamrarn A, Tuchinda P, et
al. Curcumin I mediates neuroprotective effect through attenuation of quinoprotein
formation, p‐p38 MAPK expression, and caspase‐3 activation in 6‐hydroxydopamine
treated SH‐SY5Y cells. Phytother Res PTR. 2014 Apr;28(4):611–6.

[107] Lee E, Park HR, Ji ST, Lee Y, Lee J. Baicalein attenuates astroglial activation in the 1‐
methyl‐4‐phenyl‐1,2,3,4‐tetrahydropyridine‐induced Parkinson's disease model by
downregulating the activations of nuclear factor‐kB, ERK, and JNK. J Neurosci Res.
2014 Jan;92(1):130–9.

[108] Siddique YH, Khan W, Singh BR, Naqvi AH. Synthesis of alginate‐curcumin nano‐
composite and its protective role in transgenic Drosophila model of Parkinson's
disease. ISRN Pharmacol. 2013;2013:794582.

[109] Jantaratnotai N, Utaisincharoen P, Sanvarinda P, Thampithak A, Sanvarinda Y.
Phytoestrogens mediated anti‐inflammatory effect through suppression of IRF‐1 and
pSTAT1 expressions in lipopolysaccharide‐activated microglia. Int Immunopharma‐
col. 2013 Oct;17(2):483–8.

[110] Anandhan A, Tamilselvam K, Radhiga T, Rao S, Essa MM, Manivasagam T. Theafla‐
vin, a black tea polyphenol, protects nigral dopaminergic neurons against chronic
MPTP/probenecid induced Parkinson's disease. Brain Res. 2012 Jan 18;1433:104–13.

[111] Lofrumento DD, Nicolardi G, Cianciulli A, De Nuccio F, La Pesa V, Carofiglio V, et al.
Neuroprotective effects of resveratrol in an MPTP mouse model of Parkinson's‐like
disease: possible role of SOCS‐1 in reducing pro‐inflammatory responses. Innate
Immun. 2014 Apr;20(3):249–60.

Challenges in Parkinson's Disease84



[112] Chang CY, Choi D‐K, Lee DK, Hong YJ, Park EJ. Resveratrol confers protection against
rotenone‐induced neurotoxicity by modulating myeloperoxidase levels in glial cells.
PloS One. 2013;8(4):e60654.

[113] Qian L, Block ML, Wei S‐J, Lin C‐F, Reece J, Pang H, et al. Interleukin‐10 protects
lipopolysaccharide‐induced neurotoxicity in primary midbrain cultures by inhibiting
the function of NADPH oxidase. J Pharmacol Exp Ther. 2006 Oct;319(1):44–52.

[114] Johnston LC, Su X, Maguire‐Zeiss K, Horovitz K, Ankoudinova I, Guschin D, et al.
Human interleukin‐10 gene transfer is protective in a rat model of Parkinson's disease.
Mol Ther J Am Soc Gene Ther. 2008 Aug;16(8):1392–9.

[115] Gonzalez‐Aparicio R, Flores JA, Fernandez‐Espejo E. Antiparkinsonian trophic action
of glial cell line‐derived neurotrophic factor and transforming growth factor β1 is
enhanced after co‐infusion in rats. Exp Neurol. 2010 Nov;226(1):136–47.

[116] Zhu Y, Yang G‐Y, Ahlemeyer B, Pang L, Che X‐M, Culmsee C, et al. Transforming
growth factor‐beta 1 increases bad phosphorylation and protects neurons against
damage. J Neurosci Off J Soc Neurosci. 2002 May 15;22(10):3898–909.

[117] Qian L, Wei S‐J, Zhang D, Hu X, Xu Z, Wilson B, et al. Potent anti‐inflammatory and
neuroprotective effects of TGF‐beta1 are mediated through the inhibition of ERK and
p47phox‐Ser345 phosphorylation and translocation in microglia. J Immunol Baltim
Md 1950. 2008 Jul 1;181(1):660–8.

