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After more than two decades of research, the latest published
studies regarding the protective effects of anti-inflammatory
drugs in Parkinson’s disease (PD) indicate that only a subset
of nonsteroidal anti-inflammatory drugs (NSAIDs) may be
efficient in decreasing the risk of PD. In particular, recent
epidemiology studies and meta-analysis have shown that,
among these NSAIDS, the inhibitors of the enzyme cyclooxy-
genase (COX) were the most potent compounds reaching the
highest rate of PD prevention. These data clearly support a
COX-specific mechanism of neuroprotection and reinforce
the idea that neuroinflammation in PD comprises specific
features that should be unraveled. Such that knowledge
should help the development of specific drugs targeting in-
flammatory mediators.

Several clinical trials currently ongoing have focused
their goals in evaluating in vivo potential imaging biomark-
ers for inflammatory changes in neurodegeneration. [18F]
FEPPA and [(11) C] PBR28 are being evaluated for their
capacity in detecting neuroinflammation by single pho-
ton emission computed tomography (SPECT). This is an
important step regarding the safe monitoring of neuroin-
flammation in patients. If successful, these in vivo imaging
methods will be valuable not only to determine precisely
the right therapeutic window but also to accurately measure
the biological outcomes of neuroprotective treatments. Most
importantly, this also means that the inflammatory compo-
nent of PD is having significant attention among researchers
and it will probably be assumed in the clinical scenario in
the coming years. In addition, there are numerous preclinical

trials testing the protective effects of anti-inflammatory
drugs in animal models of PD and hopefully some of them
will soon be brought into Phase I trials. However, further
research and new perspectives are needed to understand the
specific aspects of inflammation in PD.

In the present special issue, we present 9 review articles
that explore new insights into the inflammatory reaction
associated with PD. D. Litteljohn et al. show an excel-
lent review of how the toxin-based models of PD have
contributed significantly to the study of the mechanisms
underlying neuroinflammatory processes in Parkinsonism
and outline the role of TNF-α and IFN-γ, two cytokines
critically involved in glial cell activation and dopaminergic
degeneration. Then, T. Farooqui and A. A. Farooqui describe
in a comprehensive review how lipid-derived factors are
able to induce cellular stress and inflammation, which may
be involved in PD pathogenesis. In line with this, M. Liu
and G. Bing show in their revision how lipopolysaccharide
(LPS), a cell-wall component of Gram-negative bacteria and
prototypical inflammogen, induces dopaminergic cell death
indicating that the inflammatory response is by itself detri-
mental. Importantly, inflammation-induced toxicity seems
to be highly specific for dopaminergic cells and with very
special distinctiveness in some dopaminergic areas. In fact,
V. Roca et al. nicely described, in their review, the unique
susceptibility to inflammation of the Substantia Nigra, the
prime locus of dopaminergic cell death in PD.

On the other hand, C. C. Ferrari and R. Tarelli describe in
their complete study how systemic inflammation may impact
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central inflammation and dopaminergic cell death. Then,
they explore the possibility that peripheral inflammation
could be a contributing factor in PD development. This view
is further complemented by the review from A. Machado et
al., which gives a different perspective of this particular topic
but focused on studies performed in animal models of PD.

Finally, in a last series of review, authors consider new
perspectives and therapeutic targets to avert toxic inflam-
mation in PD. First, A. R. Carta et al. discuss an emerging
strategy to block neuroinflammation in PD using PPAR-γ
agonists. This is particularly interesting in light of the above
discussion since ibuprofen but not aspirin or acetaminophen
has been shown to display PPAR-γ agonistic activity. P. M.
Flood et al. proposed new ways for targeting NF-kB through
IKK complex inhibition, a promising route that may be a
useful approach in a close future in the treatment of PD.
Finally, in a last review article, A. Zinger et al. describe how
the kynurenine pathway, a metabolic pathway involved in the
production of nicotinamide adenine dinucleotide, may be
critically involved in the neuroinflammatory process in PD
and how this pathway could be controlled for therapeutic
purposes.

Carlos Barcia
Stéphane Hunot

Gilles J. Guillemin
Fernando Pitossi
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Parkinson’s disease (PD) has been associated with exposure to a variety of environmental agents, including pesticides, heavy
metals, and organic pollutants; and inflammatory processes appear to constitute a common mechanistic link among these insults.
Indeed, toxin exposure has been repeatedly demonstrated to induce the release of oxidative and inflammatory factors from
immunocompetent microglia, leading to damage and death of midbrain dopamine (DA) neurons. In particular, proinflammatory
cytokines such as tumor necrosis factor-α and interferon-γ, which are produced locally within the brain by microglia, have
been implicated in the loss of DA neurons in toxin-based models of PD; and mounting evidence suggests a contributory role
of the inflammatory enzyme, cyclooxygenase-2. Likewise, immune-activating bacterial and viral agents were reported to have
neurodegenerative effects themselves and to augment the deleterious impact of chemical toxins upon DA neurons. The present
paper will focus upon the evidence linking microglia and their inflammatory processes to the death of DA neurons following toxin
exposure. Particular attention will be devoted to the possibility that environmental toxins can activate microglia, resulting in these
cells adopting a “sensitized” state that favors the production of proinflammatory cytokines and damaging oxidative radicals.

1. Introduction

Parkinson’s disease (PD) is the most common neurodegener-
ative disorder of motor functioning, affecting nearly six mil-
lion people worldwide. The disorder is particularly prevalent
in the elderly population, with a typical clinical onset after
60−65 years of age. Notwithstanding the rare familial forms
of PD that appear to have a strong genetic component, the
vast majority of PD cases (upwards of 90%) are idiopathic in
nature. Regardless of etiology, PD is characterized primarily
by the progressive degeneration of dopamine (DA) neurons
within the substantia nigra pars compacta (SNc) region
of the midbrain, resulting in the diminished monoamine
release at downstream striatal nerve terminals. Clinically,
the Parkinsonian syndrome, which typically becomes man-
ifest following 50−60% SNc DA neuron loss, comprises a
constellation of well-defined motor symptoms, including
bradykinesia, hypokinesia (or akinesia), cogwheel rigidity,
resting tremor, and postural instability [1]. In addition to

the motor impairment evident in all PD cases, a substantial
number of PD patients also display prominent “nonmotor”
symptoms (many of which manifest before the onset of
motor decline and PD diagnosis), including autonomic and
olfactory problems (e.g., sleep disorders, hyposmia), as well
as cognitive and psychological disturbances (e.g., anxiety,
depression) [2]. While striatal DA denervation may influence
the development of at least some of these symptoms (e.g.,
memory and attention problems [3]), it is likely that multi-
neurotransmitter dysfunction in brain regions important
for autonomic, emotional and psychological functioning
(e.g., locus coeruleus, prefrontal cortex, hippocampus) is
important in this regard (perhaps stemming from parallel
inflammatory and neurodegenerative processes) [4, 5].

Epidemiological studies have implicated exposure to
pesticides and other potential environmental toxins (e.g.,
heavy metals and even immune infections) in the evolution
of PD [6, 7]. Parallel work in rodents has likewise revealed
that administration of certain pesticides, most notably
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paraquat and rotenone, recapitulates many of the character-
istic neuropathological and behavioral features of PD [8, 9].
Over the past few decades it has become clear that neuroin-
flammatory factors, including proinflammatory cytokines
produced by glial cells, are involved in many aspects of the
neurodegenerative process in PD. Indeed, manipulation of
cytokines and associated inflammatory signaling pathways
was reported to affect DA neuronal survival in response to
a host of different toxins [10, 11]. Moreover, alterations of
microglial cell reactivity have been routinely demonstrated
during early and late phases of the degenerative process in
animal models of PD [12, 13]. Correspondingly, postmortem
PD brains typically display signs of heightened inflammatory
and oxidative distress, including increased proinflammatory
cytokines and microglial activation [14, 15], as well as
augmented oxidative and inflammatory enzyme expres-
sion (e.g., nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2)) [16, 17].

Substantial recent interest has focused on microglial
cells as potential mediators of pathology in PD; however, it
remains to be determined whether these cells are primary
players in disease progression or are secondarily recruited
following damage. Alternatively, it might be the case that
microglia are involved in all stages of PD but that their
role changes (e.g., neuroprotective versus neurodestructive)
as the disease progresses through different stages. Indeed,
during normal physiological conditions microglial cells
are constantly detecting and reacting to modifications in
their local environment and attempting to maintain proper
tissue homeostasis [18, 19]. When sufficiently stressed by
insults, neurons release ATP into the extracellular space and
microglia migrate along these ATP gradients and facilitate
the removal of the dead/sick cells through phagocytosis
[18, 20]. However, in the case of PD, these “danger” signals
released from injured and dying cells (e.g., ATP, heat-shock
proteins) may be subtle and occur over a prolonged period of
time [21], essentially placing microglia in a chronically active
state.

The reactivity state of microglia varies along a spectrum
ranging from resting to hyperactive and is under the strict
control of several regulatory proteins [22]. Some evidence
suggests that microglial cells can perform neuroprotective
functions in PD, at least in the short term, by secreting
trophic factors such as nerve growth factor, neurotrophin-
3 and brain-derived neurotrophic factors (BDNFs) [23, 24].
However, as the disease progresses, there is compelling
evidence to indicate that microglia undergo significant eleva-
tions in cell surface activation/adhesion molecules and adopt
a more hyperactive state that is morphologically similar
to peripheral macrophages [25]. In this state, microglia
are capable of upregulating the synthesis and release of a
host of proinflammatory and prooxidant factors, including
cytokines, prostaglandins (PGs) and reactive oxygen species
(ROS) [26]. Indeed, following toxin exposure, chronically
activated microglia can produce large quantities of superox-
ide (e.g., via the NADPH oxidase enzyme), which, in turn,
can lead to the damage and death of adjacent DA neurons
[27, 28].

The present paper will, (1) cover the evidence linking
exposure to environmental toxins and the development of
PD; (2) review the mechanisms by which inflammatory
cytokines affect central nervous system (CNS) functioning;
and (3) evaluate the possibility that cytokines and inflam-
matory and oxidative enzymes are involved in the PD-like
neurodegenerative process induced by environmental toxins.

2. Environmental Toxin Exposure and PD

Although familial forms of PD are relatively rare, certain
genetic mutations have been reported to enhance susceptibly
to environmental insults and hence, might contribute to
the more common idiopathic cases of the disease. In
fact, a recent study revealed that individuals possessing a
combination of mutations of the DA transporter (DAT) and
who had substantial life-long pesticide exposure were at
greater risk for developing PD than individuals with either
the genetic factor or pesticide exposure alone [6]. Moreover,
the recent findings that polymorphism within certain envi-
ronment responsive genes encoding effector proteins critical
for cellular detoxification and xenobiotic metabolism (e.g.,
CYP2D64, GSTT1 and P1) modified the risk of developing
PD, suggests that environmental toxicants might contribute
to PD in genetically vulnerable individuals [29, 30]. However,
another report indicated that pesticide exposure was a
significant predictor of PD incidence among individuals with
a negative family history but not those with a positive family
history of the disease [31]. In effect, it is likely that the role
of genetics depends upon the particular “subtype” of PD.
Indeed, PD appears to be a highly heterogeneous disorder
with corresponding heterogeneity in etiological origins.
Whereas autosomal dominant/recessive familial forms of PD
(e.g., LRRK2, DJ-1, Parkin) appear to be at one end of the
spectrum, purely environmental “toxic exposure” cases may
represent the other end. Hence, the bulk of “idiopathic”
PD cases falls in the middle and will likely involve a mix
of genetic and environmental influences. Indeed, there is
a very low penetrance of LRRK2 heterozygotic carriers
that actually express the PD phenotype; yet, a significant
proportion of PD patients carry a LRRK2 mutation, suggest-
ing that such genes might be seen as susceptibility factors
[32].

While genetic vulnerability may be seen as providing a
backdrop for disease provocation, several compelling lines
of evidence suggest that environmental agents, including
commonly used pesticides, can act as triggers for the devel-
opment of PD. In fact, a progressively greater odds ratio for
developing PD was associated with pesticide exposure [6],
and several other epidemiological studies have implicated
specific pesticides, including rotenone (an organic insecti-
cide) and paraquat (a chemical herbicide still widely used
throughout the world), in the development of parkinsonism
[33, 34]. Indeed, a sharp increase of PD incidence was
seen in agricultural areas that use these pesticides [35, 36].
In particular, the nonselective herbicide, paraquat (N,N′-
dimethyl-4,4′-bipyridylium ion), significantly augmented
the risk of developing PD as a function of cumulative
pesticide exposure [37].



Parkinson’s Disease 3

Animal studies also demonstrate that the pesticides,
paraquat and rotenone, which are chemically similar to
the established DA neurotoxin, MPTP, can reliably induce
PD-like pathology, and hence, are becoming widely used
to produce a parkinsonian syndrome in animals. Indeed,
systemic exposure to paraquat provoked a dose-dependent
loss of DA neurons in the SNc [8, 38], coupled with a
reduction in the density of striatal DA fibres expressing
tyrosine hydroxylase, the rate-limiting enzyme in DA synthe-
sis [39]. The pesticide was also shown to diminish striatal
DA concentration and to reproduce certain aspects of the
PD phenotype in rodents (bradykinesia, motor coordination
deficits, depressive-like symptoms, memory impairment)
[39–43]. However, it is worth noting that the impact of
paraquat upon the striatum appears to be somewhat less
pronounced than the effects of the pesticide upon SNc DA
neuronal soma [44]. As well, some authors have failed to
find changes in striatal DA levels or behavioral impairment,
even in the presence of loss of DA soma [45]. It is conceivable
that compensatory downstream processes provoked by soma
loss (e.g., changes in dendritic branching patterns, up-
regulation of proneuroplastic peptides or neurotrophins,
or alterations of brain monoamine systems) could account
for such discrepancies between SNc pathology and striatal
functioning. Also, variations in experimental design (e.g.,
route of administration, dosing regimen, sacrifice interval,
striatal subregions tested, age of mice) probably contribute
to some of the inconsistency in findings across studies
[46–48].

Of course, paraquat is not alone in producing sometimes
discrepant research findings, as virtually all of the most
common toxin models of PD have engendered controversy
with respect to selective DA neuron loss, variable striatal DA
depletion and behavioral impairment, and/or the generation
of Lewy body-like α-synuclein inclusions (see Table 1) [49–
51]. Of these PD mimetics, MPTP is perhaps the most
widely used and well characterized, producing consistent
and reproducible PD-like pathology in several animal species
(e.g., DA lesion, reactive microgliosis, motor deficit). Yet,
pesticides such as paraquat and rotenone, in addition to
having greater ecological relevance than the MPTP model of
PD, have been shown to provoke histopathological changes
that more closely resemble the disease, particularly the
deposition of α-synuclein aggregates in neuronal Lewy body-
like inclusions (see Table 1) [9, 52, 53]. In fact, Drolet
and colleagues [54] recently found that rats treated with
systemic rotenone displayed marked α-synuclein pathology
in small intestine myenteric neurons that was reminiscent
of the enteric Lewy body pathology commonly seen in
PD patients. Moreover, it was reported that exposure
to certain combinations of heavy metals and pesticides
may synergistically provoke conformational changes in α-
synuclein, favoring the development of PD-like pathology
[55]. In fact, recent work revealed that exposure to a
combination of iron and paraquat synergistically increased
α-synuclein aggregation and fibrillization, and augmented
the extent of microglia-induced oxidative stress and neu-
rodegeneration [56, 57]. Similarly, although the dithiocar-
bamate pesticide, maneb, had no effect on SNc DA neurons

alone, when coadministered with paraquat it synergistically
enhanced nigrostriatal damage and associated glial reactivity
[58].

Pesticides can adversely affect neuronal survival by
impairing mitochondrial functioning and overstimulating
microglial cells, causing an accumulation of oxidative free
radicals (e.g., superoxide, hydroxyl radicals) and inflam-
matory factors (particularly cytokines). Indeed, as will
be discussed in ensuing sections, we and others showed
that paraquat and rotenone enhanced the expression of
proinflammatory cytokines and elicited oxidative-nitrosative
stress through activation of the microglial inflammatory
enzyme, NADPH oxidase. In fact, as was reported for MPTP
[27], paraquat was demonstrated to preferentially damage
midbrain DA neurons through direct microglial-dependent
NADPH oxidase activity in neuron-microglia cultures [59].
However, the role of microglia is not without controversy,
with one recent report indicating that neither rotenone nor
paraquat directly activated cultured microglia (in terms of
morphology, nitric oxide synthesis and cytokine release)
[60]. Similarly, accumulating evidence suggests that the PG
synthase, COX-2, may contribute to the neurodegenerative
effects of numerous DA toxins.

3. Inflammatory Cytokines in Relation to
Central Nervous System Functioning

Until fairly recently the brain was believed to function more
or less independently of the immune system. However, it is
now accepted that circulating T lymphocytes, macrophages
and other peripheral immune cells routinely enter cerebrum,
albeit in limited concentrations, and perform a variety
of “housekeeping” tasks that are essential for immuno-
surveillance of the CNS [61]. The converse is also true
in that changes in neural transmission, such as those
provoked by drug administration, can affect immune cell
activity in the periphery. Yet, it should be noted that the
blood brain barrier (BBB), as well as several endogenous
inhibitory and apoptotic mechanisms operating within the
brain itself, normally tightly regulate the transmigratory
flow of immune factors into the CNS, and how long they
persist therein. For instance, immune cells entering the
brain typically are removed or die via apoptosis relatively
rapidly; this is essential since postmitotic neurons are
especially sensitive to immune attack. However, increasing
evidence indicates that a range of neurological diseases,
including Amyotrophic Lateral Sclerosis, Alzheimer’s dis-
ease (AD) and PD have a prominent neuroinflammatory
component, involving increased infiltration of immune
cells, coupled with activation of resident brain glial cells
[17, 62].

Nonetheless, it should be underscored that not all CNS
inflammation is uniformly “bad”; indeed, transient neuroin-
flammatory responses are a natural consequence of injury
or infection and may actually preserve viable brain tissue
in a manner analogous to a short-lived immune response
in the periphery (e.g., removal of cellular debris, release of
trophic factors) [63, 64]. Moreover, neuronal degeneration
itself provokes secondary inflammation that may or may not



4 Parkinson’s Disease

Table 1: A comparison of some of the most common toxin-based animal models of Parkinson’s disease.

Toxin
model

Mode of action Advantages Disadvantages

6-OHDA
(i) DAT substrate
(ii) Cytotoxic quinone and ROS
formation

(i) Full DA depletion
(ii) Mimics late-stage PD

(i) Does not cross BBB
(ii) DA degeneration is not progressive
(iii) No Lewy body-like inclusions
(iv) Lacks external validity

MPTP

(i) Converted into MPP+

(ii) DAT substrate
(iii) Inhibits mitochondrial complex I
(iv) Strong inflammatory component

(i) Highly reproducible
(ii) Induces substantial DA loss and
motor impairment

(i) DA degeneration is not progressive
(ii) Does not provoke Lewy body-like
inclusions
(iii) Systemic toxicity
(iv) Lacks external validity

Paraquat
(i) Potent redox cycler
(ii) Neuroinflammatory component

(i) Progressive loss of DA neurons
(ii) Lewy-body like α-synuclein
inclusions
(iii) Potential ecological validity

(i) Inconsistent striatal DA loss and
motor impairment
(ii) Induces only moderate DA cell loss
when administered alone
(ii) Systemic toxicity

Rotenone

(i) Readily crosses DA neuron
membrane
(ii) Inhibits mitochondrial complex I
(iii) Neuroinflammatory component

(i) Progressive loss of DA neurons
(ii) Lewy body-like inclusions
(iii) Potential ecological validity

(i) Variable reproducibility
(ii) Systemic toxicity
(iii) Nonspecific accumulation within the
CNS

LPS Immune system activation

(i) Progressive loss of DA neurons
(ii) Strong inflammatory component
(iii) Sensitizes DA neurons to later
treatment with LPS or other toxins

No Lewy body-like inclusions

come to influence the primary degenerative process. Thus,
it is difficult to assign valence to neuroinflammatory events
occurring in the PD brain on the basis of clinical autopsy
studies alone. In this context, toxin-based animal models
of PD provide a suitable and ecologically relevant means
of assessing the role and disease-modulating capability of
inflammatory responses that are either mounted or sustained
by the CNS.

In addition to the infiltration of immune cells into the
brain parenchyma, substantial evidence has revealed that
immune factors can influence CNS functioning through
activation of receptors located on peripheral organs or
the BBB. These can, in turn, promote second messen-
ger cascades or stimulate neural afferents that innervate
the CNS [65]. Indeed, one of the primary mechanisms
facilitating neuroimmune communication is the release of
soluble glycoprotein messengers called cytokines. Although
cytokines are typically produced by peripheral immune cells,
evidence in recent decades has also convincingly uncovered
their production from CNS glial cells [66]. In particular,
immunocompotent microglia produce several cytokines and
bear receptors for these immunotransmitters, which can act
locally in an autocrine or paracrine manner to regulate func-
tioning of the originating or neighboring cells, respectively
[67].

The list of polypeptides that comprise the rapidly
growing family of cytokine immunotransmitters include; the
interferons (IFN), interleukins (IL), tumor necrosis factors
(TNF), chemokines (subclass of chemoattractant cytokines),
and growth and cell stimulating factors. Historically, the clas-
sification of cytokines has been based upon their molecular

structure, as well as common physiological actions they
possess, including the production of inflammation (i.e.,
swelling and irritation resulting from leukocyte infiltra-
tion) or fever (pyrogenicity) [67]. IL-1β, TNF-α and IL-
6, which are all released from activated macrophages, are
potent proinflammatory cytokines, whereas IL-4 and IL-
10, which are released from T-cells, have antiinflammatory
actions.

Cytokines may gain entry to the brain through sites
where the BBB is somewhat compromised (i.e., areas with
fewer or less complex tight junctions), namely at circum-
ventricular organs such as the median eminence and area
postrema [65]. As well, saturable carrier-mediated transport
mechanisms capable of moving IL-1β and TNF-α may allow
for limited penetration of cytokines into the brain [68, 69].
Once cytokines gain entry to the brain, they interact with
receptors on cells lining the BBB, around the meninges, as
well as at vascular areas of the brain [70]. Through volume
diffusion, infiltrating cytokines may ultimately penetrate
deep within the brain parenchyma [71, 72] where they can
influence, among other things, neuronal Ca2+ channels and
MAP kinase and COX-2 signaling [73, 74].

Pro- and- antiinflammatory cytokine levels are markedly
increased by immune and traumatic insults [75]. In this
regard, endothelial cells that line the interior surface of
blood vessels and the brain ventricles produce IL-1β and
IL-6, and infection or injury augments their concentration
[76]. Further, microglia, which serve as the brain’s own
specialized immune cells, are primary cytokine producers,
and the synthesis of these cytokines was augmented by head
injury, stroke and neurotoxins [77–79].



Parkinson’s Disease 5

4. Neuroinflammatory Mechanisms of PD:
Microglia, Cytokines, and
Inflammatory Enzymes

Systemic infection may interact with environmental insults
to induce exaggerated neuroinflammatory, degenerative and
behavioural changes in neurological patients [80]. Indeed,
exposure to pathogens or cytokines might have especially
marked CNS consequences when encountered in the context
of concomitant chemical toxin, traumatic head injury, or
psychological stressor exposure, each of which can contribute
to a breakdown of the BBB, hence favoring entry of periph-
eral immune pathogens into the CNS. In this regard, the
bacterial endotoxin, LPS, synergistically augmented DA loss
in midbrain-microglia cocultures exposed to pesticides, such
as rotenone [81] and these effects may be related to enhanced
NADPH oxidase-mediated release of the superoxide radical
[27]. Our own work has similarly shown that a low dose
of LPS enhanced the neurotoxic effects of the herbicide,
paraquat, such that a substantial number of DA-producing
neurons were destroyed (i.e., more than was observed with
paraquat alone) and PD-like symptoms emerged [82]. The
augmented neurodegenerative response was observed when
paraquat administration occurred at a time of maximal
LPS-induced microglial activation (after 2 days), suggest-
ing that the inflammatory priming sensitized microglial
responding, thereby contributing to the degenerative effects
of later paraquat exposure. Importantly, although relatively
high concentrations of LPS alone had neurodegenerative
consequences on DA neurons [83, 84], our studies involved
relatively low concentrations of the endotoxin that alone
activated microglia but had no effect upon DA neuronal
survival.

The possibility exists that environmental or inflam-
matory toxins might promote a sensitization of neuronal
processes across the lifespan, such that exposure to an
immune/chemical toxin at one point in life enhances vul-
nerability to the behavioural and neurodestructive effects
of these challenges when subsequently encountered months
or even years later. In particular, at in utero and early life
stages when neuronal migration and synaptic pruning are
occurring, neurons are especially sensitive to perturbations
caused by environmental agents. At the same time, biological
detoxification systems involved in metabolism and clearance
of toxic substances are not fully developed in fetuses, infants
and young children. Indeed, prenatal exposure to LPS
induced a relatively permanent elevation of inflammatory
factors within the nigrostriatal system and reduced the
number of mature DA neurons in adulthood [85, 86].

Exposure to LPS during critical developmental times was
also found to have protracted consequences that involve
a dramatic long-term sensitization of the inflammatory
immune response, such that the neuroinflammatory and
neurodegenerative actions of pesticides applied during adult-
hood were greatly enhanced [87, 88]. As well, bacterial vagi-
nosis, a common infection during pregnancy, has been linked
to both the development of neurological disorders, including
cerebral hemorrhage and cerebral palsy, and with enhanced
levels of several proinflammatory cytokines, including IL-1β,

IL-6, and TNF-α in adulthood [89, 90]. Consistent with these
findings, our contention has been that early immunogenic
exposure may provoke mild neuroinflammation that, over
time, renders neurons vulnerable to the effects of normally
low-grade insults later in life. It may also be that early toxin
exposure causes modest neuronal damage (or a silent lesion)
that only becomes “un-masked” upon later multiple toxin
exposures, again resulting in some threshold of neuronal
vulnerability eventually being breached.

4.1. Role of Proinflammatory Cytokines in PD. Cytokines
primarily act through either of three molecular pathways,
involving activation of: (1) NFκB, (2) c-Jun N terminal
kinase (JNK), or (3) janus kinase (JAK) and signal trans-
ducer and activator of transcription (STAT). The latter two
pathways involve the sequential phosphorylation of a series
of intracellular proteins following administration of several
cytokines, including IL-6, IL-10 and IFN-γ, resulting in the
production of factors important for inflammatory and neu-
ronal processes [91]. Similarly, the production of immune
and CNS factors, including the inflammatory enzyme, COX-
2, occurs following NFκB activation. In particular, IL-1β and
TNF-α trigger the phosphorylation and degradation of the
inhibitory factor, IκB, which normally holds NFκB in an
inactive state, resulting in its translocation to the nucleus
where it influences (inflammatory) gene expression. In fact,
we found that COX-2 deletion markedly influenced the
production of cytokines following stressor and endotoxin
exposure [92].

Increasingly, cytokines have been implicated in acute
and chronic neuronal demise [91]. Indeed, clinical studies
revealed augmented levels of proinflammatory cytokines
(TNF-α, IL-6, IL-1β, IFN-γ) in postmortem brain as well as
in the blood and/or cerebral spinal fluid (CSF) of patients
with stroke, head injury, AD and PD [62, 93–95]. A further
recent study found that PD patients had elevated basal and
LPS-induced blood levels of numerous proinflammatory
cytokines, including MCP-1, RANTES, MIP-1α, IL-8, IFN-γ,
IL-1β and TNF-α; and significant correlations were observed
between cytokine levels and severity of parkinsonism [96].
Although many of these findings have been recapitulated in
animal models, it is still uncertain whether these cytokines
primarily play a neuroprotective or neurodestructive role. It
may be that relatively low endogenous cytokine levels act
in a protective capacity to buffer against damage related
to death processes, whereas relatively high levels of these
factors contribute to neuronal damage [97]. Indeed, low
levels of cytokines can provoke the release of potentially
beneficial trophic factors (BDNF, GDNF) and free radi-
cal scavengers (MnSOD), but elevated levels can activate
oxidative-inflammatory cascades or even induce apoptotic
death (self-destructive programmed death mechanism) [98,
99]. For instance, mice genetically lacking TNF-α receptors
(thereby removing the influence of low endogenous levels of
TNF-α) were more susceptible to ischemic injury [97]; yet,
administration of exogenous TNF-α at the time of ischemia
exacerbated neuronal death [100]. Likewise, administration
of the endogenous IL-1 antagonist, IL-1ra, reduced infarct
size in response to middle cerebral artery occlusion and
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prevented the accumulation of inflammatory infiltrates
within the area of damage [101], suggesting a prominent
destructive role for IL-1 in acute cerebrovascular insults.
In effect, the concentration as well as timing of cytokine
exposure likely determines whether primarily protective or
deleterious consequences arise from these immunotransmit-
ters.

4.1.1. Interferons in PD. Interferons (IFNs) are broadly
divided into either type I IFNs, including the IFN-α and IFN-
β isoforms, which originated from a common ancestral gene,
or the structurally unrelated type II form, IFN-γ (formerly
called macrophage activating factor). The main signaling
pathways utilized by the IFNs involve the sequential phos-
phorylation of STATs by intracellular JAK protein kinases
(stimulated by ligand-receptor binding). IFN-γ is secreted
predominantly from type 1 helper T lymphocytes (Th1) and
natural killer (NK) cells; yet, recent reports indicate that
the cytokine is also synthesized de novo within the brain
by activated microglia [102]. In contrast, the production of
IFN-α and IFN-β does not appear to be under the control of
specific cell types, and indeed, most cells appear to be able
to secrete these cytokines in response to viral insult [103].
Although IFNs were originally believed to be exclusively
antiviral substances, it has become apparent that the cytokine
family is involved in a broad array of immunoregulatory
functions that may either inhibit or promote disease states
within the periphery or CNS (e.g., cancer, chronic microbial
or parasitic infection) [104, 105].

Cancer and hepatitis C patients receiving IFN-α
immunotherapy have been observed in many instances to
develop a PD-like syndrome, including tremors, muscle
rigidity and a generalized paucity of movement [106, 107];
and postmortem examination of PD brains revealed the
presence of MxA (type I IFN-inducible GTPase) in SNc
Lewy bodies and neuronal swellings [108, 109]. Similarly,
recent data suggest an important role for IFN-γ in MPTP
and paraquat animal models of PD [42, 110]. In cor-
roboration of these results, IFN-γ levels are elevated in
the blood [110, 111] and postmortem SNc brain tissue
[112, 113] of PD patients; and a polymorphism in the
gene coding for IFN-γ differentially modified the risk of
developing early- or late-onset PD [114]. In addition, levels
of serum and CSF neopterin, a pteridine marker of IFN-
γ-associated immune system activation, are elevated in
PD patients and tend to be highest among those with
more severe symptoms [115]. Indeed, PD patients exhibit
fewer infectious episodes and malignancies [116, 117],
possibly stemming from enhanced proinflammatory IFN
signaling.

Interestingly, a recent study [118] indicated that IFN-γ is
capable of inflicting direct excitotoxic neuronal damage by
signaling through a distinct, neuron-specific receptor com-
plex formed by the IFN-γ receptor and the AMPA receptor
GluR1 subunit. In this way, IFN-γ was observed to induce
dendritic beading in mouse cortical neurons secondary to
an increase in Ca2+ influx, nitric oxide (NO) generation
and ATP depletion [118]. However, most available evidence
suggests that IFN-γ likely influences neuronal survival and

functioning through its actions on glial cells, particularly
microglia.

While the microglial gene network subject to regulatory
control by IFN-γ is both extensive and diverse (reflecting
the pleiotropic nature of IFN-γ and cytokines in general), a
number of positively regulated IFN-γ-responsive genes (i.e.,
those containing GAS (gamma activation sequence), IRF-E
(interferon regulatory factor element), or ISRE (interferon-
stimulated response element) binding sites) encode proteins
implicated in immunoinflammatory processes [119, 120];
and hence, may be of particular relevance for neurolog-
ical disorders such as PD. For instance, IFN-γ-associated
microglial JAK/STAT signaling arbitrates (either directly
or indirectly via secondary transcription factors such as
IRF-1) the upregulated or de novo expression of several
genes encoding proteins critical for antigen presentation
to lymphocytes (e.g., MHC class I/II, immunoproteasome
subunits LMP-2 and LMP-7), recruitment and activation
of T cells (i.e., chemokines and adhesion molecules), and
classical pathway-dependent complement deposition [119,
120]. Importantly, many of these same immunologically
relevant factors have been localized to microglia in the
SNc of postmortem PD brains or animals exposed to DA-
targeting neurotoxins [114, 121–123], suggesting that IFN-
γ may be a critical determinant of prospective adaptive
immune responses in PD.

While the pathogenic relevance of adaptive immune
activation in PD has long been debated, a recent study
demonstrated that mice genetically lacking mature CD4+ T
lymphoctyes (but not CD8+ T cells) were protected against
MPTP-induced neurodegeneration [124]. However, in this
study, CD4+ T cell-mediated DA neuronal loss was found
to be dependent on the presence of the TNF ligand family
member, FasL, and not IFN-γ. Of course, these results
do not necessarily preclude a role of IFN-γ in T cell-
mediated dopaminergic neurodegeneration; indeed, FasL
is capable of augmenting inflammatory cytokine cascades
from microglia (in addition to directly mediating neuronal
apoptosis), and Fas receptor expression is potently upreg-
ulated in activated microglia following inflammatory insult
[125].

In addition to facilitating communication between
microglia and peripheral immune cells, IFN-γ plays a
key role in the activation of oxidative and inflammatory
microglial enzyme systems that evolved to protect the host
against pathogenic (and possibly xenobiotic) threats to the
CNS. Indeed, IFN-γ in combination with TNF-α induces
microglial expression of iNOS and several key subunits of
NADPH oxidase [126], as well as the IFN-inducible double-
stranded RNA-activated kinase, PKR [127]. Of course,
NADPH oxidase and iNOS are important mediators of
oxidative-nitrosative stress, and PKR, through its actions on
NFκB, is capable of inducing the PG- and- ROS-producing
enzyme, COX-2 [128]. In fact, pretreatment with the
indole hormone, melatonin, attenuated IFN-γ- and- LPS-
mediated expression of COX-2 (and iNOS), and this effect
was attributed to the inhibition of NFκB activation [129].
Moreover, we recently found that IFN-γ was critical for the
induction of oxidative (iNOS, NADPH oxidase subunits) and
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inflammatory (COX-2, NFκB) factors following paraquat
treatment in a mouse model of PD [44]. Importantly,
many of these factors were localized to microglia and their
downregulation in the absence of IFN-γ was associated with
marked neuroprotection against paraquat [44]. Accordingly,
IFN-γ may impact neuronal survival by way of its down-
stream effects on key microglial enzymes implicated in the
elaboration of deleterious inflammatory factors (i.e., NO,
ROS, prostanoids).

Likewise, the proinflammatory interleukins, IL-7, IL-
15, IL-12, IL1-α, and IL-1β, are subject to upregulation
by IFN-γ at the gene level in microglia (either directly
or indirectly; e.g., IFN-γ upregulates caspase-1, which in
turn activates IL-1β) [120, 130], suggesting that type II
IFN may be an early mover of proinflammatory cytokine
cascades. Further, some of these cytokines (including IFN-
γ itself) can skew CD4+ T cell development towards a
Th1/proinflammatory phenotype, which has, in fact, been
described in PD [131]. In addition, IFN-γ stimulates TNF-
α production in microglia, presumably through the sensiti-
zation of these cells to antigens (e.g., LPS) and, potentially,
xenobiotic agents (e.g., pesticides) [132]. Importantly, our
laboratory observed that the loss of DA neurons induced
by paraquat treatment was associated with enhanced IL-1β
and TNF-α mRNA within the SNc [44]. Moreover, IFN-
γ-deficient mice failed to show such cytokine elevations
and DA neuronal degeneration in response to the pesticide
[44], indicating once again that IFN-γ might be a pivotal
mediator of toxin-induced inflammatory and degenerative
pathology.

IFN-γ signaling may also drive the downregulation of
several ostensibly neuroprotective species in microglial cells,
which could increase neuronal vulnerability to oxidative
and inflammatory damage. For instance, IFN-γ dampened
microglial expression of the antiinflammatory cytokine,
IL-10 [120], as well as the soluble trophic factor, insulin-
like growth factor (IGF)-1 [119], both of which have been
shown to exert neuroprotective effects in toxin-based animal
models of PD [133–135]. Similarly, Moran and colleagues
[130] reported that the expression levels of osteopontin,
a secretory phosphoprotein with antiapoptotic properties
that can attenuate the neurodegenerative consequences of
stroke [136] and MPTP (at least in common marmosets)
[137], were suppressed in IFN-γ-activated microglia [130]. It
ought to be mentioned that genetic ablation of osteopontin
actually mitigated the SNc neuronal loss and striatal DA
denervation following MPTP intoxication in mice, sug-
gesting that osteopontin may, in fact, contribute to DA
neurodegeneration [138]. Yet, IFN-γ activity was not directly
assessed in this study (although the MPTP-treated wild-
type mice displayed osteopontin-positive reactive microglia
[138]), and interspecies variability in MPTP sensitivity could
conceivably account for the discrepancy between the studies.
In essence, IFN-γ may contribute to the neurodegenerative
response in PD and its toxin-based animal models by
mediating not only the activation of critical immune effector
mechanisms, but also the suppression of microglial processes
more closely aligned with antiinflammation and immune
resolution.

In addition to microglia, recent evidence suggests that
astrocytes may mediate some of the central immunomod-
ulatory actions of IFN-γ, potentially through STAT1-
independent signal transduction pathways. For instance,
Hashioka and colleagues [139] found that IFN-γ (but
not LPS, TNF-α, or IL-1β) caused astroctyes to become
neurotoxic in vitro, reducing the viability of cultured neu-
roblastoma cells. Moreover, inhibition of STAT3 reduced
the neurotoxic potential of these IFN-γ-activated astrocytic
cells [140]. In contrast, several other reports indicated that
IFN-γ signaling in astrocytes mediates primarily neuropro-
tective events. Indeed, IFN-γ-induced activation of astro-
cytes attenuated hippocampal neuronal damage after status
epilepticus (SE) in rats, while neutralization of astrocytic
IFN-γ receptors aggravated SE-induced neuronal pathology
[141]. Likewise, combined IFN-γ and LPS treatment reduced
apoptosis of hippocampal neurons induced by in vitro
application of beta-amyloid protein, but only in the presence
of astrocytes [142]. In fact, Ramı́rez et al. [142] provided
evidence linking this antiapoptotic effect to the upregulated
secretion of the antiinflammatory cytokine, transforming
growth factor (TGF)-β, from IFN-γ- and LPS-activated
astrocytes. Thus, while there is much still to be elucidated
regarding the complex nature of brain IFN signaling in health
and disease (e.g., cellular targets, effector molecules), a large
body of evidence suggests a potentially central role for this
cytokine group, particularly IFN-γ, in mediating aspects of
the inflammatory repertoire and neurodegenerative process
of PD.

4.1.2. Interleukins and Tumor Necrosis Factor-α in PD.
The cysteine protease, interleukin-converting enzyme
(caspase-1), cleaves the 31–33 kDa precursor, proIL-1, to
form the mature and biologically active IL-1α and IL-1β
cytokines [143]. Some of the synthesized IL-1 is secreted in
a soluble form, but a proportion is retained within the cell
membrane [144]. Both the soluble and membrane-bound
forms of IL-1 are biologically active, particularly with
respect to lymphocyte activation [144]. IL-1 signaling is
dependent upon its type I receptor and the IL-1 receptor
accessory protein, which are located on adjacent portions
of the membrane [145]. Much like IL-1β, TNF-α is a
pleiotropic cytokine, which exerts a wide array of actions
on numerous cell types. For instance, it has physiological
actions on bone osteoclasts (important for rheumatoid
arthritis), mononuclear and polymorphonuclear blood
cells, fibroblasts, skin keratinocytes, insulin sensitive
adipocytes, as well as brain neurons and glial cells [146].
Like other cytokines, TNF-α typically acts locally at the site
of generation; however, small amounts of the cytokine are
found circulating in the bloodstream.

As in the case of IFN-γ, mounting evidence suggests
a role for ILs and TNF-α in PD. Specifically, postmortem
analyses of PD brain tissue revealed increased expression
of TNF-α and its related Fas receptor, as well as the
cytokines IFN-γ, IL-1β and IL-6 [15]. Likewise, in animals,
MPTP induced alterations of proinflammatory cytokine
genes, including those encoding IL-1β and TNF-α [147,
148]; and the DA neurotoxin, 6-OHDA, increased levels
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of these cytokines within the SNc and striatum [149].
Indeed, an increasing number of studies are beginning
to assess the impact of cytokine manipulations on PD-
like pathology. In this regard, both systemic and central
administration of IL-1β was reported to affect SNc DA
neuronal survival. Indeed, pharmacological inhibition of
IL-1β attenuated the loss of DA neurons provoked by
intra-SNc infusion of LPS together with 6-OHDA injection
[150]. Moreover, direct application of IL-1β augmented the
neurodestructive effects of 6-OHDA upon cultured midbrain
neurons [151]. Somewhat surprisingly, chronic adenoviral
induced expression of IL-1β in the striatum also induced a
loss of SNc DA neurons [152], suggesting that the cytokine
can exert damaging effects upon DA terminals that result in
the retrograde destruction of upstream soma. Importantly,
the IL-1β induced loss of neurons was associated with motor
impairment and an enhanced microglial response; and
antiinflammatory treatment prevented these effects [152].
Yet, other older studies reported that central infusion of IL-
1β protected DA neurons from 6-OHDA and MPTP toxicity
and induced dendritic branching from residual neurons
following SNc lesion [153, 154]. The discrepancies between
the studies remain to be explained but likely stem from
dose and timing considerations, since, as already mentioned,
some cytokines might have both protective and deleterious
effects depending on their concentration and the state of the
microenvironment in which they act.

Involvement of TNF-α in PD, like IL-1β, is somewhat
controversial, with two conflicting reports indicating that
TNF-α deletion either protected striatal terminals and
normalized DA levels in MPTP-treated mice [155, 156]
or increased DA metabolism, without necessarily affecting
neuronal survival [157]. Interestingly, in one study there
was no effect of intra-SNc infusion of TNF-α or IL-1β
either alone or together upon neuronal survival [84], but
the source for this outcome is uncertain. More recently,
adenoviral vector mediated long-term expression of TNF-
α within the SNc was reported to provoke a progressive
loss of DA neurons over 28 days that was associated with
irreversible akinesia [158]. Likewise, overexpression of a
dominant negative TNF-α protein (inhibits endogenous
TNF-α) in the SNc ameliorated the loss of DA neurons and
motor impairment induced by 6-OHDA treatment [159].

The cytokines IL-1β and TNF-α typically influence
central processes through NFκB, a transcription factor that
plays a critical role in the regulation of innate and adaptive
immune reactions, including the mobilization of inflam-
matory chemokines and lymphocyte proliferative responses
following infection or traumatic injury [160, 161]. Indeed,
NFκB signaling occurs ubiquitously throughout the brain,
and IL-1β infusion into the lateral ventricles induced the
translocation of NFκB to the nucleus at several brain regions
distal to the site of infusion, including the choroid plexus,
ependymal cells, cerebral vasculature and meninges [162].

NFκB is composed of five subunits, together with
a nuclear localization signal, which are normally held
in an inactive state by an endogenous inhibitory factor,
IκB. However, exposure to inflammatory stimuli triggers
the phosphorylation and consequent degradation of IκB,

resulting in the translocation of NFκB to the nucleus where
it promotes gene expression [160]. Immunological insults
may initiate this NFκB cascade through the provocation
of cytokines, particularly IL-1β and TNF-α, which, after
binding to their cell surface receptors, stimulate kinases that
target IκB for ubiquitination and subsequent proteasomal
degradation [160]. As well, these cytokines may also affect
CNS processes by stimulating NFκB signaling cascades.

NFκB appears to have potent effects upon CNS pro-
cesses important for neuronal survival and plasticity. The
transcription factor may have a neuroprotective role through
the induction of antiapoptotic proteins, such as Bcl-2 and
the antioxidant enzyme, manganese superoxide dismutase
(MnSOD) [163]. Yet, NFκB signaling may also result in
the synthesis or upregulation of inflammatory cytokines
and enzymes, ROS, and excitotoxins that can contribute to
neurodegeneration. For instance, iNOS expression within
microglia and astrocytes is readily provoked by NFκB
activation following exposure to cytokines, such as IL-
1β or IL-12 [164, 165]. Similarly, stressor exposure may
contribute to neurological pathology by affecting NFκB-
mediated production of oxidative radicals given that restraint
stress was shown to promote neuronal excitotoxicity in rats
that was associated with enhanced TNF-α release and NFκB
mediated activation of iNOS and COX-2 [166]. Ultimately,
a host of factors, including the chronicity and type of
inducing stimulus, likely influence whether NFκB activation
has protective or detrimental effects upon neuronal survival
or functioning.