[118] Nash KR, Moran P, Finneran DJ, Hudson C, Robinson J, Morgan D, et al. Fractalkine
over expression suppresses α‐synuclein‐mediated neurodegeneration. Mol Ther J Am
Soc Gene Ther. 2015 Jan;23(1):17–23.

[119] Reynolds AD, Stone DK, Hutter JAL, Benner EJ, Mosley RL, Gendelman HE.
Regulatory T cells attenuate Th17 cell‐mediated nigrostriatal dopaminergic neurode‐
generation in a model of Parkinson's disease. J Immunol Baltim Md 1950. 2010 Mar
1;184(5):2261–71.

[120] Ji H, Wang H, Zhang F, Li X, Xiang L, Aiguo S. PPARγ agonist pioglitazone inhibits
microglia inflammation by blocking p38 mitogen‐activated protein kinase signaling
pathways. Inflamm Res Off J Eur Histamine Res Soc Al. 2010 Nov;59(11):921–9.

[121] Hölscher C. Insulin, incretins and other growth factors as potential novel treatments
for Alzheimer's and Parkinson's diseases. Biochem Soc Trans. 2014 Apr;42(2):593–9.

[122] Dehmer T, Heneka MT, Sastre M, Dichgans J, Schulz JB. Protection by pioglitazone in
the MPTP model of Parkinson's disease correlates with I kappa B alpha induction and
block of NF kappa B and iNOS activation. J Neurochem. 2004 Jan;88(2):494–501.

[123] Li Y, Perry T, Kindy MS, Harvey BK, Tweedie D, Holloway HW, et al. GLP‐1 recep‐
tor stimulation preserves primary cortical and dopaminergic neurons in cellular and
rodent models of stroke and Parkinsonism. Proc Natl Acad Sci U S A. 2009 Jan 27;106(4):
1285–90.

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

85



[124] Culmsee C, Junker V, Thal S, Kremers W, Maier S, Schneider HJ, et al. Enantio‐selective
effects of clenbuterol in cultured neurons and astrocytes, and in a mouse model of
cerebral ischemia. Eur J Pharmacol. 2007 Dec 1;575(1‐3):57–65.

[125] Culmsee C, Stumm RK, Schäfer MK, Weihe E, Krieglstein J. Clenbuterol induces growth
factor mRNA, activates astrocytes, and protects rat brain tissue against ischemic
damage. Eur J Pharmacol. 1999 Aug 20;379(1):33–45.

[126] Shenoy SK, Drake MT, Nelson CD, Houtz DA, Xiao K, Madabushi S, et al. beta‐arrestin‐
dependent, G protein‐independent ERK1/2 activation by the beta2 adrenergic recep‐
tor. J Biol Chem. 2006 Jan 13;281(2):1261–73.

[127] Sakurai H. Targeting of TAK1 in inflammatory disorders and cancer. Trends Pharmacol
Sci. 2012 Oct;33(10):522–30.

[128] Qian L, Tan KS, Wei S‐J, Wu H‐M, Xu Z, Wilson B, et al. Microglia‐mediated neuro‐
toxicity is inhibited by morphine through an opioid receptor‐independent reduction
of NADPH oxidase activity. J Immunol Baltim Md 1950. 2007 Jul 15;179(2):1198–209.

[129] Qian L, Xu Z, Zhang W, Wilson B, Hong J‐S, Flood PM. Sinomenine, a natural dextro‐
rotatory morphinan analog, is anti‐inflammatory and neuroprotective through
inhibition of microglial NADPH oxidase. J Neuroinflammation. 2007;4:23.

[130] Zhang W, Qin L, Wang T, Wei S‐J, Gao H, Liu J, et al. 3‐hydroxymorphinan is neuro‐
trophic to dopaminergic neurons and is also neuroprotective against LPS‐induced
neurotoxicity. FASEB J Off Publ Fed Am Soc Exp Biol. 2005 Mar;19(3):395–7.