4.2. Cyclooxygenase-2 in PD. Cyclooxygenase, present in the
CNS as COX-1, COX-2 and COX-3 isoforms, is an integral
plasma membrane glycoprotein critically involved in the
production of PGs from arachidonic acid (AA). The first
step in PG biosynthesis involves the conversion of glyc-
erophospholipid into free AA by phospholipase A2, which is
ubiquitously present in all brain tissues and whose expression
is upregulated by infection or injury [167]. Thereafter,
COX metabolizes AA into PGG2 and then PGH2, which
is transformed further by terminal synthases into specific
PG species. AA is preferentially metabolized by COX-2 to
PGE2 (the most abundant PG), whereas COX-1 produces
only small amounts of this prostanoid [168]. In addition to
these biologically active lipid mediators, substantial amounts
of ROS are formed during the COX-mediated peroxidative
reduction of PGG2 to PGH2.

Within the CNS, all three COX isozymes are expressed
and heterogeneously distributed in several discrete neural
populations where they mediate a diverse range of functions
in health and disease. COX-1 may be generally described
as a constitutive “housekeeping” enzyme, supplying PGs at
(low) levels relevant for the regulation of myriad homeostatic
brain processes (e.g., cerebral blood flow) [167]. Much
less is known regarding the functions of COX-3 (which
appears to be splice variant of COX-1); however, preliminary
evidence suggests that the recently discovered COX isozyme
may be important for species-specific febrile responses and
the processing of painful stimuli [169, 170]. Contrastingly,
under normal physiological conditions COX-2 partakes
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in a diverse array of response-related activities, includ-
ing synaptic plasticity and signaling, neurotransmission,
memory consolidation during rapid eye movement (REM)
sleep, membrane excitability, and gene expression [167,
171]. Indeed, the COX-2 gene promoter contains multiple
regulatory elements (e.g., that recognize glucocorticoids,
cytokines, NFκB, cAMP, and CREB) that either enhance or
suppress COX-2 transcription [171, 172].

Not surprisingly, COX-2 is subject to induction by
a variety of inflammatory stimuli, many of which (e.g.,
cytokines, ROS) have been implicated in the generalized
activation of microglial cells in response to and as a corollary
of acute inflammation associated with infection, brain injury
or neurodegeneration. For instance, administration of the
bacterial endotoxin, LPS, or the DA toxin, MPTP, elicited a
marked increase in microglial COX-2 expression [173, 174].
Yet, COX-2 is also present in neurons, and is similarly
induced during inflammatory episodes [17].

As is the case for proinflammatory cytokines, substantial
evidence indicates that COX-2 may play an important role
in the neurodegenerative process of PD and its animal
models. In this regard, COX-2 expression was elevated in
microglial cells [175] and DA neurons [176] within the SNc
of postmortem PD brain (although the latter study failed
to detect increased COX-2 in microglia). Likewise, MPTP-
intoxicated mice displayed augmented COX-2 immunoreac-
tivity within both SNc neurons [176] and microglia [174],
and pharmacologic inhibition or genetic ablation of COX-
2 prevented the loss of DA neurons following exposure to
MPTP or 6-OHDA [177, 178]. Similarly, Yang and colleagues
[179] recently demonstrated the crucial role of COX-2 in
paraquat-induced neurotoxicity in vitro, and our group
found that mice genetically lacking COX-2 were resistant to
the PD-like neurological (nigrostriatal DA transmission) and
behavioural (bradykinesia) effects of the pesticide [180].

Interestingly, several epidemiological reports indicated
that NSAIDs, which act primarily to inhibit COX-2 (but
also scavenge ROS and RNS [181, 182]), might either
prevent or delay PD onset [183–185]. Yet, numerous other
contemporaneous studies have failed to find compelling
evidence of a protective role of such drugs in PD [186–
188]. Although consensus remains elusive, a recent meta-
analysis evaluating the impact of NSAIDs on PD risk revealed
that regular, long-term use of nonaspirin NSAIDs (but not
aspirin or acetamenophen) reduced PD incidence by roughly
15% [189].

Inflammatory PG signaling, which is mediated in large
part by PGE2, constitutes a primary mechanism by which
COX-2 might come to influence neuronal functioning and
survival in neurological illness. For instance, PGE2 signal-
ing through the EP1 receptor provoked cAMP-dependent
apoptosis of hippocampal neurons [190], and pharmaco-
logical blockade of EP1 receptors completely prevented DA
neuron loss following 6-OHDA treatment in embryonic rat
mesencephalic primary neuronal cultures [191]. Emerging
evidence indicates that PGE2 may act in an autocrine
or paracrine manner to augment the COX-2-dependent
microglial (and possibly neuronal) production of further
prostanoid species [192, 193]. Indeed, PGE2 is capable of

promoting the inherent transcriptional activities of NFκB
[194], which can then exert trans-activational control over
the COX-2 gene promoter [195]. In this way, PG signaling
between neural cells might serve in the recruitment of
otherwise quiescent microglia and augment the synthesis
and release of inflammatory mediators, including further PG
species, from heretofore activated microglial cells [174, 196].
This, in turn, would of course be expected to exacerbate
ongoing DA neurodegeneration.

It ought to be underscored, however, that despite
the evidence seemingly linking microglial COX-2 to DA
neuronal death, there remains considerable controversy
surrounding the relative contribution (and functional rele-
vance) of microglial versus neuronal COX-2 in PD. Indeed,
several reports indicated that a JNK-mediated induction
of COX-2 in neurons but not microglia is critical for DA
neuron cytotoxicity following MPTP treatment [197, 198].
Moreover, Teismann and colleagues [176] provided com-
pelling evidence favoring the importance of cell-autonomous
oxidative processes (i.e., COX-2-derived ROS, DA-quinone
formation) over PG-mediated inflammatory ones in COX-2-
dependent neurodegeneration. Similarly, increased neuronal
COX-2 activity has been implicated in paraquat-induced
neurotoxicity [179]; and, while the regulatory mechanisms
subserving neuronal COX-2 induction by paraquat have
yet to be defined, there is reason to believe that JNK
pathway activation may be critical, given the importance
of JNK in mediating the ROS-dependent in vitro and
in vivo neurodegenerative effects of paraquat upon DA
neurons [199, 200]. In contrast, the findings of a recent
study in monkeys suggested that neuronal COX-2 expression
was not associated with increased susceptibility to MPTP-
induced neurodegeneration [201]; and Boyd et al. [202]
observed robust strain-specific differences in neuronal COX-
2 responses to MPTP in mice. In short, while the cellular
and molecular determinants of brain COX-2 expression
in neurological illness remain somewhat controversial, it
is relatively certain that inflammatory and/or oxidative
responses mediated by inducible COX-2 activity contribute
to the neurodegenerative process of PD and its animal
models.

It is also worth noting that COX-2, in addition
to mediating potentially deleterious proinflammatory and
prooxidative responses, appears to promote inflammatory
immune resolution both in the CNS and the periphery.
Consistent with this notion, even as PGE2 signaling through
EP1 receptors is implicated in COX-2-mediated neuro-
toxic events, EP2/EP4 receptor signaling often mediates
prosurvival responses. For instance, stimulation of EP2
and/or EP4 receptors prevented neuronal death following
excitotoxic/ischemic insult [203, 204] and antagonized the
neurotoxic effects of beta-amyloid [205], 6-OHDA [206]
and LPS [207]. More generally, multiple COX-2-derived
prostanoids seem able to promote central immunosup-
pressive/antiinflammatory responses by directing a reduc-
tion in proinflammatory factors (e.g., TNF-α, NO) or an
increase in antiinflammatory ones (e.g., IL-10, BDNF) [208,
209]. Further, other nonprostanoid COX (and lipoxygenase)
derived lipid mediators, particularly the recently discovered
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Figure 1: Conceptual overview of how environmental toxins may provoke DA neurodegeneration in Parkinson’s disease and its animal
models. Chronically activated microglia are integral mediators of pathology, synthesizing and secreting a plethora of prooxidant and
proinflammatory factors, several of which (e.g., IFN-γ, PGs) may form positive feedback loops to stimulate the production of further
inflammatory/oxidative factors (e.g., ROS, PGs) by microglial cells. Several mutually nonexclusive mechanisms exist whereby toxin-induced
microglial release of prooxidant/inflammatory agents may lead to DA neurodegeneration; these include lipid peroxidation, DNA damage
and the activation of intracellular apoptotic pathways. Additionally, there is evidence to suggest that both adaptive immune responses (e.g.,
T cell-dependent) and cell-autonomous oxidative processes (e.g., DA-quinone formation) may contribute to DA neuronal loss in PD.

DHA-derived docosanoids (resolvins and neuroprotectins),
appear to antagonize the inflammatory actions of COX-2 and
curb proinflammatory CNS responses more generally (e.g.,
inhibit NFκB, up/downregulate anti/proapoptotic proteins,
suppress cytokine synthesis, modulate leukocyte trafficking)
[210, 211]. It is conceivable that variations in COX-2
signaling that favor EP2/EP4 receptor involvement, and
hence DA neuronal survival, might occur in conjunction
with certain cytokine profiles and inflammatory responses
following DA neuron injury. It might even be the case that
the nature of the inflammatory response (involving COX-2
and cytokines) might vary over time following insult, such
that there may be a waxing and waning of neuroprotective
versus neurotoxic mechanisms engaged.

5. Conclusions and Future Directions

The findings discussed in this paper provide support for
a role of proinflammatory factors, particularly cytokines
(IFN-γ, IL-1β, TNF-α) and inducible enzymes (COX-2),
as well as their associated inflammatory signaling pathways
(e.g., JAK-STAT, NFκB, and MAP kinases), in the prodeath
processes operating in PD (see Figure 1); and hence, support

the contention that antiinflammatory treatments might have
general clinical utility for PD and other neurodegenerative
conditions. Given the complexities of the inflammatory
response, future efforts would be wise to focus on developing
more selective immune modulatory agents that target spe-
cific cytokines (and other inflammatory mediators) at certain
stages of PD. This is not to say that such antiinflammatory
agents should replace conventional treatments, rather these
novel drugs might be useful as adjuncts or “add-ons” to
existing therapies. Indeed, owing to the multifaceted nature
of and likely multiple mechanisms involved in neurological
illnesses such as PD, a multipronged drug approach seems
reasonable.

While it seems undeniable that the inflammatory
immune response plays a crucial role in dopaminergic loss
and the clinical symptoms observed in PD, it remains to
be determined whether neuroinflammation is most relevant
to disease process genesis or, rather, is secondarily induced
following neuronal injury and thus more critically aligned
with shaping the evolution of pathology over time. The
emerging picture does suggest, however, that one important
mechanism underlying DA neuronal loss in toxin-based
animal models of PD involves the (chronic) activation
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of microglial cells, which through the actions of proin-
flammatory cytokines and inducible enzymes, mediates
the production of damaging oxidative radicals and soluble
inflammatory mediators.

While excessive microglial and proinflammatory cytok-
ine driven inflammation can mediate profoundly deleterious
CNS consequences, including DA neurodegeneration in PD
and its toxin-based animal models, it should be underscored
that many aspects of immune surveillance and glial activity
are essential for brain health. Indeed, routine trafficking
of T lymphocytes into the CSF and microglia-neuron and
microglia-astrocyte interactions are critical for protecting the
CNS from invading pathogens, regulating extracellular fluid
composition, removing potentially harmful cellular debris,
and promoting adaptive neuroplastic responses to CNS chal-
lenge. Hence, a delicate balance exists between the positive
and negative aspects of immune-inflammatory signaling in
the CNS. Problems likely arise when environmental toxins or
other external challenges overwhelm and usurp the natural
plasticity of neuroinflammatory responses to promote an
abnormal, hyperactive microglial state that encourages
overzealous oxidative/inflammatory factor release.
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“Cyclooxygenase-3: axiom, dogma, anomaly, enigma or
splice error?—Not as easy as 1, 2, 3,” Journal of Pharmacy and
Pharmaceutical Sciences, vol. 7, no. 2, pp. 217–226, 2004.

[171] J. W. Phillis, L. A. Horrocks, and A. A. Farooqui, “Cyclooxy-
genases, lipoxygenases, and epoxygenases in CNS: their role
and involvement in neurological disorders,” Brain Research
Reviews, vol. 52, no. 2, pp. 201–243, 2006.

[172] S. B. Appleby, A. Ristimaki, K. Neilson, K. Narko, and
T. Hla, “Structure of the human cyclo-oxygenase-2 gene,”
Biochemical Journal, vol. 302, no. 3, pp. 723–727, 1994.

[173] J. K. Elmquist, C. D. Breder, J. E. Sherin et al., “Intra-
venous lipopolysaccharide induces cyclooxygenase 2-like
immunoreactivity in rat brain perivascular microglia and
meningeal macrophages,” Journal of Comparative Neurology,
vol. 381, no. 2, pp. 119–128, 1997.



Parkinson’s Disease 17

[174] R. Vijitruth, M. Liu, D. Y. Choi, X. V. Nguyen, R. L.
Hunter, and G. Bing, “Cyclooxygenase-2 mediates microglial
activation and secondary dopaminergic cell death in the
mouse MPTP model of Parkinson’s disease,” Journal of
Neuroinflammation, vol. 3, article 6, 2006.

[175] C. Knott, G. Stern, and G. P. Wilkin, “Inflammatory
regulators in Parkinson’s disease: iNOS, lipocortin-1, and
cyclooxygenases-1 and -2,” Molecular and Cellular Neuro-
science, vol. 16, no. 6, pp. 724–739, 2000.

[176] P. Teismann, K. Tieu, D. K. Choi et al., “Cyclooxygenase-2
is instrumental in Parkinson’s disease neurodegeneration,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 100, no. 9, pp. 5473–5478, 2003.

[177] Z. H. Feng, T. G. Wang, D. D. Li et al., “Cyclooxygenase-
2-deficient mice are resistant to 1-methyl-4-phenyl1, 2,
3, 6-tetrahydropyridine-induced damage of dopaminergic
neurons in the substantia nigra,” Neuroscience Letters, vol.
329, no. 3, pp. 354–358, 2002.

[178] R. Sánchez-Pernaute, A. Ferree, O. Cooper, M. Yu, A.
L. Brownell, and O. Isacson, “Selective COX-2 inhibition
prevents progressive dopamine neuron degeneration in a rat
model of Parkinson’s disease,” Journal of Neuroinflammation,
vol. 1, no. 1, article 6, 2004.

[179] W. Yang, E. Tiffany-Castiglioni, M.-Y. Lee, and I.-H. Son,
“Paraquat induces cyclooxygenase-2 (COX-2) implicated
toxicity in human neuroblastoma SH-SY5Y cells,” Toxicology
Letters, vol. 199, no. 3, pp. 239–246, 2010.

[180] D. Litteljohn, E. N. Mangano, and S. Hayley,
“Cyclooxygenase-2 deficiency modifies the neurochemical
effects, motor impairment and co-morbid anxiety provoked
by paraquat administration in mice,” European Journal of
Neuroscience, vol. 28, no. 4, pp. 707–716, 2008.

[181] M. Asanuma, S. Nishibayashi-Asanuma, I. Miyazaki, M.
Kohno, and N. Ogawa, “Neuroprotective effects of non-
steroidal anti-inflammatory drugs by direct scavenging of
nitric oxide radicals,” Journal of Neurochemistry, vol. 76, no.
6, pp. 1895–1904, 2001.

[182] D. Costa, L. Moutinho, J. L. F. C. Lima, and E. Fernandes,
“Antioxidant activity and inhibition of human neutrophil
oxidative burst mediated by arylpropionic acid non-steroidal
anti-inflammatory drugs,” Biological and Pharmaceutical
Bulletin, vol. 29, no. 8, pp. 1659–1670, 2006.

[183] H. Chen, E. Jacobs, M. A. Schwarzschild et al., “Nonsteroidal
antiinflammatory drug use and the risk for Parkinson’s
disease,” Annals of Neurology, vol. 58, no. 6, pp. 963–967,
2005.

[184] M. A. Hernán, G. Logroscino, and L. A. G. Rodrı́guez,
“Nonsteroidal anti-inflammatory drugs and the incidence of
Parkinson disease,” Neurology, vol. 66, no. 7, pp. 1097–1099,
2006.

[185] A. D. Wahner, J. M. Bronstein, Y. M. Bordelon, and B. Ritz,
“Nonsteroidal anti-inflammatory drugs may protect against
Parkinson disease,” Neurology, vol. 69, no. 19, pp. 1836–1842,
2007.

[186] T. G. Ton, S. R. Heckbert, W. T. Longstreth Jr. et al., “Non-
steroidal anti-inflammatory drugs and risk of Parkinson’s
disease,” Movement Disorders, vol. 21, no. 7, pp. 964–969,
2006.

[187] M. Bornebroek, L. M. L. de Lau, M. D. M. Haag et
al., “Nonsteroidal anti-inflammatory drugs and the risk of
Parkinson disease,” Neuroepidemiology, vol. 28, no. 4, pp.
193–196, 2007.

[188] M. Etminan, B. C. Carleton, and A. Samii, “Non-steroidal
anti-inflammatory drug use and the risk of Parkinson
disease: a retrospective cohort study,” Journal of Clinical
Neuroscience, vol. 15, no. 5, pp. 576–577, 2008.

[189] J. J. Gagne and M. C. Power, “Anti-inflammatory drugs and
risk of Parkinson disease: a meta-analysis,” Neurology, vol. 74,
no. 12, pp. 995–1002, 2010.

[190] T. Kawano, J. Anrather, P. Zhou et al., “Prostaglandin E2 EP1
receptors: downstream effectors of COX-2 neurotoxicity,”
Nature Medicine, vol. 12, no. 2, pp. 225–229, 2006.

[191] E. Carrasco, D. Casper, and P. Werner, “PGE2 receptor EP1
renders dopaminergic neurons selectively vulnerable to low-
level oxidative stress and direct PGE2 neurotoxicity,” Journal
of Neuroscience Research, vol. 85, no. 14, pp. 3109–3117, 2007.

[192] F. S. Shie, K. S. Montine, R. M. Breyer, and T. J. Montine,
“Microglial EP2 is critical to neurotoxicity from activated
cerebral innate immunity,” GLIA, vol. 52, no. 1, pp. 70–77,
2005.

[193] V. Vichai, C. Suyarnsesthakorn, D. Pittayakhajonwut, K. Srik-
lung, and K. Kirtikara, “Positive feedback regulation of COX-
2 expression by prostaglandin metabolites,” Inflammation
Research, vol. 54, no. 4, pp. 163–172, 2005.

[194] B. Poligone and A. S. Baldwin, “Positive and negative regula-
tion of NF-κB by COX-2. Roles of different prostaglandins,”
Journal of Biological Chemistry, vol. 276, no. 42, pp. 38658–
38664, 2001.

[195] A. Nadjar, V. Tridon, M. J. May et al., “NFκB activates in
vivo the synthesis of inducible Cox-2 in the brain,” Journal of
Cerebral Blood Flow and Metabolism, vol. 25, no. 8, pp. 1047–
1059, 2005.

[196] T. Wang, Z. Pei, W. Zhang et al., “MPP+-induced COX-
2 activation and subsequent dopaminergic neurodegenera-
tion,” FASEB Journal, vol. 19, no. 9, pp. 1134–1136, 2005.

[197] S. Hunot, M. Vila, P. Teismann et al., “JNK-mediated induc-
tion of cyclooxygenase 2 is required for neurodegeneration
in a mouse model of Parkinson’s disease,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 101, no. 2, pp. 665–670, 2004.

[198] Y. Wang, Y. Zhang, Z. Wei et al., “JNK inhibitor protects
dopaminergic neurons by reducing COX-2 expression in the
MPTP mouse model of subacute Parkinson’s disease,” Journal
of the Neurological Sciences, vol. 285, no. 1-2, pp. 172–177,
2009.

[199] J. Peng, X. O. Mao, F. F. Stevenson, M. Hsu, and J. K.
Andersen, “The herbicide paraquat induces dopaminergic
nigral apoptosis through sustained activation of the JNK
pathway,” Journal of Biological Chemistry, vol. 279, no. 31, pp.
32626–32632, 2004.

[200] W.-S. Choi, G. Abel, H. Klintworth, R. A. Flavell, and
Z. Xia, “JNK3 mediates paraquat-and rotenone-induced
dopaminergic neuron death,” Journal of Neuropathology and
Experimental Neurology, vol. 69, no. 5, pp. 511–520, 2010.

[201] M. Vázquez-Claverie, P. Garrido-Gil, W. San Sebastián et
al., “1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
does not elicit long-lasting increases in cyclooxygenase-2
expression in dopaminergic neurons of monkeys,” Journal of
Neuropathology and Experimental Neurology, vol. 68, no. 1,
pp. 26–36, 2009.

[202] J. D. Boyd, H. Jang, K. R. Shepherd et al., “Response to 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) differs
in mouse strains and reveals a divergence in JNK signaling
and COX-2 induction prior to loss of neurons in the
substantia nigra pars compacta,” Brain Research, vol. 1175,
no. 1, pp. 107–116, 2007.



18 Parkinson’s Disease

[203] L. McCullough, L. Wu, N. Haughey et al., “Neuroprotective
function of the PGE2 EP2 receptor in cerebral ischemia,”
Journal of Neuroscience, vol. 24, no. 1, pp. 257–268, 2004.

[204] A. S. Ahmad, H. Zhuang, V. Echeverria, and S. Doré, “Stim-
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Parkinson’s disease (PD) is a neurodegenerative movement disorder of unknown etiology. PD is characterized by the progressive
loss of dopaminergic neurons in the substantia nigra, depletion of dopamine in the striatum, abnormal mitochondrial
and proteasomal functions, and accumulation of α-synuclein that may be closely associated with pathological and clinical
abnormalities. Increasing evidence indicates that both oxidative stress and inflammation may play a fundamental role in the
pathogenesis of PD. Oxidative stress is characterized by increase in reactive oxygen species (ROS) and depletion of glutathione.
Lipid mediators for oxidative stress include 4-hydroxynonenal, isoprostanes, isofurans, isoketals, neuroprostanes, and neurofurans.
Neuroinflammation is characterized by activated microglial cells that generate proinflammatory cytokines, such as TNF-α and IL-
1β. Proinflammatory lipid mediators include prostaglandins and platelet activating factor, together with cytokines may play a
prominent role in mediating the progressive neurodegeneration in PD.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder of
unknown etiology. PD is characterized by the progressive loss
of dopaminergic neurons in the substantia nigra pars com-
pacta, which project to the striatum, the output of which gov-
erns locomotor behavior [1, 2]. While 90–95% of PD cases
have no known genetic basis, approximately 5–10% arise
from inherited mutations [3]. Roughly half of early-onset
PD is caused by loss-of-function mutations in the parkin
gene [4], which encodes an E3 ubiquitin ligase. Although
the molecular mechanism of vulnerability of dopaminergic
neurons in the substantia nigra pars compacta is not
known, it is suggested that monoamine oxidase-mediated
abnormal dopamine metabolism, hydrogen peroxide genera-
tion, abnormal mitochondrial and proteasomal dysfunctions
along with microglial cell activation may be closely associated
with neurodegenerative process [5]. Monoamine oxidase
catalyzes the oxidative deamination of dietary amines and
monoamine neurotransmitters, such as serotonin, nore-

pinephrine, dopamine, β-phenylethylamine, and other trace
amines. The rapid degradation of these molecules ensures
the proper functioning of synaptic neurotransmission and is
critically important not only for the regulation of emotional
behaviors, but also for other neural functions. PD is accom-
panied by abnormalities in synaptic neurotransmission in
the basal ganglia. The loss of dopaminergic neurons in the
substantia nigra pars compacta may be related to resting
tremor, rigidity, bradykinesia, postural instability, and gait
disturbance in PD patients. The neuropathological hallmarks
of PD include the presence of Lewy bodies mostly composed
of α-synuclein, a presynaptic protein that not only plays an
important role in neuropathology of PD, but is also known to
bind Cu2+, a divalent metal ion, which accelerates the aggre-
gation of α-synuclein to form various toxic aggregates in vitro
[5, 6]. Neurochemically, PD is characterized by the mito-
chondrial dysfunction, reactive oxygen species (ROS) gener-
ation, nitric oxide (NO) production, excitotoxicity, inflam-
mation, accumulation of aberrant or misfolded proteins, and
ubiquitin-proteasome system dysfunction (Figure 1) [1, 2].
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Figure 1: Potential factors and events associated with the pathogenesis of PD.

2. Oxidative Stress and
Its Consequences in Brain

Oxidative stress is a cytotoxic condition that occurs in
the tissue when antioxidant mechanisms are overwhelmed
by ROS [7]. Thus, oxidative stress is a threshold phe-
nomenon characterized by a major increase in the amount
of oxidized cellular components. ROS include superox-
ide anions, hydroxyl, alkoxyl, and peroxyl radicals, and
hydrogen peroxide. The major sources of ROS are the
mitochondrial respiratory chain, an uncontrolled arachi-
donic acid (ARA) cascade, and NADPH oxidase (Figure 2)
[8]. These processes utilize molecular oxygen and produce
ROS, which include superoxide anion (O2) and H2O2.
Superoxide is rapidly converted to H2O2 by superoxide
dismutase (SOD), and in turn H2O2 is converted to H2O
by catalase [9]. In the presence of metal ions, such as
Fe2+ and Cu2+, H2O2 can be further converted to hydroxyl
radical (•OH) through the Fenton reaction. Hydroxyl rad-
icals can attack polyunsaturated fatty acids in membrane
phospholipids forming the peroxyl radical (ROO•) and
then propagate the chain reaction of lipid peroxidation
[5].

Low levels of ROS are needed for normal cellular
functions including, but not restricted to, the regulation
of neuronal excitability via redox-sensitive ion channels,
synaptic plasticity, gene transcription, and for the activity of
enzymes controlling protein phosphorylation [10]. At higher

concentrations, ROS cause neural membrane damage. The
biological targets of ROS include membrane proteins, unsat-
urated lipids, and DNA [11]. Although neurodegeneration
in neurological disorders is a multifactorial process [5, 12], it
is becoming increasingly evident that the major underlying
factor in the neurological disorders is the increased oxidative
stress substantiated by the findings that the protein side-
chains are modified either directly or indirectly by ROS. The
reaction between ROS and proteins or unsaturated lipids
in the plasma membrane also results in the chemical cross-
linking of membrane proteins and lipids and a reduction in
membrane unsaturation. The depletion of unsaturation in
membrane lipids is associated with decreased membrane flu-
idity and decreased activity of membrane-bound enzymes,
ion-channels, and receptors [13].

ROS also attack DNA bases causing damage through
hydroxylation, ring opening, and fragmentation [14]. This
attack generates 8-hydroxy-2′-deoxyguanosine (8-OHdG)
and 2, 6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyGua) [15]. ROS may also attack the sugar phosphate
backbone of DNA [7]. An indication of this DNA damage
comes from the presence of free bases in urine. Abstraction of
hydrogen by ROS at the C-4 position of the sugar moiety also
produces single-strand breaks in DNA. This is accompanied
by a second sugar oxidation on the complementary strand,
causing a double strand break in DNA. These reactions may
be responsible for the mutagenic effects of ROS in brain
tissue [14].
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Activation of nitric oxide synthase (NOS) generates nitric
oxide (NO), which reacts with superoxide to form peroxyni-
trite. This molecule oxidatively modifies nucleic acid, lipid,
sugar, and protein, leading to nuclear damage, mitochondrial
damage, proteasome inhibition, and endoplasmic reticulum
(ER) stress [16]. NO and peroxynitrite not only decrease
glutathione but also S-nitrosylate many proteins. Excessive
nitrosative stress contributes to the hyperactivation of the
N-methyl-D-aspartate (NMDA)-type glutamate receptor,
mitochondrial dysfunction, and cellular aging. Excessive
generation of free radicals and related molecules (ROS)
and NO species have been reported to trigger pathological
production of misfolded proteins, abnormal mitochon-
drial dynamics (comprised of mitochondrial fission and
fusion events), and apoptotic pathways in neuronal cells
[17, 18]. Emerging evidence suggests that excessive NO
production can contribute to these pathological processes,
specifically by S-nitrosylation of specific target proteins,
such as protein disulfide isomerase (PDI), ubiquitin protein
ligase, parkin (forming SNO-parkin), and mitochondrial
fragmentation through β-amyloid-related S-nitrosylation of
dynamin-related protein-1 [18]. Among these proteins, PDI

is responsible for normal protein folding in the endoplasmic
reticulum (ER). S-nitrosylation of PDI compromises its
function and induces misfolding not only in cell cultures
systems, but also in animal models of neurodegenerative
diseases [17, 18]. In addition, NO-mediated effects on
dopaminergic neurons may also include the inhibition of
cytochrome oxidase, ribonucleotide reductase, mitochon-
drial complexes I, II, and IV in the respiratory chain,
superoxide dismutase, glyceraldehyde-3-phosphate dehydro-
genase, activation or initiation of DNA strand breakage,
poly (ADP-ribose) synthase, lipid peroxidation, protein
oxidation, release of iron, and increased generation of toxic
radicals such as hydroxyl radicals and peroxynitrite [19].
Accumulating evidence suggests that excessive ROS/RNS
formation by above-mentioned processes may induce UPS-
impairment and/or misfolding of molecular chaperons, thus
resulting in protein aggregation and neuronal damage [18].
This suggestion supports the possible occurrence of cross-
talk between mitochondria and UPS controlling organelles
(proteasomes). Thus, the production of excessive ROS by
mitochondria may adversely affect UPS activity leading to
neurodegeneration in neurological disorders [12, 20].
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Among neural cells, neurons are particularly vulnerable
to oxidative damage not only because of mitochondrial dys-
function [21], but also due to inactivation of glutamine syn-
thetase, which reduces the uptake of glutamate by glial cells
and increases glutamate availability at the synapse producing
excitotoxicity [9]. In addition, neuronal membrane perox-
idative injury may lead to the depletion of unsaturated fatty
acids in neural membranes, which not only causes changes
in membrane fluidity but also affects activities of membrane-
bound enzymes, ion channels, and receptors [10].

Glial cell’s response to oxidative stress-mediated neurod-
egenerative process is extremely complex. On one side, astro-
cytes protect neurons from excitotoxicity through glutamate
uptake system, and on the other side astrocytes contribute
to the extracellular glutamate via reversed glutamate trans-
porter [22]. In addition, astrocytes may undergo astrocytosis
after dopaminergic cell loss and contribute to the inflam-
matory response [7]. Microglial cells respond to oxidative
stress-mediated neurodegenerative process by transforming
themselves into activated microglia. They not only change
their shape into “ameboid” morphology, but also release
matrix metalloproteinases, ROS, RNS, prostaglandin E2, and
proinflammatory cytokines such as TNF-α and IL-β1 [10].

3. Oxidative Stress, Nitrosative Stress and
Their Consequences in PD

Involvement of oxidative stress in the pathogenesis of
PD is supported by both postmortem studies and by
studies showing the increased level of oxidative stress in
the substantia nigra pars compacta. A plausible source of
oxidative stress in nigral dopaminergic neurons is the redox
reactions that specifically involve dopamine and producing
various toxic quinone species (DAQ), such as dopamine-
o-quinone (DQ), aminochrome (AC), and indole-quinone
(IQ). Oxidation products of dopamine have been shown
to alter mitochondrial function, including mitochondrial
swelling and decrease in electron transport chain activity
[23, 24]. Studies on toxic effects of dopamine-derived DAQ
on mitochondria, specifically on NADH and GSH pools,
indicate that the generation of DAQ in isolated respiring
mitochondria induces the opening of the permeability
transition pore most probably by inducing oxidation of
NADH, while GSH levels are not affected. It is pro-
posed that studies on diverse reactivity for the different
DAQ may provide information on the complex molecular
mechanisms underlying oxidative stress and mitochondria
dysfunction in PD. Markers of lipid peroxidation include 4-
hydroxy-trans-2-nonenal (4-HNE), 4-oxo-trans-2-nonenal
(4-ONE), acrolein, isoprostanes, and isofurans are signifi-
cantly increased in PD (Table 1 and Figure 3). These markers
are derived from arachidonic acid (ARA), which is released
from neural membrane glycerophospholipids through the
activation of cytosolic phospholipases A2 (cPLA2). This
enzyme is coupled with NMDA receptors through G protein
independent mechanism [10]. This suggestion is supported
by studies on cPLA2 deficient mice. These mice are resistant
to a specific dopaminergic neurotoxicity induced by the toxin

Table 1: Levels of mediators, proteins, and factors, which facilitate
and maintain oxidative stress and inflammatory responses in PD.

(a)

(A) Lipid mediator Effect Reference

Prostaglandins Increased [10]

Lipid peroxidation Increased [10]

4-Hydroxynonenal Increased [10]

Hydroxycholesterol Increased [32]

8-OHdGua Increased [32]

PINK Increased [33]

Aggregated α-synuclein Increased [34]

NF-κB activity Increased [35]

Oxidative stress Increased [12]

Neuroinflammation Increased [12]

Neurodegeneration Increased [12]
(b)

(B) Factors

TNF-α Increased [36]

IL-1β Increased [36]

IL-4 Increased [37]

IL-6 Increased [37]

Epidermal growth factor Increased [36, 37]

Transforming growth factor Increased [36, 37]

Brain-derived neurotrophic factor Decreased [38]

Nerve growth factor Decreased [38]

1-methyl,4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) [25].
In the brain, MPTP is converted to its toxic metabolite,
1-methyl-4-phenylpyridinium ion (MPP+), in the presence
of monoamine oxidase B. MPP+ is actively taken up into
nigrostriatal neurons where it inhibits mitochondrial oxida-
tive phosphorylation leading to neuronal cell death [26].
In MPTP-induced model of Parkinsonism, PLA2 inhibitors
(quinacrine and arachidonyltrifluoromethyl ketone) protect
dopaminergic neurons from neurodegeneration [27, 28]. In
addition, the inhibition of COX-2, the enzyme responsi-
ble for the production of proinflammatory prostaglandin
(PGE2), not only decreases the lesions caused by MPTP
but also protects dopaminergic neurons in the substantia
nigra. However, the molecular mechanism associated with
COX-2-mediated neurodegeneration in animal model of PD
remains unknown. However, COX-2 inhibition may prevent
the formation of the oxidant species of reactive quinones.
These metabolites are involved in the pathogenesis of PD
[29–31].

Nitric oxide (NO) plays multiple roles in the brain and
spinal cord tissues. In addition to regulating proliferation,
survival and differentiation of neurons, it is involved in
synaptic activity, neural plasticity, and memory function
[39]. The evidence for the involvement of NO in neurotoxic
processes associated with PD comes from studies using
experimental models of this disease. NOS inhibitors can
prevent MPTP-mediated dopaminergic neurotoxicity.
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Furthermore, NO not only fosters dopamine depletion, but
NO-mediated neurotoxicity is averted by 7-nitroindazole,
a nNOS inhibitor, in the substantia nigra pars compacta
[19]. Moreover, mutant mice lacking the nNOS gene are
more resistant to MPTP neurotoxicity when compared with
wild-type littermates. Selegiline, an irreversible inhibitor
of monoamine oxidase B, produces beneficial effects in
PD by enhancing dopaminergic function. Selegiline and
its metabolite (desmethylselegiline) also act by reducing
apoptotic cell death by modulating the expression of number
of genes, including superoxide dismutase, Bcl-2, Bcl-xl, NOS,
c-Jun, and nicotinamide adenine nucleotide dehydrogenase.
It is likely that selegiline-mediated antiapoptotic activity may
also be involved in the prevention of a progressive reduction
of mitochondrial membrane potential in preapoptotic
neurons [19]. The neuroprotective effects of selegiline may
also involve neurotrophic factors (nerve growth factor, brain-
derive neurotrophic factor, neurotrophin 3) and ligands
of glial cell line-derived neurotrophic factor [5, 12], which
contribute to neurogenesis in the damaged brains. Excessive
generation of NO may also facilitate the pathological
production of misfolded proteins, abnormal mitochondrial
dynamics (comprised of mitochondrial fission and fusion
events), and apoptotic pathways in neuronal cells [40]. Thus,
in animal models of PD, S-nitrosylation targets include
parkin, a ubiquitin E3 ligase and neuroprotective molecule,
and protein-disulfide isomerase (PDI), a chaperone enzyme
associated with nascent protein folding. S-nitrosylation

of parkin and PDI compromises its ubiquitin E3 ligase
and PDI activities and their protective function suggesting
that nitrosative stress is an important factor in regulating
neuronal survival during the pathogenesis of PD [41, 42].
Significant S-nitrosylation of above proteins may contribute
to abnormal mitochondrial fragmentation, resulting in
synaptic damage that is found not only in PD but also
in other neurodegenerative diseases, such as AD and ALS
[40].

4. Inflammatory Responses in Brain

Inflammation is a protective process that not only isolates
the injured brain tissue from uninjured area but also
destroys affected cells, and repairs the extracellular matrix
[31, 43]. Without a strong inflammatory response, brain
would be prone to neurotraumatic and neurodegenerative
diseases. The main mediators of neuroinflammation are
microglial cells. They participate in repair and resolution
processes after injury to restore normal tissue homeostasis.
Microglial cells also play an important role as resident
immunocompetent after neural cell injury and disease. As
stated above, during neurodegenerative process, the resting
microglial cells are transformed into activated microglia,
which are characterized by amoeboid morphology [44].
Activated microglial cells not only migrate rapidly to the
site where neurodegenerative process is taking place, but
also engulf dead cells, and clear cellular debris [45, 46].
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The chronic activation of microglia in PD may cause
neuronal damage through the release of potentially cytotoxic
molecules such as proinflammatory cytokines, ROS, pro-
teinases and complement proteins [5, 11, 44]. Although very
little is known about signaling mechanisms associated with
modulation of microglial activation in PD, it is proposed
that low levels of cytokines and chemokines released by
microglial cells and to lesser extent astrocytes not only
facilitate modulation of neurogenesis through the release of
trophic factors that protect against ROS, and glutamate, but
also promote the removal of dead and damaged neuron [11,
44–46]. In contrast, high levels of glial cell-secreted cytokines
and chemokines promote neurodegeneration through the
activation of phospholipases A2 and COX-2 [44]. Emerging
evidence suggests that microglia have a specialized immune
surveillance role and mediate innate immune responses
to neurodegenerative process by secreting a myriad of
factors that include cytokines, chemokines, prostaglandins,
ROS, RNS, and growth factors. Some of these factors have
neuroprotective and trophic activities and aid in brain repair
processes, while others enhance oxidative stress and trigger
neurodegeneration [47].

Two types of inflammatory responses (acute and chronic)
occur in brain tissue. Acute inflammation response devel-
ops rapidly and may be accompanied by pain, whereas
chronic inflammation develops slowly and remains below
the threshold of pain perception. As a result, the immune
system continues to attack the brain tissue and chronic
inflammation lingers for years, ultimately reaching the
threshold of detection [31]. Inflammatory response also
involves recruitment and migration of polymorphonuclear
leukocytes (PMN) and lymphocytes from the blood stream
into brain tissue. This is followed by a process called resolu-
tion, a turning off mechanism by neural cells to limit tissue
injury. Acute inflammation normally resolves spontaneously,
but the mechanism associated with this process remains
elusive [48].

The chronic activation of microglia may not only cause
neuronal damage through the release of proinflammatory
cytokines and chemokines, but also ROS, proteinases and
complement proteins. Very little is known about molecular
mechanisms and internal and external factors that control
and modulate the dynamics of acute and chronic neuroin-
flammation. Collective evidence suggests that inflammatory
response involves the interplay not only among microglia,
astrocytes, neurons, PMN, and endothelial cells, but also
among various lipid mediators that originate from enzy-
matic and nonenzymatic degradation of neural membrane
glycerophospholipids sphingolipids and cholesterol [44,
49]. In addition, transcription factors such as peroxisome
proliferator-activated receptor (PPAR) and NF-κB also play
an important role in modulation of inflammatory responses.

During inflammatory response expression and
activities of a number of enzymes including secretory
phospholipase A2 (sPLA2), cytosolic phospholipase A2

(cPLA2), cyclooxygenase-2 (COX-2), and lipoxygenases
(LOX), that release ARA and convert it to proinflammatory
prostaglandin (PGE2) and leukotriene B4, are markedly
increased [44]. Lysophospholipids, the other product of

PLA2 catalyzed reaction is converted to proinflammatory
lipid mediator, the platelet-activating factor (PAF).
Generation of prostaglandins and PAF increases the intensity
of inflammatory response [12]. During inflammatory
response, upregulation of inducible NOS (iNOS) generates
high levels of nitric oxide and peroxynitrite (ONOO−),
which not only nitrates proteins but breaks down into
hydroxyl radicals promoting further intensification
of inflammatory response. In addition, at the site of
neurodegenerative process, neural and nonneural cells
express and secrete cytokines, chemokine, and complement
proteins, which also play important roles in induction,
propagation, and maintenance of inflammatory response
[12, 44].

Cytokines are major effectors of the inflammatory
response. Cytokines produce their effects by interacting
with specific membrane-associated receptors. Cytokines play
an-important role in neural cell response to neurode-
generative processes [50]. Although physiological levels
of cytokines are needed for normal neural cell function
and survival, but increased secretion of cytokines during
neurodegenerative process can be detrimental to neurons
[51]. Tumor necrosis factor-α (TNF-α) and interleukin-1β
(IL-1β) are major cytokines that are upregulated in the
brain tissue during inflammatory response (Table 1). In
addition, interleukin-1α (IL-1α), interleukin-3, interleukin-
6 (IL-6), and tumor and growth factors (TGF-α and β)
are also secreted by both microglia and astrocytes during
inflammatory response. Accumulating evidence suggests
that secretion and interactions of various cytokines during
inflammatory response may result in their synergistic or
antagonistic activities through a complex network that not
only involves their feedback loops, but also modulates
levels of various lipid mediators by regulating activities of
isoforms of PLA2, COX-2, NOS [51, 52]. The consequences
of excessive inflammatory response include secretion of high
levels of proinflammatory cytokines and chemokines and
production of more free radical causing more oxidative
stress, which can not only damage neurons through the
downregulation of neurotrophins and their receptors but
also by blocking neurogenesis. In addition, the interactions
of cytokines with their receptors result in activation of
cascades of protein kinases, which may lead to the activation
of transcription factor, nuclear factor kappa B (NF-κB).
Activated NF-κB migrates to the nucleus where it mediates
the transcription of many genes implicated in inflammatory
and immune responses [44]. These genes include COX-
2, intracellular adhesion molecule-1 (ICAM-1), vascular
adhesion molecule-1 (VCAM-1), E-selectin, TNF-α, IL-1β,
IL-6, sPLA2, inducible nitric oxide synthase (iNOS), and
matrix metalloproteinases (MMPs). It is not known whether
inflammatory response in neurodegenerative diseases is the
consequence or the cause of neurodegeneration [12].