[131] Zhang W, Shin E‐J, Wang T, Lee PH, Pang H, Wie M‐B, et al. 3‐Hydroxymorphinan, a
metabolite of dextromethorphan, protects nigrostriatal pathway against MPTP‐elicited
damage both in vivo and in vitro. FASEB J Off Publ Fed Am Soc Exp Biol. 2006 Dec;
20(14):2496–511.

[132] Anrather J, Racchumi G, Iadecola C. NF‐kappaB regulates phagocytic NADPH oxidase
by inducing the expression of gp91phox. J Biol Chem. 2006 Mar 3;281(9):5657–67.

[133] Ghosh A, Roy A, Liu X, Kordower JH, Mufson EJ, Hartley DM, et al. Selective inhibi‐
tion of NF‐kappaB activation prevents dopaminergic neuronal loss in a mouse model
of Parkinson's disease. Proc Natl Acad Sci U S A. 2007 Nov 20;104(47):18754–9.

[134] Zhang F, Qian L, Flood PM, Shi J‐S, Hong J‐S, Gao H‐M. Inhibition of IkappaB kinase‐
beta protects dopamine neurons against lipopolysaccharide‐induced neurotoxicity. J
Pharmacol Exp Ther. 2010 Jun;333(3):822–33.

[135] Jenner P. Oxidative stress in Parkinson's disease. Ann Neurol. 2003;53 Suppl 3:S26–36;
discussion S36–8.

[136] Wang Q, Chu C‐H, Oyarzabal E, Jiang L, Chen S‐H, Wilson B, et al. Subpicomolar
diphenyleneiodonium inhibits microglial NADPH oxidase with high specificity and

Challenges in Parkinson's Disease86



shows great potential as a therapeutic agent for neurodegenerative diseases. Glia. 2014
Dec;62(12):2034–43.

[137] Qian L, Gao X, Pei Z, Wu X, Block M, Wilson B, et al. NADPH oxidase inhibitor DPI is
neuroprotective at femtomolar concentrations through inhibition of microglia over‐
activation. Parkinsonism Relat Disord. 2007;13 Suppl 3:S316–20.

[138] Przedborski S, Jackson‐Lewis V. Mechanisms of MPTP toxicity. Mov Disord Off J Mov
Disord Soc. 1998;13 Suppl 1:35–8.

[139] Shults CW, Oakes D, Kieburtz K, Beal MF, Haas R, Plumb S, et al. Effects of coen‐
zyme Q10 in early Parkinson disease: evidence of slowing of the functional decline.
Arch Neurol. 2002 Oct;59(10):1541–50.

[140] Parkinson Study Group QE3 Investigators, Beal MF, Oakes D, Shoulson I, Hench‐
cliffe C, Galpern WR, et al. A randomized clinical trial of high‐dosage coenzyme Q10
in early Parkinson disease: no evidence of benefit. JAMA Neurol. 2014 May;71(5):543–
52.

[141] Holmay MJ, Terpstra M, Coles LD, Mishra U, Ahlskog M, Öz G, et al. N‐Acetylcys‐
teine boosts brain and blood glutathione in Gaucher and Parkinson diseases. Clin
Neuropharmacol. 2013 Aug;36(4):103–6.

[142] Lapchak PA. A critical assessment of edaravone acute ischemic stroke efficacy trials: is
edaravone an effective neuroprotective therapy? Expert Opin Pharmacother. 2010 Jul;
11(10):1753–63.

[143] Cheng B, Guo Y, Li C, Ji B, Pan Y, Chen J, et al. Edaravone protected PC12 cells against
MPP(+)‐cytoxicity via inhibiting oxidative stress and up‐regulating heme oxygenase‐1
expression. J Neurol Sci. 2014 Aug 15;343(1‐2):115–9.

Inflammation: Role in Parkinson's Disease and Target for Therapy
http://dx.doi.org/10.5772/63027

87