5. Inflammation in PD Brain

Aging, genetic disposition, increase in iron levels, and
environmental factors may trigger the abnormality in pro-
teasomal function leading to the initiation and deposition of
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mutated α-synuclein and induction of Lewy body formation
in the brain (Figure 1). Neuromelanin (NM), an iron binding
complex polymer pigment, interacts with α-synuclein and
contributes to its aggregation. Neuromelanin (NM) occurs in
catecholaminergic neurons of the substantia nigra and locus
coeruleus in human brains and in brains of different animal
species [53]. In brain, the conversion of dopamine to NM
through the generation of aminochrome and polymerization
is facilitated by iron, and this process is blocked by iron
chelator, desferrioxamine [53, 54]. The interactions between
iron and NM not only promote NM synthesis but also play
an important role in intraneuronal iron homeostasis [53].
In PD, where nigral iron levels are increased, saturation
of high-affinity iron-binding sites on NM may saturate
the protective capacity of this molecule, leading instead to
an increase in redox-active iron, and subsequent cellular
damage both in vitro and in vivo [53, 55]. The increase
in the release of iron from NM modulates the ubiquitin-
proteasome system in mitochondria, leading to the failure to
clear proteins such as α-synuclein and to the development
of abnormal α-synuclein-immunopositive Lewy bodies that
may facilitate the degeneration of dopaminergic neurons
in PD [55]. During neurodegenerative process, microgliosis
may also play a crucial role. It is proposed that NM acts
as a stimulus and triggers microgliosis in animal and cell
culture models of PD [56, 57]. This proposal is supported by
studies on injections of NM in rat brain cerebral cortex and
substantia nigra to monitor microglial cell activation (Iba-
1 and/or GFAP antibody) and neurodegeneration (tyrosine
hydroxylase) [57]. In this study, LPS injections are used as
positive controls and PBS injections are used as negative
controls. The injections of LPS induce a strong inflammatory
response in the cortex as well in the substantia nigra. Similar
results have been obtained in NM injected brains, and
PBS injections induce only moderate or no glial activation.
However, the inflammatory response declines during the
time course when LPS and NM were different. In the NM
injected group strong microglia activation is accompanied by
a significant dopaminergic cell loss after 1 week of survival
time whereas in LPS-injected, brains inflammatory response
declines during the time course. These results clearly indicate
that extracellular NM may be one of the key molecules
leading to microglial activation and neuronal cell death in
the substantia nigra [57]. It is proposed that extraneuronal
melanin may trigger microgliosis, microglial chemotaxis
and microglial activation in PD with subsequent release
of neurotoxic mediators. The addition of human NM to
microglial cell cultures not only produces positive chemotac-
tic effects, but activates the proinflammatory transcription
factor nuclear factor-κB (NF-κB) via phosphorylation and
degradation of the inhibitor protein κB (I-κB), and induces
an upregulation of TNF-α, IL-6 and NO [56]. In addition,
microglial cells secrete a myriad of factors, such as cytokines,
chemokines, prostaglandins, ROS and RNS, and growth
factors [58]. Some of these factors produce neuroprotective
and trophic effects and promote in brain repair processes,
while others increase oxidative stress and induce and mediate
apoptotic cascades in neurons. Therefore, pro- and anti-
inflammatory responses must be in balance to prevent the

potential detrimental effects of prolonged or unregulated
inflammation-induced oxidative stress on vulnerable neu-
ronal populations. Accumulating evidence suggests that in
PD degeneration of dopaminergic neurons in substantia
nigra is accompanied not only by the progressive loss of
NM but also by the induction of microgliosis [59]. Although
NM particles are phagocytized and degraded by microglial
cells within minutes, but extracellular NM particle-mediated
microglial activation results in the generation of superoxide,
nitric oxide, hydrogen peroxide, and other proinflammatory
factors including cytokines and chemokines, which support
oxidative stress and inflammation in the brain [36, 37, 59].

6. Conclusions

PD is a common neurodegenerative movement disorder,
which affects increasing number of elderly population. The
disorder is caused by a selective degeneration of dopaminer-
gic neurons in the substantia nigra pars compacta. Although
the molecular mechanism associated with neurodegener-
ation in PD is not known, it is becoming increasingly
evident that neurodegeneration in PD is a multifactorial
process that may involve monoamine oxidase-mediated
abnormal dopamine metabolism, increase in iron levels,
hydrogen peroxide generation, abnormal mitochondrial and
proteasomal function along with microgliosis may be closely
associated with the pathogenesis of PD. Microglial cells play
a critical role in forming a self-propelling cycle leading
to sustained chronic neuroinflammation and driving the
progressive neurodegeneration in PD. The above-mentioned
processes have been shown to contribute to the oxidative
stress, accumulation of α-synuclein, and neuroinflammation
not only in cell culture and animal models of PD, but also in
brains of PD patients.
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Lipopolysaccharide (LPS), an endotoxin from Gram-negative bacteria, acts as a potent stimulator of microglia and has been
used to study the inflammatory process in the pathogenesis of Parkinson’s disease (PD) and anti-inflammatory therapy for PD
treatment. Here, we review the growing body of literature on both in vitro and in vivo LPS PD models. Primary cell cultures from
mesencephalic tissue were exposed to LPS in vitro; LPS was stereotaxically injected into the substantia nigra, striatum, or globus
pallidus of brain or injected into the peritoneal cavity of the animal in vivo. In conclusion, the LPS PD models are summarized
as (1) local and direct LPS treatment and (2) systemic LPS treatment. Mechanisms underlying the PD models are investigated
and indicated that LPS induces microglial activation to release a variety of neurotoxic factors, and damaged neurons may trigger
reactive microgliosis, which lead to progressive dopaminergic neurodegeneration.

1. Introduction

Parkinson’s disease (PD) is the most prevalent neurode-
generative movement disorder. In PD, clinical symptoms
including tremor, rigidity, and bradykinesia are primarily
resulted from the loss of dopamine-containing neurons in
the substantia nigra pars compacta. Although the etiology
and pathogenesis of PD remain not fully elucidated, many
interacting pathological processes appear to contribute to
dopaminergic neuron degeneration in the disease. Recently,
inflammatory processes have been implicated as one of
the active contributors to dopaminergic neuron damage
in the development and progression of the disease [1,
2]. In the central nervous system, microglia, the resident
innate immune cells, play a major role in the inflammatory
process. Typically microglia exist in a resting state char-
acterized by ramified morphology and monitor the brain
environment [3]. In response to various pathogenic stimuli
including inflammation, microglia are readily activated and
undergo a transformation to amoeboid morphology with an
upregulated catalogue of surface molecules [3–5]. Activated
microglia can serve diverse beneficial functions essential
to neuron survival, which include cellular maintenance
and innate immunity [6]. However, uncontrolled activated
microglia produces a variety of neurotoxic factors such
as proinflammatory cytokines (interleukin-1 (IL-1), tumor

necrosis factor alpha (TNF-α), interleukin-6 (IL-6)), nitro
oxide (NO), prostaglandin E2, and superoxide, which lead
to neuronal damage or death [1, 7–10]. Additionally, dam-
aged neurons may emit injury signals to cause microglia
activation, which used to be defined as reactive microgliosis
[11]. This microglial-neuronal interaction will be reinforced
and become a self-amplifying cycle of neuronal injury and
microglial activation, which finally leads to more neuronal
damage and death. Importantly, clinical researches have
reported that microglial activation was found in the nigros-
triatal system of PD patients [12–14]. Therefore, it is essential
to study the inflammatory process in PD, which may help
us understand the pathogenesis of the disease and eventually
develop an effective therapeutic strategy.

Over the last two decades, studies in animal models have
demonstrated that inflammation induced by lipopolysac-
charide (LPS) can replicate some characteristics of PD,
including extensive activation of microglia and selective loss
of dopaminergic neurons in the nigrostriatal system [15–19].
The history of understanding LPS starts in the late nineteenth
century. LPS is found in the outer membrane of Gram-
negative bacteria and acts as endotoxin. LPS from many
Gram-negative bacteria species initiates acute inflammatory
responses in mammals and induces a diverse range of effects,
ranging from pyrexia to Gram-negative septic shock [20].
Thus, using different serotypes of LPS and their different
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application routes may cause different outcomes [21]. More-
over, LPSs from different bacteria species share common fea-
tures in their basic architecture, which consists of three cova-
lently linked segments, a surface carbohydrate polymer (O-
specific chain), a core oligosaccharide featuring an outer and
inner region, and an acylated glycolipid (termed lipid A). The
O-specific chain shows the most diversity and is the basis for
serological specificity, while lipid A, which anchors the LPS
molecule in the Gram-negative outer membrane, is the most
conserved biochemical structure across different bacterial
species [20]. There is wide acceptance that the lipid A moiety
is the innate immune stimulating or endotoxic component of
LPS [22]. In addition, it is documented that LPS-associated
pathology results from the stimulation of host cell responses,
in which LPS binds to specific receptors in order to elicit the
release of cytokines and other inflammatory mediators. Sev-
eral membrane-bound and soluble proteins have been shown
to bind LPS; the most important appear to be CD14 and LPS-
binding protein (LBP) and the toll-like receptor (TLR) family
which is a recently discovered group of transmembrane
receptors [23, 24]. In the central nervous system, it is
found that systemic LPS injection upregulated its membrane
CD14 receptor within specific cellular populations including
microglia in the brain [25]. Thereafter, microglia were
identified as the major LPS-responsive cell in the brain. LPS
binds to TLR4 on microglia and induces microglial activation
that results in neuronal damage [26, 27].

LPS acts as an endotoxin and elicits multiple pathological
effects in human beings. One case report may uncover a
potential link between LPS infection and the development
of Parkinsonism. A 22-year-old laboratory worker was acci-
dentally exposed to 10 μg Salmonella minnesota LPS through
an open wound and developed Parkinson’s syndrome with
bradykinesia, rigidity, tremor, and cogwheel phenomenon
three weeks later; damage to the substantia nigra and
cerebral cortex was shown by positron emission tomography
a few years after the accident [28]. However, it is known
that LPS from many bacterial species such as Salmonella,
Pseudomonas, Vibrio, and Rhizobium can initiate acute
inflammatory responses in mammals and induce a large and
diverse range of effects, ranging from pyrexia and Gram-
negative septic shock [29]. There is another case report
regarding the Salmonella endotoxin exposure. One middle-
aged laboratory worker was self-administered intravenously
a single large dose of endotoxin (1 mg Salmonella minnesota
LPS) and immediately developed a severe septic shock
syndrome with multiple-organ dysfunction. The patient
was successfully rescued in the emergency room, and there
has been no follow-up report to date [30]. Thus, further
investigation and more epidemiologic data are needed to
exploit the relationship between endotoxin and PD.

In the current paper, we present a summary of a variety
of LPS PD models and discuss their strengths and limitations,
which may be helpful for the future LPS PD study.

2. In Vitro Studies of LPS PD Model

2.1. LPS Treatment to Cell Culture from Mesencephalic Tissue.
Bronstein et al. in 1995 reported the comparison study

between the dopaminergic neurotoxin 6-hydroxydopamine
(6-OHDA) and LPS in rat mesencephalic cultures [31].
Investigators found that, in the neuron-enriched cultures,
6-OHDA killed 89% of the tyrosine hydroxylase- (TH-)
immunopositive neurons, but LPS (50 μg/mL) was not
neurotoxic; however, in the mixed neuron-glial cultures, 6-
OHDA killed only 27% of the TH-immunopositive neurons,
but LPS killed 70% of the TH-immunopositive neurons. This
early experiment suggested that the dopaminergic neuro-
toxicity of LPS is dependent on the presence of microglia.
Subsequently, dopaminergic neurotoxicity of LPS was con-
firmed by the other groups on rat mesencephalic mixed
neuron-glial cultures and demonstrated that LPS induced
microglial activation, and activated microglia released the
proinflammatory and cytotoxic factors: NO, TNF-α, and IL-
1β, which lead to dopaminergic neuron damage [32, 33]. In
addition, the dopaminergic neurotoxicity of LPS was studied
on mouse mesencephalic neuron-glial culture, and it was
found that the neurotoxicity was mainly mediated through
LPS-induced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activation on microglia, which generated
reactive oxygen species production, which are neurotoxic
factors [34].

In the studies of LPS-treated primary cultures generated
from forebrains of embryonic day 17 mice, the investigators
found that the LPS neurotoxicity occurred through binding
the signal-transducing receptor, TLR4; microglia are the
major cells in the central nervous system that express
TLR4. However, it is emphasized that the toxic effect of
LPS on neurons is a general phenomenon, independent of
neuronal subtype [26]. Thus, LPS may cause neurotoxicity
without selectivity for neuronal types. Since previous studies
from primary microglia cultures have found LPS treatment
induced the release of proinflammatory and cytotoxic factors
from microglia [35, 36], the investigators suggested that the
activation of TLR4 on microglia may initiate the intracellular
signaling pathway of microglia, and result in the release of
proinflammatory mediators which cause neuronal damage
[26].

3. In Vivo Studies of LPS PD Model

3.1. Intranigral Injection of LPS. In order to study the
response of the nigrostriatal system to inflammation, Bing
et al. and Castaño et al. independently reported the PD
model of LPS intranigral injection in 1998 [15, 16]. After
LPS was stereotaxically injected into the nigral area of rats,
investigators found that LPS induced microglia activation
and dopaminergic neuron loss in the substantia nigra [15,
16]. In a following study, it was reported that LPS-induced
dopaminergic neuronal damage was permanent, as observed
one year postinjection. Moreover, there was no detectable
damage to either the GABAergic or the serotoninergic
neurons in the striatum and nigra after LPS injection,
indicating that LPS selectively induced dopaminergic neuron
death in the nigrostriatal system [37]. Thereafter, more
studies confirmed the results and also found the increased
level of proinflammatory cytokines including IL-1β, TNF-
α, IL-6, and NO in the substantia nigra after LPS injection,
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which may be causal factor for LPS-induced neuronal
damage [38–40]. In addition, the effects of intranigral LPS
injection on behavior and dopamine content and turnover
were investigated and showed that LPS treatment enhanced
locomotor activity 2- to 3-fold and increased dopamine
turnover ratios in comparison with control subjects. This
suggests that LPS insult may induce a compensatory response
of dopaminergic system [41].

3.2. Intrapallidal Injection of LPS. The globus pallidus is a
major integrative nucleus within the basal ganglia, with neu-
rons projecting to striatum, subthalamic nucleus, entope-
duncular nucleus, and substantia nigra. Thus, the globus
pallidus is positioned to influence the nigrostriatal pathway
and function of the basal ganglia as a whole. LPS was injected
into the globus pallidus of young and middle-aged rats. The
results showed that microglial activation was found in both
globus pallidus and substantia nigra, dopaminergic neurons
were significantly and progressively decreased in the substan-
tia nigra, and locomotor deficits were detected in animal after
LPS injection [17]. Moreover, the following study reported
an increased level of proinflammatory cytokines including
IL-1β, TNF-α, and IL-6, the elevated expression of inducible
nitric oxide synthase, and the enhanced α-synuclein nitration
and oligomerization in the substantia nigra of LPS-injected
animal [42]. Interestingly, the above pathological changes
were much severer in middle-aged animals when compared
with the younger animals after LPS treatment, supporting the
view that aging itself is a risk factor for PD development [42].
Inflammation promotes the release of neurotoxic factors and
the development of synucleinopathy lesions that finally lead
to dopaminergic neurodegeneration in PD model of LPS
intrapallidal injection. Additionally, the finding of abnormal
α-synuclein may help us to explore the mechanisms under-
lying progressive loss of dopaminergic neurons in LPS PD
models. It is reported that aggregated α-synuclein induced
microglial activation in a primary mesencephalic neuron-glia
culture system [43], thus the pathological process of reactive
microgliosis may be triggered and microglial activation may
become uncontrolled, which eventually result in progressive
dopaminergic neurotoxicity.

3.3. Intrastriatal Injection of LPS. In the nigrostriatal system,
the cell bodies of dopaminergic neurons are located in the
substantia nigra and their dopamine-containing terminals
are distributed in the striatum. After LPS was injected into
the striatum of rats, we detected a progressive degeneration
of dopamine cell bodies in the substantia nigra and their
axonal terminals in the striatum, a depletion of dopamine
content in the striatum, cytoplasmic accumulation of α-
synuclein and ubiquitin in the nigral dopamine neu-
rons, and behavioral deficits assessed by cylinder test and
amphetamine-induced rotational behavior behavioral test
[19, 44–46]. Molecular mechanisms underlying the neuro-
toxicity of LPS intrastriatal injection included activation of
microglia, impairment of mitochondria state III and state
V respiration, and an increased release of proinflammatory
mediators: IL-1β, TNF-α, IL-6, IL-1α, and NO, in both
the substantia nigra and the striatum. This indicates that

the inflammatory insult or stimuli in the striatum not only
directly damaged the terminals of dopaminergic neurons in
the striatum, but also indirectly damaged the cell bodies of
dopaminergic neurons in the substantia nigra through an
unknown retrograde signal transduction pathway [19, 44,
45].

3.4. Intraperitoneal/Systemic Injection of LPS. To study how
infectious disease through blood transmission affects the
development of neurodegenerative disease in the central
nervous system, LPS was systemically injected into animals.
Early work reported that after systemic (intraperitoneal or
intravenous) injection of LPS, LPS has the ability to target the
brain in upregulating its membrane CD14 receptor within
specific cellular populations including microglia, which is
likely to be responsible for the transcription of proinflam-
matory cytokines: first within accessible structures from the
blood and thereafter through scattered parenchymal cells
during severe sepsis [25]. In addition, early work also showed
that intraperitoneal endotoxin even at a high dose (2 mg/kg
of LPS, which has cardiovascular effects, e.g., a decrease
in blood pressure) into rats did not disrupt blood-brain
barrier (BBB) permeability, suggesting that intraperitoneal
LPS administration is unlikely to contribute to the observed
central nervous system mediated effects of endotoxin [47].
However, other studies have found that some cytokines
including TNF-α and IL-1 can be transported across the
BBB by saturable transport systems, which are able to
directly affect central nervous system functions [48, 49].
Using the intraperitoneal injection of LPS in mice, Qin
et al. reported that increased cytokine TNF-α due to LPS
insult was critical for the transfer of inflammation from the
periphery to the central nervous system to induce microglial
activation and dopaminergic neuron loss in the substantia
nigra at 7 and 9 months posttreatment [18]. Nevertheless,
Byler et al. found that systemic LPS injection alone did
not affect dopamine levels or Parkinsonian behavioral tests
in mice whereas systemic LPS plus MPTP in combination
induced the depletion of dopamine in the striatum and
Parkinsonian behavioral deficits (reduced stride length) at
4 months postinjection [50]. In addition, MPTP treatment
alone reduced striatal dopamine levels quickly but they
recovered to normal levels later, addressing the point that
nigrostriatal dopamine neurons may succumb after time to
multiple toxic agents [50].

4. Implication Using the Animal LPS PD Models

A number of studies have suggested that microglial activation
plays a key role in the initiation and progression of PD
[8, 12, 13, 51, 52]. LPS PD models provide us with
a good tool to investigate the inflammatory process in
PD development and anti-inflammation therapy for PD
treatment. For example, naloxone, an antagonist of opioid
receptors, provided the dopaminergic neuroprotective effects
against LPS damage [32, 38, 53]. Interleukin-10, a natural
immune modulator, reduced LPS-induced dopaminergic
neurotoxicity by inhibiting microglial activation [40, 54].
Pioglitazone, an agonist of peroxisome proliferator-activated
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Figure 1: LPS induces progressive neurotoxicity. In response to LPS stimuli, microglial cells are readily activated. It is demonstrated
that LPS binds to specific receptors, for example, CD14/TLR4/LBP receptor complex on the microglia, to induce microglial activation.
Uncontrolled microglial activation produce a variety of neurotoxic factors such as proinflammatory cytokines (IL-1, TNF-α, IL-6), NO,
PGE2, and O2

−, which lead to neuronal damage or death through a cascade of events such as oxidative/nitrative stress, mitochondrial
dysfunction, and apoptosis. Moreover, damaged neurons may emit injury signals to cause microglia activation, which is defined as reactive
microgliosis. The injury signals could be neuromelanin and α-synuclein released by injured dopaminergic neurons. This microglial-neuronal
interaction will be reinforced and become a self-amplifying cycle of neuronal injury and microglial activation, which may finally result in
the neurodegenerative disease.

receptor gamma, improved dopaminergic neuron survival
by restoring mitochondrial function, decreasing the release
of proinflammatory mediators and suppressing the oxida-
tive stress [33, 45, 55, 56]. Minocycline, a semisynthetic
second-generation tetracycline, exerts potential neuropro-
tective effects by reducing the inflammatory response and
inhibiting apoptotic cell death [57–59]. Among all of these,
minocycline is receiving a great deal of attention for its
potent antiinflammatory and anti-apoptosis effects. It has
been demonstrated that minocycline has few safety concerns
and that it should be considered for a large phase III efficacy
trial after phase II clinical trials in early PD patients [60, 61].
Currently, minocycline is used in many ongoing clinical trials
for various diseases including PD [62].

5. Discussion of LPS PD Models

Mechanisms underlying the LPS PD models are investi-
gated and indicated that LPS induces microglial activation,
activated microglia release proinflammatory and neurotoxic
factors such as IL-1, TNF-α, IL-6, and NO to cause neuronal
damage [40, 42, 63], and damaged neuron may emit injury
signals such as neuromelanin and abnormal α-synuclein to
trigger reactive microgliosis [43, 64, 65]. This neuronal-
microglial interaction may be reinforced and become a self-
amplifying cycle to result in progressive dopaminergic neu-
rodegeneration (Figure 1). Based on the application routes
in these LPS PD models, we summarize them as follows:
(1) LPS is directly and locally applied into the nigrostriatal
system and its related structures, such as LPS treatment in
mesencephalic cell culture systems in vitro and stereotaxic
injection of LPS in nigra, striatum or globus pallidus in vivo;
(2) LPS is systemically administered and selectively affects
the nigrostriatal system, such as intraperitoneal injection of

LPS in vivo. First, let us discuss the local and direct LPS
treatment of PD models. Many studies have suggested that
dopaminergic neurons are more vulnerable than others in
the nigrostriatal system to inflammation-mediated neuro-
toxicity owing to their precarious redox equilibrium and
colocalization with a large population of microglia [2, 66].
Thus, inflammatory responses induced by direct and local
LPS treatment may selectively cause dopaminergic neuron
damage in mesencephalic tissue in vitro and in the nigrostri-
atal system in vivo. For stereotaxic injection of LPS in nigra,
striatum, or globus pallidus in vivo, because of the smaller
size of the nigral area compared with the striatum/globus
pallidus area and the dense distribution of dopaminergic
neurons in the nigra, intranigral injection itself may cause
severe mechanical injury to neurons and glial cells in the
nigral area whereas intrastriatal/intrapallidal LPS injection
has the advantage of keeping intact the structure of the nigra
for enabling the study of the toxic effect of inflammation on
neurons. Moreover, intrastriatal/intrapallidal LPS treatment
not only induces progressive dopaminergic neuron loss, but
also leads to behavioral deficits in animal studies. Thus
intrastriatal/intrapallidal LPS injection may be a better PD
model in vivo. Next, let us discuss the systemic LPS treatment
of PD model. There remains a puzzle how systemic treatment
of LPS selectively induced dopaminergic neuron death in
the nigrostriatal system of brain. We know that LPS acts
as a potent stimulator of microglia and microglia density
varies by brain region in human and animals. It has been
reported that the level of microglial cells was high in the
medulla oblongata and pons in comparison with that in
the substantia nigra, hippocampus, thalamus, basal ganglia,
and pedunculus cerebri in an adult normal human brain
study [67]. Likewise, microglial cells are not uniformly
distributed in the normal adult mouse brain. Lawson et al.
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reported that microglial densely populated areas include the
hippocampus, olfactory telencephalon, basal ganglia, and
substantia nigra in the adult mouse brain [68]. Importantly,
these studies demonstrate that the density of microglial
cells in the substantia nigra is similar to that in the
hippocampus, basal ganglia, and so on for both the human
and mouse brains. In other words, microglia activation
and subsequent proinflammatory cytokines release due to
LPS insult may occur in several brain regions, but not in
nigral area alone. For example, LPS is also widely used in
experimental in vitro and in vivo models of inflammation
and amyloidosis for Alzheimer’s disease [69, 70]. Thus, it
needs further investigation for the selective dopaminergic
neurodegeneration in the substantia nigra after systemic
LPS treatment. In summary, bacterial endotoxin LPS used
as a potent stimulator of glial cells, especially microglia,
help us to study the molecular mechanism underlying
inflammatory processes in neurodegenerative diseases in the
central nervous system. Direct and local LPS treatment in the
nigrostriatal system and its related structures may be better
PD models to study the etiology and therapeutic strategies
for inflammation in PD.
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Parkinson’s disease (PD) is characterized by the progressive degeneration of neurons in the substantia nigra pars compacta (SN).
The naı̈ve SN is highly susceptible to inflammation. In addition, microglial activation in the degenerating SN displays distinct
characteristics that increase the reactivity of the region towards inflammatory stimuli. On the other hand, gene therapy for PD
has recently move forward into clinical settings, with PD being the neurodegenerative disorder with the highest number of Phase
I/II gene therapy clinical trials approved and completed. These clinical trials are not targeting the SN, but this region is a certain
candidate for future gene therapy interventions. Here, the unique immune-related properties of the degenerating SN in the context
of a putative gene therapy intervention are reviewed. Several variables affecting the host response to gene delivery such as vector
type and dosage, age and stage of disease of patients, and method of gene delivery and transgene used are discussed. Finally,
approaches to diminish the risk of immune-mediated toxicity by gene transfer in the SN are presented.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
characterised by the progressive loss of dopaminergic neu-
rons in the substantia nigra pars compacta (SN) (reviewed
in [1]). The aetiology of the most common forms of PD
remains unknown. Current therapeutic treatments comprise
pharmacological strategies to compensate for dopamine defi-
ciency or surgical interventions that reduce the hyperactivity
of specific regions within the basal ganglia (reviewed in [2]).
However, dopamine replacement can lead to undesired side-
effects 5–10 years after the beginning of treatment [3]. As no
treatment is available that can prevent disease progression,
the search for new therapeutic interventions is intense. In
particular, gene therapy approaches have successfully reached
the clinical trial stage in a number of cases [4]. Approved
gene therapy clinical trials are based on restoring the activity
of the basal ganglia by providing growth factors, inhibiting
hyperactive regions, or enhancing dopamine synthesis [4].

Viral gene delivery seems to be the method of choice
for gene therapy for PD due to its high efficiency for gene

transduction. A drawback to the delivery of genes via viral
vectors comes by introducing an antigenic load into the
brain. These antigens will invariably elicit a transient innate
immune response [5]. The nature and functional (toxic or
protective) consequences of this response will vary depend-
ing on a number of variables but of utmost importance is
the region of gene transfer, the viral dose used, and the state
of microglial activation in that region [5]. Importantly, the
SN is highly susceptible to the toxic effects of inflammation
[6, 7]. In addition, microglial activation during neurodegen-
eration in this region possesses particular features that could
exacerbate disease progression if a proinflammatory stimulus
hits the SN [8].

This paper will focus on the properties of microglial
activation in the degenerating SN in PD. In addition, the
immune reaction after gene delivery by adenoviral, adeno-
associated, and lentiviral vectors in the CNS will be dis-
cussed. Finally, a list of risk factors and parameters that
could be considered when assessing the possible influence
of gene transfer to the SN is presented as well as alternative
approaches to circumvent inflammation-mediated toxicity.
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2. Inflammation in the Central Nervous System

Inflammation in the Central Nervous System (CNS) has dif-
ferent features according to (i) the region in which it occurs,
(ii) the stimulus, and (iii) the molecular and cellular milieu at
the time of the response. For example, inflammation in the
brain parenchyma is usually restricted to certain leukocyte
populations, harder to initiate, and less widespread than
inflammation when it occurs in the ventricles, meninges, and
choroid plexus [9]. At these sites the characteristics are more
reminiscent of a typical systemic inflammatory response.
This difference is mainly due to the absence of dendritic
cells, conventional lymphatics, the downregulation of major
histocompatibility complex (MHC) molecules within the
CNS parenchyma, and the presence of local immunosup-
pressive factors (reviewed in [4, 9–11]). In addition, the
innate inflammatory response in the CNS parenchyma does
not always lead to an activation of the adaptive arm of the
immune system (reviewed in [12]).

By origin and function, microglial cells can be regarded
as the resident macrophages of the brain and are the main
innate immune cells in the CNS. Microglial activation is
a highly dynamic process [13–15] and involves phenotypic
and reversible transitions that have been categorized into at
least 4 stages according to Kreutzberg [16] (see Figure 1).
Microglial activation is a patho-physiological feature of many
brain diseases and for many years its key function was
thought to be solely the removal of cellular debris [13]. Over-
whelming evidence now shows that microglial activation is
a phenomenon actively involved in neurodegeneration or
neuroprotection (reviewed in [13, 17]).

Despite the many differences among animal models of
PD and among PD patients, a common feature found in the
SN in PD is the presence of microglial activation (reviewed
in [13, 17–20]). Since the first description of microglial
activation in the SN of PD brains by McGeer and colleagues
in 1988 [21], numerous studies (more than 30) have repeated
this observation in animal models and PD patients (reviewed
in [13, 19]). Microglial-secreted factors that are associated
with PD pathology include Interleukin-(IL) 1β, Tumor
necrosis Factor α (TNF), IL-6, IL-2, Interferon-γ (IFN-γ),
prostaglandins, and reactive oxygen and nitrogen species (for
a comprehensive review see [22]). This is unlike astrogliosis,
which is not as pronounced nor so consistently present
in PD patients or animal models [23, 24]. Therefore, the
discussion will be focused on microglial activation. The role
of astrocytes in PD has been recently discussed in [19].

3. Microglial Activation and PD-Animal Models

In the 6-OHDA model of nigrostriatal neurodegeneration,
microglial activation in the SN was morphological defined
as stage II and III, but not IV [24], see Figure 1. Dur-
ing the neurodegenerative process, transcription but not
translation of key proinflammatory cytokines, was markedly
increased [24]. In this way no proinflammatory environment
was generated as a consequence of neuronal cell death.
Therefore, microglial activation during neurodegeneration
is not associated with the production of a proinflammatory

milieu, as previously presupposed [8, 24]. This observation
concurs with the physiological role of macrophages during
the clearance of apoptotic cells in the periphery where such
macrophage activation does not promote inflammation [25].
An example of this would be the clearance of neutrophils: it is
estimated that 1010 neutrophils/day enter apoptosis and that
macrophages are responsible for removing them in humans.
Were this process to be proinflammatory, the human body
would be permanently inflamed. In PD, most if not all
neuronal loss in the SN is supposed to be apoptotic [26] and
thus, even though activated microglia are essential to remove
neuronal cell debris, a proinflammatory milieu should not be
expected from this activation.

Activated microglial cells with higher proinflammatory
cytokine mRNA but not protein expression have been
described as being in a “primed” state, ready to produce an
outburst of proinflammatory cytokines if a second stimulus
appears (see Figure 1). Indeed, it has been demonstrated
that if a subtoxic dose of a proinflammatory stimulus, such
as bacterial endotoxin, is delivered to the degenerating SN,
the translation of increased levels of mRNA coding for IL-1
takes place and an intense proinflammatory environment is
generated [8]. Interestingly, this effect can also be elicited
systemically by the sustained expression of circulating IL-1
[8]. Of utmost importance was the observation that this
displacement of the equilibrium towards a proinflammatory
milieu in the SN exacerbated disease progression and
triggered earlier and more pronounced motor signs [8]
(see Figure 1). Reversing the order of the stimuli could
lead to a similar or a different observation. It has been
described that previous exposure to LPS rendered the
animals more susceptible to the neurotoxic effects of 6-
OHDA [27]. On the other hand, the prior inoculation of
IL-1 has a neuroprotective effects on the nigral neurons
[28]. In addition, if this preexposition to inflammation was
performed during pregnancy, the adult offspring were not
only more susceptible to 6-OHDA administration, but had
fewer dopaminergic cells in the SN at postnatal day 10
compared to controls [29, 30].

Neurons in the SN have been shown to be particularly
susceptible to microglial-mediated toxicity in vitro and
in vivo [6, 7], and anti-inflammatory interventions have
been shown to be neuroprotective in animal models of
PD [31–35]. By contrast, some early work has reported
neuroprotective effects of inflammatory mediators. Variables
such as duration and amount of expression of a specific
cytokine seem to be important to anticipate the final effect of
a given cytokine on neuronal viability. For example, the acute
injection of IL-1β in the SN was not toxic for dopaminergic
neurons in vivo if the cytokine was injected alone (10 ng
or 1000 Units) or in combination with 1000 Units of TNF
and 100 Units of IFN-γ in the SN [36, 37]. If, however,
the expression of IL-1 or TNF in the SN was sustained
between 14 and 21 days, it caused neuronal death, motor
symptoms, and microglial activation to Stage IV [38–40].
Similarly, long-term inhibition of IL-1 or TNF attenuated
loss of dopaminergic neurons in PD models [8, 41–43].

It can be concluded from these data that dosage and
duration of expression are important to predict an effect of
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Figure 1: Schematic representation of the interactions between microglial activation and gene transfer. During neuronal death, microglial
cells are activated to a “primed” state, where no proinflammatory cytokines are secreted. After receiving an additional (proinflammatory)
stimulus, microglia activation changes into an exacerbated proinflammatory state that leads to increased neurodegeneration. Depending on
variables such as type and dosage of vector used, inoculation of viral vectors might provide this second proinflammatory stimulus.

a given cytokine on neuronal viability in the SN. However,
some univocal effects could be defined. For example, if a
subtoxic inflammatory stimulus is present in the degener-
ating SN where “primed” microglia are present, neuronal
death could be exacerbated. Similarly, if the expression of
IL-1 or TNF in the SN at proinflammatory levels is sustained,
neuronal cell death is likely to occur.

4. Microglial Activation and PD-Clinical Data

As explained above, microglial activation has been found in
the SN of PD patients (reviewed in [13, 19]) in postmortem
tissue sample and also by noninvasive imaging [20, 44]. In
addition, higher expression levels of IL-1, IL-2, IL-6, and
TNF were found in striatal postmortem samples of PD
patients [45–47]. Using the peripheral benzodiazepine recep-
tor as ligand (PK-11195) in a positron emission tomography
study, neuroinflammatory processes have been verified in the
pons, basal ganglia, and frontal cortex of PD patients [44].

The resolution of this technique has not allowed an accurate
study of the SN. It should also be noted that evidence
from PD patients indicates that microglial activation is not
restricted to the SN, but it can also involve the putamen,
hippocampus, brain stem, and cingulate and temporal cortex
[44, 48].

5. Possible Effects of Inflammation-Eliciting
Gene Transfer on the Degenerating SN

Viral gene delivery will introduce an antigenic load into the
brain [49]. These antigens will invariably elicit at least, a
transient innate immune response [49]. As stated before,
in a naı̈ve CNS, the innate immune response can be
dissociated from the adaptive immune response in the brain
parenchyma; for example, the systemic immune system can
remain ignorant of a first antigenic challenge into the brain
parenchyma. However, what happens if this viral load hits a
brain region in which on-going inflammation or “primed”
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microglial activation (as most likely will occur in the SN
of PD patients) is present? Several variables need to be
considered to answer this complex question, including vector
type, vector dosage, method of delivery, patients’ age, stage of
disease progression, and transgene used.

5.1. Vector Type and Dosage. The three main types of vector
that emerge as solid candidates for gene therapy clinical
trials for PD are adenoviral, adeno-associated, and lentiviral
vectors.

Adenoviral vectors are among the most studied vectors
for gene delivery in the CNS. In particular, the immune
response to this virus in the brain has been extensively inves-
tigated. First-generation adenoviral vectors (Fg-Ad) allow
transgene expression in the naı̈ve brain for up to one year,
which appears to be independent of a transient and initial
inflammatory response [8, 12, 38, 39, 49–53]. However,
preexisting or subsequent systemic immune response to
adenovirus in the host abolish, or at least reduce by half, the
transgene expression and can lead to cytotoxicity ([49–52],
reviewed in [5, 11]). Direct inoculation of 5 × 106 − 1 × 107

infective particles of control adenovectors in the SN, caused
between 10–25% of neurodegeneration per se [39, 40], reen-
forcing the idea of an increased susceptibility of this region
to inflammation. As is the case with any viral vector, dosage
determines the response detected after vector administration.
A threshold of more than 107 infective particles of adenoviral
vectors in the periphery was determined to be needed
to eliminate transgene expression in the brain [52]. This
drawback is not seen when high capacity adenoviral vectors
(hc-Ad) are used for gene transfer in the CNS. Therefore,
hcAd seem to be better vectors for gene transfer in the
brain than Fg-Ad. Nevertheless, the viral capsid is identical
for both vectors and will elicit a response that, within a
degenerating SN, may cause an increase in inflammation
with toxic effects. In addition, internalized adenoviral DNA
activates an inflammasome-dependent maturation of pro-
IL-1 to the active form of IL-1 in macrophages. Thus, it is
not unlikely that any type of adenoviral vector injected in the
degenerating SN will contribute to drive the environment to
a proinflammatory milieu [54].

Adeno-associated vectors (AAV) are the vectors of choice
for the vast majority of gene therapy clinical trials against PD
[4]. The intrastriatal injection of relatively low titers of AAV
(2 − 4 × 108 i.p.) in naı̈ve animals provokes a low innate
immune response with no mononuclear cell infiltrate or
cuffing of nearby blood vessels [55, 56]. However, at higher
doses, a transient but significant astrogliosis can be detected
[57]. In addition, in animal models previously exposed
to systemic AAV, immunization inhibited AAV serotype 2
(AAV-2) gene transfer in the CNS [56], and readministration
of AAV in the brain induced a greater inflammatory response
[56, 58].

Results from Phase I and II clinical trials for PD
have not reported severe adverse effects related to AAV
administration [59–63]. Gene transfer was performed in
the putamen or in the subthalamic nucleus. Despite these
encouraging results, long-term analysis of a bigger cohort
is needed to provide robust data on the degree of safety

of these vectors during gene transfer in the brain. Unfor-
tunately, the possible toxic effects of inflammation that
could mask the potential beneficial effect of the treatment
were apparently not studied. Recently, a Phase I/II clinical
trial has been approved to inoculate patients with AAV
vectors expressing neurturin not only in the putamen,
but also in the SN (http://www.ClinicalTrials.gov identifier:
NCT00985517). According to the data on the susceptibility
of the SN to inflammation discussed above, it will be valuable
to study the inflammatory response to the treatment in each
patient to draw conclusions on safety and possibly efficacy in
this trial.

Lentiviral vectors have been approved as vehicles for
clinical gene transfer of aromatic amino-acid decarboxy-
lase, Tyrosine Hydroxylase (TH) and GTP-cyclohydrolase
1, all three genes necessary for dopamine synthesis [64].
Stimulation of dendritic cells by lentiviral vectors is weak
compared with other single-stranded RNA viruses [65]. In
addition, a reduced immune response has been detected after
brain administration of multiple-deleted lentiviral vectors
[66]. Worryingly, time-and dose-dependent downregulation
of TH, the rate limiting enzyme in dopamine synthesis,
has been reported after lentiviral-delivery of neurturin [67].
In addition, in the periphery, lentiviral delivery of reporter
genes into the lung triggered T-cell mediated immune
responses against the transgene [68]. Results from the above-
mentioned clinical trial are awaited to verify the seem-
ingly low-level immune response against lentiviral vectors
in the brain. Finally, the phenomenon of gene silencing
that depends of vector and promoter used and state of
differentiation of the target cell should be considered [69].
For example, it could be tempting to try to compensate loss
of expression by gene silencing with increased dosage of
vector administered, increasing the probability of eliciting a
proinflammatory response and therefore toxic effects on the
SN.

5.2. Method of Gene Delivery. Independently of the vector
of choice, the method of gene delivery may dramatically
influence the magnitude and characteristics of the immune
reaction against the gene delivery. For example, it is crucial
that the method of vector delivery is accurate enough to
prevent antigens from reaching the brain ventricular system
and the deep cervical lymph nodes so as to keep the systemic
immune system ignorant of the antigenic challenge produced
by gene delivery in the CNS [5]. If this cannot be achieved,
a systemic immune reaction against the viral vector and/or
transgene delivered is likely to be generated [5]. At the very
least, it will foreshorten the temporal expression profile and,
at worst it will promote neurotoxic immune-mediated effects
in the brain (reviewed in [11]). In conclusion, a delivery
method of high accuracy is needed to prevent antigen
diffusion into undesired brain regions.

5.3. Age and Disease Progression. In parallel, age-related
changes in immune reactivity include enhanced Blood-
Brain Barrier permeability and increased microglial and
astroglial reactivity [70–72]. Therefore, changes in the
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immune response against viral gene transfer can be expected
in a manner that is dependent on the age of the treated
subject.

L-Dopa therapy is quite effective in the early stages of
most PD patients. Therefore, most clinical trials, including
those related to gene therapy, are usually target to late-
stage PD patients. It has been proposed that neuroprotective
strategies will not be beneficial to these patients since
at that stage of the disease there are limited amounts
of dopaminergic neurons to protect. Likewise, late-stage
PD patients will have encountered more opportunities for
neuroinflammation in the SN to start and therefore have a
higher risk of vector-mediated toxicity by gene transfer in the
SN.

5.4. Transgene Used. Immune responses against the trans-
gene are not infrequent and depend on whether there has
been a prior exposure to it and whether it is syn- or xenogenic
to the host [11]. In addition, it should also be borne in
mind that chronic inflammation can facilitate dendritic
cell infiltration into the CNS, which can facilitate antigen
presentation to naı̈ve T cells [73]. Again this is a plausible
situation in the degenerating SN.

6. How Can All These Risks Be Minimized?

A better understanding of the immunological component of
the SN in PD patients together with studies on the possible
beneficial effects of complementary anti-inflammatory treat-
ments, changes in vector serotype, novel chemical formu-
lations, and novel vector design will all help to design the
best scenario to avoid undesired effects of an inflammatory
response to gene delivery in the CNS. Alternatively, taking
advantage of certain intrinsic properties of viral vectors
might help to circumvent the risk of inflammation in the SN.
For example, vectors can be used for the retrograde delivery
of genes (e.g., adenoviral vectors could be administered in
the striatal terminals of nigral neurons to deliver genes in the
SN [38]). Certainly, this strategy has the disadvantage that it
can reduce the amount of transgene delivered to the SN as
seems to be the case in the Phase II trial with AAV-neurturin
[63]. Nevertheless, it is a useful strategy to be considered
when planning future gene therapy strategies using different
vectors or transgenes. In addition, analyzing risk factors for
each treatment and patient (age, method of gene delivery,
immunogenicity of vector used, immunological status of
the brain area to treat, influence of the transgene to be
transferred, dosage, previous exposure to the virus used as
vector) will certainly reduce the risk of immune-derived
toxicity during gene transfer protocols against PD. In the
future, this immunological risk analysis could even be
used as an inclusion or exclusion criterium. Unfortunately,
nowadays knowledge is still lacking to define parameters
with univocal effects on the immunological response of
gene transfer into the SN, and technology is behind to
determine the immunological status of the SN at the time of
gene transfer. Therefore, the most reasonable measurement
is to design a clinical trial protocol to reduce the risk of
inflammation-mediated toxicity as much as possible.

For example, we would like to propose that if a con-
stellation of risk factors (increased age, late stage of disease,
previous exposed to the virus, high viral dose) is present,
an anti-inflammatory therapy could be considered [44].
Anti-inflammatory treatments such as COX-2 inhibition,
minocycline, and naloxone have promising effects on ani-
mal models of PD [31–35]. In the context of a possible
inflammatory reaction in a gene therapy protocol in the
SN, these anti-inflammatory treatments may be reconsid-
ered as complementary treatments. In addition, not only
conventional anti-inflammatory therapies could be helpful
to reduce the inflammatory risk of a PD patient, but anti-
inflammatory molecules could be delivered by gene transfer
in addition to other therapeutic genes. In particular, the viral
delivery of Interleukin-10 or IL-1ra has been shown to be
neuroprotective in the 6-OHDA rat model of PD [8, 74].

7. Conclusions

The SN is the main area of neurodegeneration in PD.
Microglial activation and proinflammatory cytokine produc-
tion have special characteristics in the degenerating SN that
should not be underestimated when designing a gene transfer
protocol in that area. It is expected that “primed” microglia
or an on-going inflammatory response will be present at the
time of gene transfer in PD patients. Numerous variables
are in play that could change the expected outcome of gene
delivery. An exhaustive analysis of the status of risks factors
known to lead to inflammation at the moment of clinical
intervention, leading to complementary anti-inflammatory
treatments and/or alternative gene delivery strategies or
additional genes delivered (e.g., IL-10) is proposed to reduce
undesired, inflammation-driven side effects. Gene therapy
against PD has reached maturity with eight clinical trials
approved. It is of importance to consider, with the limitations
of the available technology and knowledge, all variables
affecting the immunological status of the PD patient and the
possible interactions with the inflammatory component of
gene delivery. This analysis should increase the probability
of providing safe gene transfer in the SN and reduce
inflammation-biased results that can obscure the efficacy of
a given gene transfer protocol.
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[28] J. Saura, M. Parés, J. Bové et al., “Intranigral infusion of
interleukin-1β activates astrocytes and protects from subse-
quent 6-hydroxydopamine neurotoxicity,” Journal of Neuro-
chemistry, vol. 85, no. 3, pp. 651–661, 2003.

[29] Z. D. Ling, D. A. Gayle, S. Y. Ma et al., “In utero bacterial endo-
toxin exposure causes loss of tyrosine hydroxylase neurons in
the postnatal rat midbrain,” Movement Disorders, vol. 17, no.
1, pp. 116–124, 2002.

[30] P. M. Carvey, Q. Chang, J. W. Lipton, and Z. Ling, “Prenatal
exposure to the bacteriotoxin lipopolysaccharide leads to long-
term losses of dopamine neurons in offspring: a potential, new
model of Parkinson’s disease,” Frontiers in Bioscience, vol. 8,
pp. s826–s837, 2003.

[31] Y. He, S. Appel, and W. Le, “Minocycline inhibits microglial
activation and protects nigral cells after 6-hydroxydopamine
injection into mouse striatum,” Brain Research, vol. 909, no.
1-2, pp. 187–193, 2001.

[32] A. Hald and J. Lotharius, “Oxidative stress and inflammation
in Parkinson’s disease: is there a causal link?” Experimental
Neurology, vol. 193, no. 2, pp. 279–290, 2005.

[33] R. Sánchez-Pernaute, A. Ferree, O. Cooper, M. Yu, A. L.
Brownell, and O. Isacson, “Selective COX-2 inhibition pre-
vents progressive dopamine neuron degeneration in a rat



Parkinson’s Disease 7

model of Parkinson’s disease,” Journal of Neuroinflammation,
vol. 1, article 6, 2004.

[34] D. C. Wu, V. Jackson-Lewis, M. Vila et al., “Blockade of
microglial activation is neuroprotective in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson
disease,” Journal of Neuroscience, vol. 22, no. 5, pp. 1763–1771,
2002.

[35] B. Liu, L. Du, and J. S. Hong, “Naloxone protects rat dopamin-
ergic neurons against inflammatory damage through inhi-
bition of microglia activation and superoxide generation,”
Journal of Pharmacology and Experimental Therapeutics, vol.
293, no. 2, pp. 607–617, 2000.

[36] A. Castaño, A. J. Herrera, J. Cano, and A. Machado, “The
degenerative effect of a single intranigral injection of LPS
on the dopaminergic system is prevented by dexamethasone,
and not mimicked by rh-TNF-α IL-1β IFN-γ,” Journal of
Neurochemistry, vol. 81, no. 1, pp. 150–157, 2002.

[37] A. Depino, C. Ferrari, M. C. Pott Godoy, R. Tarelli, and F. J.
Pitossi, “Differential effects of interleukin-1β on neurotoxicity,
cytokine induction and glial reaction in specific brain regions,”
Journal of Neuroimmunology, vol. 168, no. 1-2, pp. 96–110,
2005.

[38] M. C. Pott Godoy, C. C. Ferrari, and F. J. Pitossi, “Nigral
neurodegeneration triggered by striatal AdIL-1 administration
can be exacerbated by systemic IL-1 expression,” Journal of
Neuroimmunology, vol. 222, no. 1-2, pp. 29–39, 2010.

[39] A. L. De Lella Ezcurra, M. Chertoff, C. Ferrari, M. Gra-
ciarena, and F. Pitossi, “Chronic expression of low levels
of tumor necrosis factor-α in the substantia nigra elicits
progressive neurodegeneration, delayed motor symptoms and
microglia/macrophage activation,” Neurobiology of Disease,
vol. 37, no. 3, pp. 630–640, 2010.

[40] C. C. Ferrari, M. C. Pott Godoy, R. Tarelli, M. Chertoff, A. M.
Depino, and F. J. Pitossi, “Progressive neurodegeneration and
motor disabilities induced by chronic expression of IL-1β in
the substantia nigra,” Neurobiology of Disease, vol. 24, no. 1,
pp. 183–193, 2006.

[41] T. A. Tran, M. K. McCoy, M. B. Sporn, and M. G. Tansey,
“The synthetic triterpenoid CDDO-methyl ester modulates
microglial activities, inhibits TNF production, and provides
dopaminergic neuroprotection,” Journal of Neuroinflamma-
tion, vol. 5, article 14, 2008.

[42] M. K. McCoy, T. N. Martinez, K. A. Ruhn et al., “Blocking
soluble tumor necrosis factor signaling with dominant-
negative tumor necrosis factor inhibitor attenuates loss of
dopaminergic neurons in models of Parkinson’s disease,”
Journal of Neuroscience, vol. 26, no. 37, pp. 9365–9375, 2006.

[43] M. K. McCoy, K. A. Ruhn, T. N. Martinez, F. E. McAlpine,
A. Blesch, and M. G. Tansey, “Intranigral lentiviral delivery
of dominant-negative TNF attenuates neurodegeneration and
behavioral deficits in hemiparkinsonian rats,” Molecular Ther-
apy, vol. 16, no. 9, pp. 1572–1579, 2008.

[44] A. Gerhard, N. Pavese, G. Hotton et al., “In vivo imaging of
microglial activation with [C](R)-PK11195 PET in idiopathic
Parkinson’s disease,” Neurobiology of Disease, vol. 21, no. 2, pp.
404–412, 2006.

[45] M. Mogi, M. Harada, T. Kondob et al., “Interleukin-1β,
interleukin-6, epidermal growth factor and transforming
growth factor-α are elevated in the brain from parkinsonian
patients,” Neuroscience Letters, vol. 180, no. 2, pp. 147–150,
1994.

[46] M. Mogi, M. Harada, P. Riederer, H. Narabayashi, K. Fujita,
and T. Nagatsu, “Tumor necrosis factor-α (TNF-α) increases
both in the brain and in the cerebrospinal fluid from

parkinsonian patients,” Neuroscience Letters, vol. 165, no. 1-2,
pp. 208–210, 1994.

[47] M. Mogi, M. Harada, T. Kondo, P. Riederer, and T. Nagatsu,
“Interleukin-2 but not basic fibroblast growth factor is ele-
vated in parkinsonian brain. Short communication,” Journal
of Neural Transmision, vol. 103, no. 8-9, pp. 1077–1081, 1996.

[48] K. Imamura, N. Hishikawa, M. Sawada, T. Nagatsu, M.
Yoshida, and Y. Hashizume, “Distribution of major histo-
compatibility complex class II-positive microglia and cytokine
profile of Parkinson’s disease brains,” Acta Neuropathologica,
vol. 106, no. 6, pp. 518–526, 2003.

[49] C. Barcia, M. Jimenez-Dalmaroni, K. M. Kroeger et al., “One-
year expression from high-capacity adenoviral vectors in the
brains of animals with pre-existing anti-adenoviral immunity:
clinical implications,” Molecular Therapy, vol. 15, no. 12, pp.
2154–2163, 2007.

[50] C. E. Thomas, G. Schiedner, S. Kochanek, M. G. Castro,
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Peripheral inflammation triggers exacerbation in the central brain’s ongoing damage in several neurodegenerative diseases.
Systemic inflammatory stimulus induce a general response known as sickness behaviour, indicating that a peripheral stimulus
can induce the synthesis of cytokines in the brain. In Parkinson’s disease (PD), inflammation was mainly associated with microglia
activation that can underlie the neurodegeneration of neurons in the substantia nigra (SN). Peripheral inflammation can transform
the “primed” microglia into an “active” state, which can trigger stronger responses dealing with neurodegenerative processes.
Numerous evidences show that systemic inflammatory processes exacerbate ongoing neurodegeneration in PD patient and animal
models. Anti-inflammatory treatment in PD patients exerts a neuroprotective effect. In the present paper, we analyse the effect of
peripheral infections in the etiology and progression in PD patients and animal models, suggesting that these peripheral immune
challenges can exacerbate the symptoms in the disease.

1. Neurodegenerative Diseases and
Systemic Inflammation

Inflammation is a defensive reaction against harmful stimuli
that can induce a defensive response in the body. In the
central nervous system (CNS), the main innate immune
defensive role is played by the immunocompetent resident
cells, the microglia [1]. Neurodegenerative diseases present
microglia activation as the main hallmark, which can
change its morphology from quiescent and ramified (resting)
towards a round ameboidal shape (activated) [2]. Resting
microglia displays a low-level expression of membrane
receptors, such as CD45, CD14, and CD11b [1]. Activated
microglia exhibits upregulation of cell surface receptors and
proinflammatory and anti-inflammatory cytokines, such as
major histocompatibility complex (MHC) class II, CD40,
CD80, CD86, CD11b (reviewed by [3]) demonstrating
changes in their activity [4, 5] (Figure 1). Microglia can
be activated by proinflammatory stimuli, but microglia
activation does not always exert a proinflammatory reaction.
Microglial activation in some neurodegenerative diseases was
not accompanied by proinflammatory cytokine secretions

[6, 7]. Depino et al., 2003 demonstrated that microglial cells
induced an increase in IL-1β mRNA in the substantia nigra
(SN) but no translation of this cytokine was observed in
an animal model of PD. These observations prompted the
idea of “primed microglia” to describe the atypical microglia
state, which precedes a further neurotoxic microglial acti-
vation as a consequence of a secondary proinflammatory
stimulus [8, 9]. Microglia activation increases neurotoxicity
and, therefore, contributes to neurodegeneration through
the release of free radicals such as superoxide radicals,
nitric Oxide (NO), inducible nitric oxide synthase (iNOS)
[10–13], and proinflammatory, immunomodulatory and
anti-inflammatory cytokines, such as IL-1β, TNF-α, IL-
6, IL-8, IL-12, IL-15, and IL-10 [4, 14, 15]. Central or
peripheral inflammation can transform the “primed” state
of microglia into an “active” state, which can trigger or
induce stronger responses dealing with neurodegenerative
processes. Therefore, inflammation was mainly associated
with microglia activation that can underlie the neurodegen-
eration of dopaminergic neurons of the SN.

The CNS has been considered as immunologically privi-
leged and protected by the blood brain barrier (BBB) which
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Figure 1: Schematic diagram showing the relationship between peripheral inflammation and neuronal loss in PD. Neurodegenerative
diseases present microglial activation as the main hallmark, which can change its morphology from resting (ramified) towards an activated
round shape (ameboidal). The intermediate stage, “primed microglia”, describes the atypical microglial stage, which precedes a further
neurotoxic microglial activation as a consequence of a secondary pro-inflammatory stimulus. This stimulus can come from the periphery,
either through neural or humoral pathways. Activated microglia release pro-inflammatory cytokines which can act on neuronal integrity. In
addition, acute brain injury induces early hepatic expression of chemokines, which in turn produce recruitment of leukocytes into the blood
and subsequently brain and liver inflammation via a chemokines and cytokines web.

prevents entry of pathogens and immune cells into the
parenchyma. However, this statement has changed in the
last few years, because the communication between central
CNS and periphery is more fluid than previously considered.
In many neurological disorders, the immune system plays
an important role in the progression of these diseases.
Indeed, BBB breakdown and inflammation appear to play a
major role in the pathology of numerous neurodegenerative
diseases compromising the vascular unit and inducing
leukocyte migration within the brain parenchyma (reviewed
in [16]).

Systemic inflammatory stimuli circulate into the blood
and can get into the brain inducing the synthesis of cytokines
that, in turn, can induce a general inflammatory response
including liver acute phase response and the components
to induce sickness behaviour [17–21]. Proinflammatory
stimulus would trigger the secretion of proinflammatory
molecules in the diseased brain [6] (Figure 1).

Peripheral inflammation sparks off exacerbation in the
central brain’s ongoing damage in several neurodegenerative

diseases, such as Alzheimer’s disease (AD), multiple sclerosis,
Parkinson’s disease, prion disease, stroke, and Wallerian
degeneration [8, 9, 22–26]. Indeed, Perry’s group has
studied the effect of peripheral inflammation on behavioural
response, demonstrating a worsening of degenerative pro-
cesses related to delirium in AD [19, 27]. In particular,
PD patients and animal models with ongoing inflammatory
neurodegeneration processes evidence exacerbation of the
neurodegenerative process after a peripheral inflamma-
tory stimulus [28–33]. Aging was also proposed to prime
microglia cells [14]. MHC-II was increased in aged brains
and i.p administration of LPS resulted in an increased
inflammatory response in elderly patients [15, 34–36].

Previously, we described that the communication
between the brain and the periphery as a one way road.
However, the central-peripheral relationship is more com-
plex, and the traffic becomes a two way road. Acute brain
injury induces early hepatic expression of chemokines, which
in turn produce movement of leukocytes into the blood and
subsequently brain and liver inflammation [9, 37–40]. The
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production of cytokines by the liver as a systemic response to
CNS injury is a component of CNS response. The injection
of IL-1 into the brain is associated with hepatic expression of
CXCL1, which is responsible for neutrophil recruitment to
the brain [40]. Hepatic TNF-α is also a component of the
systemic response to IL-1β injured brain [39]. TNF-α was
also found associated with IL-1β induced sickness behaviour,
in addition, the inhibition of peripheral TNF-α can block
some components of sickness behaviour induced by centrally
injected IL-1β [41]. Peripheral TNF-α appears to be involved
in microglial activation and the subsequent recruitment of
monocytes into the brain in a model of peripheral liver
inflammation resulting from bile duct ligation [42]. There-
fore, the hepatic production of cytokines and chemokines
may also be considered as a target to neutralize acute and
chronic brain injury (Figure 1).

In summary, systemic inflammatory events could influ-
ence the aetiology and progression of many ongoing degen-
erative diseases. Despite previous evidences, the contribution
of peripheral inflammation to the progression of neurode-
generative diseases is not fully understood. Analysis of the
inflammatory components of the systemic response that
influence ongoing damage in the brain should be carefully
studied and considered as potential therapeutic targets.

2. Routes of Systemic Inflammation

The circulating cytokines and other inflammatory molecules
that are produced by systemically induced insults can affect
the brain through several routes, mainly humoral or neural
pathways. The humoral route between the nervous and the
immune systems has been related to sickness behaviour,
characterized by fever, anorexia, and alteration in the
behaviour. The humoral mechanisms are mostly related to
the presence of the blood brain barrier (BBB). The BBB
regulates the passage of substances from the blood to the
brain (reviewed in [43]). This barrier can be seriously
affected in brain injury. There are several ways of crossing
the barrier: (1) the substances can enter through the areas
in the CNS that lack BBB, like the circumventricular organs,
(2) some molecules may cross the BBB using specific
transporters (e.g., cytokines, amines), (3) BBB permeability
may be increased as a consequence of the stimuli per se, (4)
endothelial cells can be activated by the peripheral stimuli,
inducing the synthesis of molecules within the CNS [44–
46], and (5) the choroidplexus transiently alters its gene
expression profile as a response to peripheral LPS stimuli
[47]. Systemic injection of LPS can cause BBB damage and
allow the entrance of granulocytes from the periphery to
the brain [48]. Indeed, BBB breakdown was described in PD
patients and animal models [49–53]. The disruption of the
BBB allows the extravasation of proinflammatory cytokines
and immune cells which can activate microglia in the SN and,
therefore, induce neurodegeneration.

The second route of neuroimmune communication,
known as the neural pathway, is related to the transmission
of peripheral inflammatory signals through the autonomic
nervous system. The most important afferent responsible
for the neural transmission of peripheral signals is the

vagus nerve. Neural pathways are stimulated by peripheral
signals that rapidly increase the levels of brain cytokines
[2, 54, 55]. Subdiaphragmatic lesion of the vagus nerve
and vagotomy attenuate brain cytokine production and
behavioural effects after a systemic challenge [56–60]. IL-
1β receptors are present on vagal ganglia close to liver
and lymphatic nodes [61]. Inflammatory processes in the
periphery are conducted to the brain via the vagal afferents
and, as a response, the vagal efferents act on the systemic
inflammatory events through acetylcholinesterase secretions
[25, 54, 62]. In addition, Kamer et al., 2008, suggested that
the neural pathway is also involved in the transmission of
inflammatory signals from the oral cavity in periodontal
diseases, and this mechanism would be related to worsening
of AD symptoms [62].

A third potential pathway was recently proposed using
a model of inflammatory liver injury [42]. These authors
suggested the existence of cellular messengers, activated
monocytes, which were recruited into the brain. These
activated monocytes secreted messenger molecules, such as
TNF-α and MCP-1 (which has been classically defined as
humoral) within the brain during systemic inflammatory
diseases [42, 63].

3. Parkinson’s Disease and Systemic
Inflammation: Evidence from the Clinic

Peripheral immunological challenges and chronic inflam-
matory diseases influence the pathogenesis and progression
of PD. The communication between the immune and the
nervous system is very fluid, cytokines being the main
mediators of inflammation in both brain and periphery.
There is evidence that suggests a link between peripheral
inflammation and PD. The influenza pandemic during
the second world war was associated with an increase in
PD in the population [64]. In addition, people infected
with Japanese encephalitis virus and H5N1 influenza virus
presented a higher risk for developing PD [65, 66].

Activated microglial cells and proinflammatory cytok-
ines, including IL-1β, TNF-α, and IL-6, have been described
in SN of postmortem tissue [67, 68], as reviewed in [69].
In vivo studies have also demonstrated that the serum and
cerebrospinal fluid of PD patients have higher levels of IL-1β,
TNF-α, and IL-2 and also CD4+ and CD8+ T lymphocytes,
indicating peripheral activation of lymphocytes [70–74].
The relationship between inflammation and PD has been
demonstrated by several authors [3, 69, 75–79]. Subject
carriers of IL-1β-511 homozygous variant genotype show a
2-fold increased risk of PD, which induced an increment of
susceptibility of dopaminergic neurons to toxicity [80]. On
the other hand, increased peripheral cytokine production
influences PD progression. PD patients showed elevated
serum levels of TNF-α and TNF-α receptor 1 compared to
control subjects, which can contribute to PD pathogenesis
[72, 81, 82]. Also, elevated plasma concentration of IL-6
correlates with increased risk of PD [52].

Although late onset sporadic PD was recently associated
with genetic variation in the HLA DR region, stressing
the importance of the immune component in this disease,
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[83] PD can also be triggered by diseases that induce sys-
temic infections. Indeed, PD patients often suffer infectious
diseases, and the main causes of death are pneumonia
and respiratory infections [30–33]. It was described that
gastrointestinal infections could contribute to a worsening
of PD [84, 85]. However, peripheral immune response
in PD patients has shown contradictory results, because
some authors have found unaffected levels of cytokines
and immune parameters in PD patients [73, 86]. Several
studies support a role for the adaptative immune system
in PD etiology and progression. The presence of cytotoxic
T lymphocyte (CD4+ and CD8+) has been described to
infiltrate the SN of patients and animal PD models [87–
89]. The influx of these peripheral cells into the brain
parenchyma could indicate a BBB dysfunction in PD patients
[49, 69]. Indeed, the adaptative immune system might
modulate microglia activation in PD pathogenesis [90].

Anti-inflammatory therapies were used in PD patients to
decrease the effect of inflammatory reactions. The NSAIDs
had an anti-inflammatory and neuroprotective effect in
PD. Chronic users of nonsteroidal anti-inflammatory drugs
(NSAIDs), such as ibuprofen, a COX-1 and COX-2 inhibitor,
exhibited diminished PD incidence [91, 92]. Minocycline, a
derivate of tetracycline that crosses the BBB, also improves
neuronal survival in PD. This molecule was described as
an inhibitor of microglial activation, proliferation, and
release of proinflammatory cytokines [93–95]. It should
be taken into consideration that inflammation has a dual
action in neurodegeneration, also inducing molecules useful
in promoting repair and regeneration of damaged tissue.
Therefore, considering the beneficial effects of some of the
inflammatory components, restriction of the inflammatory
response is not always the best choice. Better alternative ther-
apies should be considered in order to really make progress
in this field (reviewed in [96]). These authors propose a
multidisciplinary research aimed at protein clearance and
immunoprotection induced by T cell regulators.

The studies related to the inflammatory processes in PD
should be carefully evaluated in order to develop more suit-
able tools that will allow us to diminish neurodegeneration
and improve the quality of life in PD patients.

4. Parkinson’s Disease and Systemic
Inflammation: Experimental Evidences

The link between peripheral infection and PD neurodegen-
eration in both patient and animal models was demonstrated
in several studies. LPS causes a systemic inflammatory
reaction known as sickness behaviour characterized by fever,
anorexia, weight loss, and reduction of activity [97]. A
similar response can be obtained with i.p injection of proin-
flammatory cytokines, such as IL-1β and IL-6 (reviewed in
[58]). The resident microglia in the brain responds to these
stimuli and generates sickness behaviour. Taking this into
consideration, ongoing inflammatory degenerative processes
can be accelerated by systemic inflammation. Peripheral
inflammatory states, such as infection and injury, can
exacerbate neuronal death stimulating “primed microglial
cells” towards a more aggressive state.

PD animal models support the previous hypothesis.
Pregnant rats exposed to intraperitoneal (i.p.) injection
of LPS resulted in a decreased number of dopaminer-
gic neurons in the pups when compared to nonexposed
controls [98]. In concordance with Carvey’s results, rat
foetuses exposed to LPS are more susceptible to 6-OHDA
in adulthood [99, 100]. In adult animals, there is also
data that strongly suggests the role of peripheral inflam-
mation in the ongoing PD model. Animals with central
dopaminergic hypoactivity are associated with an increased
peripheral inflammatory response after bacterial LPS injec-
tion [101]. Gastrointestinal dysfunctions are related to
peripheral inflammation; indeed, ulcerative colitis correlates
with increased levels of TNF-α, IL-1β, IL-6, and acute
phase proteins in rat serum [102]. Peripheral inflammation
induced by ulcerative colitis worsened the effects induced
by intranigral LPS, such as loss of dopaminergic neurons,
microglial activation, and alteration in BBB permeability
[102]. All previous data indicate that the relationship
between the peripheral immune system and the central
dopaminergic system is very close.

Proinflammatory cytokines, including IL-1β and TNF,
have been described as involved in promoting neurodegener-
ation. These cytokines induced the synthesis of chemokines,
producing in turn the recruitment of neutrophils and
monocytes from the blood stream. IL-1β alone might induce
the cellular recruitment to the brain parenchyma [103–106].
The effects of IL-1β in the progression of neurodegenerative
disease have been studied by several groups [9, 23, 28, 29, 37–
39, 104, 105, 107]. Systemic challenge with LPS induces
CNS IL-1β synthesis and sickness behaviour in animals
with ongoing central inflammation [19]. However, systemic
inflammation actively inhibits recruitment of leukocytes
in the CNS, when LPS is injected 2 hours before the
intracerebroventricular injection of IL-1β [108]. Systemic
inflammation generated by IL-1β induces BBB disruption
and increased brain damage in a model of stroke [9, 23].
In addition, chronic systemic expression of IL-1β was able
to exacerbate neuronal demise and microglial activation in
the SN of both 6OHDA and an inflammatory PD model
[28, 29], increasing the clinical impact of these findings [29].
Exacerbation of neurodegeneration in 6OHDA model was
accompanied by an increase in activated microglia in the
animals that received IL-1β as peripheral stimulus [28]. The
same group has demonstrated that a peripheral systemic
stimulus causes exacerbation of the behavioral symptoms
and neuronal loss in an inflammatory PD model based on
the chronic IL-1β expression in the striatum. These events
were accompanied by massive activation of microglia with
the concomitant expression of MHC-II [29]. Therefore,
the increment in the neurodegenerative process can be
correlated with an increase in MHC-II expression induced
by a peripheral stimulus [29].

Peripheral induction of TNF-α activates brain microglia
that, in turn, produces proinflammatory factors and, as a
consequence, induces dopaminergic neuronal loss in the SN
[109]. Indeed, dominant negative TNF-α inhibitor displayed
neuroprotective properties in both 6OHDA and chronic LPS
rat model [110].
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However, on the contrary, some inflammatory compo-
nents of the adaptative immune response were described
as immunomodulators of the neurodegenerative pro-
cess. CD4+ CD25+ regulatory T cells (Tregs) suppress
neuroinflammation, attenuate microglia response, and
induce nigrostriatal protection in a MPTP model [111,
112]. These cells exert their activity by upregulation of
brain-derived neurotrophic factor (BDNF), glial-derived
neurotrophic factor (GDNF), IL-10 and transforming
growth factor (TGF-β), and downregulating proinflamma-
tory cytokines and ROS production (reviewed in [111, 113]).
These data suggest that Tregs exert their action modulating
the immune response, possibly via the interaction between
the peripheral and the CNS immune system (Reviewed in
[89, 96]). Immunotherapy should be directed towards a Th2
Treg response in order to downregulate the Th1 response
[112]. The interaction of Tregs with cells or molecules may
modulate the adaptative immune response. Therefore, alter-
ations of the immune system as a consequence of peripheral
inflammation could change the immunological properties of
Tregs, inducing a phenotype not suitable for the beneficial
Treg activation. Further studies should be undertaken before
Tregs immunization treatment is to be considered for PD
patients with ongoing peripheral infections.

The use of anti-inflammatory drugs has been extensively
studied in PD animal models (reviewed in [78]). The role
of COX has been studied in an MPTP model demonstrating
that indomethacin protects dopaminergic neurons in SN
[114]. Treatment with rofecoxib and celecoxib also induces
a protective effect in the SN neurons [115–117]. In addition,
the use of dexamethasone was demonstrated to reduce the
neuronal loss in a 6-OHDA plus LPS exacerbation and, in
an inflammatory model of PD, exacerbated with IL-1β as a
peripheral inflammatory stimulus [28, 29].

The interaction between brain inflammation and sys-
temic inflammation may be responsible for the progression
of neurodegenerative disease. Studying the relationship
between CNS and periphery could help find targets for
therapeutic treatments.

5. Conclusion

Central or systemic inflammatory insults should be con-
sidered as risk factors in the PD aetiology and pro-
gression. The clear knowledge of mechanisms implicated
in immune/nervous communication and the mechanisms
involved in microglia activation and their switch to an
aggressive phenotype could help improve the therapeutic
tools leading to better patient quality of life, reducing the
exacerbation of PD symptoms, and delaying the progression
of the disease.
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Inflammatory processes described in Parkinson’s disease (PD) and its animal models appear to be important in the progression
of the pathogenesis, or even a triggering factor. Here we review that peripheral inflammation enhances the degeneration of the
nigrostriatal dopaminergic system induced by different insults; different peripheral inflammations have been used, such as IL-1β
and the ulcerative colitis model, as well as insults to the dopaminergic system such as 6-hydroxydopamine or lipopolysaccharide.
In all cases, an increased loss of dopaminergic neurons was described; inflammation in the substantia nigra increased, displaying a
great activation of microglia along with an increase in the production of cytokines such as IL-1β and TNF-α. Increased permeability
or disruption of the BBB, with overexpression of the ICAM-1 adhesion molecule and infiltration of circulating monocytes into
the substantia nigra, is also involved, since the depletion of circulating monocytes prevents the effects of peripheral inflammation.
Data are reviewed in relation to epidemiological studies of PD.

1. Introduction

Parkinson’s disease (PD) is the second most common aging-
related neurodegenerative disease after Alzheimer’s disease
(AD). The main symptom of PD is a movement disorder
called Parkinsonism (muscle rigidity, akinesia, and resting
tremor) caused by dopamine (DA) deficiency in the striatum
due to DA neuron degeneration in the substantia nigra
(SN). Although a small percentage of PD is familial (fPD),
most is sporadic (sPD), associated with aging and with no
hereditary history. Aetiology of PD probably involves both
environmental agents and genetic risk factors [1–3]. The
implication of inflammatory process in PD is accepted, since
many inflammatory marks have been described in PD and
its animal models (for a review of neuroinflammation in PD,
see [4]). Consequently, neuroinflammation is now thought
to be fundamental for, or even a triggering factor of, the
progression of PD pathogenesis.

Activated microglia and reactive human leukocyte
antigen-DR (HLA-DR)-positive microglia were found in
the SN pars compacta (SNpc) [5, 6] in the postmortem
analysis of PD patients. Immunohistochemical studies have
shown many activated microglial cells in neurotoxin-treated
SNpc in various animal PD models [7], suggesting the
presence of inflammatory processes [8–12]. Moreover, levels
of proinflammatory substances such as cyclooxygenase 2
(COX2) and cytokines including interleukine-1 beta (IL-
1β), interferon-gamma (IFN-γ), and tumour necrosis factor-
alpha (TNF-α), are found to be high in postmortem PD
brains [13–17]. Similarly, 6-hydroxydopamine (6-OHDA)
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
animal PD models showed increased levels of these
inflammatory mediators [10, 18–21], which are secreted
from microglia, neurons, and astrocytes [22–25]. There-
fore, these molecules may be actively involved in disease
progression.
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Several studies have tried to correlate polymorphisms
in the promoters of several cytokine genes to the risk of
developing PD [26–31]. Pattarini et al. [32] have shown
protection against MPTP toxicity-measured as attenuation of
dopamine depletion in the striatum-after genetic ablation of
either TNF-α or its receptors Tnfrsf1 and Tnfrsf2 [18, 21, 33,
34], although neither genetic ablation nor pharmacological
manipulation of TNF-α prevents neuronal loss in the SNpc
[18, 35, 36]. On the contrary, Il-6 knockout mice are
more sensitive to MPTP toxicity [37], which could be in
agreement with the neuroprotective effect described for IL-
6 [38]. Clinical studies on chronic users of nonsteroidal
anti-inflammatory drugs (NSAIDs) suggest that some of
these agents could lower the incidence of PD [39–42].
However, no such association was found in other studies
[43, 44], although this preventive effect has been described
in experiments with animals [45–47]. In the MPTP model
of PD [48], the inactivation of microglia also showed to be
neuroprotective.

Animal models of degeneration of the nigrostriatal
dopaminergic system have been developed by intranigral
injection of proinflammogens [11, 49–60]. Furthermore,
other features support the implication of inflammation in
the development or progression of PD. Chronic traumatic
brain injury associated with boxing has been etiologically
linked to PD with the well-known “punch-drunk syndrome”
or “dementia pugilistica” that sometimes develops in boxers
as a result of long-term subclinical concussions [61–66]. This
is in agreement with the fact that inflammation through
microglial activation accompanies the CNS tissue’s response
to injury (for review see Loane and Byrnes [67]).

The brain is considered an immunologically privileged
organ, free from immune reactions, since it is protected
by the blood-brain barrier (BBB). However, accumulating
findings have revealed that immune responses can occur
in the brain, especially because of microglial activation.
These cells are known to produce proinflammatory cytokines
and a relationship with the peripheral system has been
suggested. Moreover, it is known that neurovascular func-
tions are altered in aging and neurodegenerative diseases,
leading to abnormal states such as increased BBB perme-
ability, decreased nutrient supply, faulty clearance of toxic
molecules, and failure of enzymatic function [68]. Moreover,
several studies on PD patients and animal models suggest a
pathogenic link between BBB disruption and DA neuronal
death. Positron emission tomography (PET) and histological
studies on PD patients revealed dysfunction of the BBB
transport system [69] as well as alteration of blood vessels
in the midbrain of PD patients [70]. In addition, levels
of vascular endothelial growth factor (VEGF) and pigment
epithelium-derived factor (PEDF) that induce structural
changes in blood vessels were higher in PD patients and
the MPTP model [71]. Interestingly, injecting VEGF in
the SN disrupted BBB and induced DA neuronal death
in the ventral mesencephalon [72]. In addition, increased
BBB permeability was observed in the MPTP [73] and
lipopolysaccharide (LPS) models of PD [74]. These results
indicate that BBB disruption is somehow related to neuronal
cell death and neuroinflammation in PD. Moreover, the

presence of T lymphocytes in the midbrain of PD patients
suggests that the potential role of infiltrated peripheral cells
is related to the pathogenesis of PD [75]. In the model
of LPS-induced inflammation, neutrophils and monocytes
infiltrate into the SN region, where they play an important
role in neuroinflammation [76]. Brochard et al. [77] reported
that many CD4- and CD8-positive cells were detected
postmortem in PD patients. In particular, the cytotoxic
effects of T cells showed that CD4-deficient mice were
resistant to MPTP neurotoxicity in the SN. In addition, the
presence of Iba-1 positive cells in disrupted blood vessels
indicates that neuroinflammation might contribute to the
infiltration of peripheral immune cells and leakage of the
BBB in the SN. Taken together, these results suggest that
penetration of immune cells plays an important role in the
degeneration of DA neurons in PD.

Peripheral inflammation could also have consequences
on the degenerative process of DA neurons. There are many
pathological circumstances in which peripheral inflamma-
tion is a common symptom. Epidemiological studies have
shown that incidence of idiopathic PD is about 50% lower
in chronic users of NSAIDs or COX inhibitors than in
age-matched nonusers [39, 40, 78]. This could be related
to inflammation inhibition in the CNS, but also to the
inhibition of peripheral inflammation. Moreover, the role
of peripheral inflammation in different neurodegenerative
diseases has become evident in recent years. The probability
of suffering AD doubles in elderly individuals exposed to
systemic inflammation [79]. Furthermore, induction of a
systemic inflammatory response led to reactivation in animal
models of multiple sclerosis [80]. Strang [81] described
the increased prevalence of peptic ulcer prodromal to idio-
pathic Parkinsonism. This was independently produced by
Helicobacter or not [82]. Systemic inflammation sensitized
microglia to switch to an overactivated proinflammatory
state in a model of prion disease [83]. Here, we review the
possibility that peripheral inflammation could enhance the
degeneration of the nigrostriatal dopaminergic system and
thus it would be involved in the incidence of PD.

2. Inflammation Increases
the Degeneration of the Dopaminergic
System Induced by an Insult

First, we must note that inflammation is capable of increas-
ing the degeneration of the dopaminergic system induced by
different insults.

2.1. In Vitro Studies. Gao et al. [84, 85] have shown that low
doses of neurotoxin (rotenone or MPTP) and inflammogen
LPS synergistically induced a progressive and selective degen-
eration of dopaminergic neurons in mesencephalic neuron-
glia cultures. They showed that glia is required for this effect;
in addition, they also showed that the effect was produced
by a synergistic increase in NO and the superoxide free
radical produced by NADPH oxidase. Similar results were
described by Long-Smith et al. [86] using the cytokine-
rich conditioned medium (CM) from LPS-treated rat
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glial-enriched cortical cultures and 6-OHDA. They also
showed that IL-1β in the CM mediated the increase in
neuronal death since IL-1 receptor (IL-1R1) was located
in dopaminergic neurons and its blockade prevented this
effect. However, the authors also pointed out that many
other cytotoxic factors such as TNF-α—and indeed some
cytoprotective ones, may also be in the medium. Zhang et
al. [87] also showed that combinations of MnCl2 and LPS, at
minimally effective concentrations when used alone, induced
synergistic and preferential damage to DA neurons in rat
primary neuron-glia cultures. These authors also showed
that this effect could be produced by a significant increase in
TNF-α and IL-1β release along with the increased production
of reactive oxygen species (ROS) and NO. These effects were
attenuated by pretreatment with anti-inflammatory agents,
such as minocycline and naloxone.

2.2. In Vivo Studies.. Koprich et al. [88] induced a nontoxic
inflammation in the SN, injecting a non-DA-toxic dose of
LPS within the SN followed by injecting a low dose of 6-
OHDA in the striatum, demonstrating that dopaminergic
cell loss increased significantly. The authors identified IL-
1β as a potential mediator of the effect, and were able to
overcome it by the administing an IL-1R1 antagonist. Similar
results have been also described by Godoy et al. [19] who
used a similar method, also showing that inflammation
induced by a low dose of LPS in SN produced a significant
increase in the degeneration of DA neurons in SN induced
by 6-OHDA compared with 6-OHDA alone. Moreover, this
effect was overcome by dexamethasone (DEX), a well-known
anti-inflammatory steroid. These results show that inflam-
mation is able to enhance the degeneration of dopaminergic
neurons induced by several insults.

3. Peripheral Inflammation Enhances
the Degeneration of the Nigrostriatal
Dopaminergic System

It is important to know whether peripheral inflammation, a
very common health problem, could affect the degeneration
of nigrostriatal dopaminergic neurons. Godoy et al. [19]
induced a peripheral-like inflammatory state by injecting
an adenoviral vector expressing IL-1β (or β-galactosidase
as control) in the tail vein. This model was used to study
the effect of peripheral inflammation on the nigrostriatal
dopaminergic neurodegeneration induced by injecting 6-
OHDA in the striatum. The authors found a statistically
significant decrease in the number of TH-positive cells in
the SN of the animals treated with 6-OHDA/Ad IL1biv in
comparison with the other groups. These data showed that
systemic IL-1 expression exacerbates, but does not directly
elicit, neurodegeneration in the SN. This effect is produced
by an increase in inflammation in SN as has been pointed out
by the great reactivation of microglia (stage 4 morphology)
found along with other parameter studies. This is the first
description of the influence of peripheral inflammation
on the degeneration of nigrostriatal dopaminergic system
induced by an insult (6-OHDA). Similarly, Mangano and

Hayley [89], injecting low amounts of LPS in the SN and
the administration of the pesticide paraquat (which has been
reported to provoke DA loss) showed a greater loss of TH-
positive neurons in SN after two days.

Villarán et al. [90] studied the effect of peripheral
inflammation on the degeneration of the nigrostriatal
dopaminergic system induced by injecting LPS within the
SN. The Ulcerative Colitis model (UC, one of the two
major forms of gastrointestinal dysfunction) induced by
dextran sodium sulphate (DSS) [91] was used as peripheral
inflammation model; dextran sulphate provides an easy
and well-characterized model that shares most features
of human UC at structural, ultrastructural and clinical
levels [92], including peripheral inflammation. The authors
found a decrease in the number of TH-positive neurons in
the animals with LPS-treated UC, doubling that found in
animals treated with LPS. These results are in agreement with
those described by Pott Godoy et al. [93], who studied the
effect of peripheral inflammation (intravenous injection of
adenovirus expressing IL-1β or β-galactosidase) on central
inflammation (injecting adenovirus expressing IL-1β into
the striatum). They found that chronic, systemic IL-1β
expression exacerbated the neurodegeneration induced by
IL-1β expression in the SN.

4. Mechanisms by Which Peripheral
Inflammation Could Enhance
the Degeneration of the Nigrostriatal
Dopaminergic System Induced by Insults

As has been described by Gao et al. [84, 85] in studies
using primary mesencephalic neuron-glia cultures as in
vitro model of PD, participation of microglia is required
for the induction of the synergistic neurotoxicity induced
by inflammation (LPS) on the toxic effect of MPTP or
rotenone. This suggests that inflammation (as the reactiva-
tion of microglia and secretion of many proinflammatory
compounds) could be the cause of the synergistic process.
In this context, they described that the release of superoxide
free radical and the production of intracellular ROS was
synergistic. Since this effect does not occur when NADPH
oxidase-deficient (gp91phox−/−) mice were used, they
also showed that it was catalyzed by NADPH oxidase, an
enzyme that seems to be a major source of extracellular
superoxide production in microglia. This proposal is in
agreement with Godoy et al. [19] who described that stage
4 microglia and MHC II expression were associated with the
exacerbation of neurodegeneration and motor symptoms.
Similarly to Koprich et al. [88], these authors proposed
that microglial activation towards a proinflammatory phe-
notype that increases IL-1β secretion is responsible for the
synergistic effect. They pointed out that IL-1β is the cause
of this effect, since glucocorticoid treatment and specific
IL-1 inhibition overcome these effects. This proposal is
also supported by an in vitro study in which IL-1 directly
exacerbated 6-OHDA-triggered dopaminergic toxicity. This
is also supported by Koprich et al. [88], who showed that
the systemic administration of IL-1ra was able to reverse
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the vulnerability produced by LPS and therefore eliminate
the contribution of 6-OHDA to DA cell death. This is in
agreement with Godoy et al. [19], who also proposed that
IL-1β is responsible for the synergistic effect seen in the
animal model of chronic systemic inflammation produced
by injecting an adenoviral vector expressing IL1β (or β-
galactosidase as control) in the tail vein. They concluded that
IL-1β could be acting directly on neurons, and also indirectly
through NO. Furthermore, this is also in agreement with
Ferrari et al. [94], who showed that chronic expression of
IL-1β in adult rat SNpc using a recombinant adenovirus
caused the death of dopaminergic neurons after three weeks.
Mangano and Hayley [89] also suggested that the increase
in inflammatory cytokines IL-6, IL-2, TNF-α, and IFN-γ
was responsible for this effect. Villarán et al. [90] showed
that the loss of TH-positive neurons induced in UC-LPS
animals was produced along with a significant increase in
microglial activation, and almost doubled that produced in
animals treated with LPS alone. Moreover, it is worth noting
that the authors found a significant increase in many of the
cytokines studied in the animals with UC, such as TNF-α,
IL-1β, and IL-6. This effect was increased in the UC-LPS
animals. These results could be in agreement with Godoy
et al. [19], especially regarding the increase in cytokines, in
spite of their being unable to distinguish the effect of each
in relationship to the degeneration of DAergic neurons. In
this work, the authors also found a significant increase in
inducible nitric oxide synthase (iNOS), which could also be
involved in the effect of peripheral inflammation, which in
turn could be in agreement with Cunningham et al. [83]
who found that IL-1 could exacerbate disease symptoms in
a prion disease model. Moreover, the relationship between
these cytokines is worth noting. Koprich et al. [88] described
that their model’s suppression of LPS sensitivity, produced
by the systemic treatment with IL-1ra, also produced a
reduction in the levels of the proinflammatory cytokines
IFN-γ and TNF-α in the SN, supporting the cross-regulation
between them, as had been previously pointed out. TNF-
α is also toxic to DA neurons when injected into the rat’s
brain, but the toxicity is greater when TNF-α and IL-1β
were injected together [95]. A study using IL-1β and TNF-
α-neutralizing antibodies showed that approximately 50% of
the LPS-induced DA neuronal cell death in primary cultures
of rat midbrain was mediated by the production of these
two cytokines [96]. The implication of TNF-α signalling in
the destruction of SN DA neurons in animal models of PD
have also been reported [18, 21, 36, 97]. Moreover, TNF-α
contributed to the nigrostriatal neurodegeneration provoked
by several DA insults [18, 21, 33, 34, 48, 98, 99]. Recently,
De Lella Ezcurra et al. [100] have reported that chronic
expression of low levels of TNF-α by adenoviral expression
in the SN elicits progressive neurodegeneration, delayed
motor symptoms and microglia/macrophage activation. All
these data suggest that the increase in the inflammatory
parameters in the periphery (blood) as a result of peripheral
inflammation induced the increase in inflammation in SN
and consequently the synergistic effect on the nigrostriatal
dopaminergic system. The mechanism is not well known,
but it is possible to suggest that at least some of these

cytokines could enter. Circulating IL-1β may activate central
neurons in a direct manner, especially in regions where BBB
is deficient [101]. Furthermore, blood-borne IL-1β seems
to stimulate the synthesis of prostaglandin E2 in central
vessels, which can then diffuse into brain parenchyma to
activate neurons in the SNC [102]. It should be also taken
into account that the increase in BBB permeability, as well
as its rupture, has been described as consequence of some
peripheral inflammatory processes; so, disruption of the BBB
has been described during TBS colitis [103, 104]. Reyes
et al. [105] have shown that peripheral thermal injuries
produced an increase in BBB permeability and rupture. In
vitro, these effects have been proved to be produced by
TNF-α, IL-1β, and IL-6 through the COX pathway [106]. In
vivo, upregulation of TNF-α and IL-1β, as well as promoted
blood-borne inflammatory cell adherence and infiltration,
may be responsible [107–109]. Many studies have shown that
cytokines may play an important role in the alteration of BBB
function [109–112]. There is no agreement in the reports on
rupture or increased permeability of the BBB in PD [113–
115]. However, PET and histological studies on PD patients
have shown dysfunction in the BBB transporter system [69]
and alteration of blood vessels [70] in the midbrain of PD
patients. Additionally, the levels of VEGF and PEDF that
induce structural changes in blood vessels increased in PD
patients and the MPTP model [71]. Moreover, Rite et al. [72]
showed disrupted BBB and induced DA neuronal death in
the ventral mesencephalon after injecting VEGF within the
SN. All these data allow us to suggest that these circumstances
could favour conditions in which peripheral cytokines were
able to enter the CNS.

The degenerative processes of the nigrostriatal DAergic
system in PD could be related to McGeer’s description of a
massive number of cytotoxic T cells (Tc) in the SN of patients
with PD [75], along with descriptions that the density of
IFN-γ-positive cells was markedly higher in brains of patients
with PD [116]. Both facts suggest that the recruitment of T
cells to the brain could be associated with the nigrostriatal
pathway injury in PD. This possibility has been confirmed
by Brochard et al. [77], who described that CD8+ and
CD4+ T cells, but not B cells, invaded the brain during
the course of neuronal degeneration in the MPTP animal
model of PD. The effect of these cells was reinforced by the
fact that the MPTP-induced dopaminergic cell death was
markedly attenuated in the absence of mature T lymphocytes
in two different immunodeficient mice strains (Rag1−/−
and Tcrb−/− mice). However, there was no protection
in mice lacking CD8. The implication of these cells was
strongly supported, since the authors also found that both
CD8+ and CD4+ T cells accumulated markedly in the SNpc
of PD patients. These data indicate that T cell-mediated
dopaminergic toxicity is almost exclusively mediated by
CD4+ T cells. The authors also point out that the lymphocyte
infiltration into the brain is not a passive phenomenon,
suggesting that the activation of microglia along innate
neuroinflammatory processes with the modification of the
local microenvironment could be involved. They found
the upregulated expression of the intercellular adhesion
molecule-1 (ICAM-1) adhesion molecule on both capillaries



Parkinson’s Disease 5

and glial cells, which may participate in the attachment of
leukocytes to the vascular endothelium and their diapedesis
[117]. In this context, Villarán et al. [90] has shown the
effect of peripheral inflammation (UC) on the infiltration
of circulating monocytes in the SN using flow cytometry
analyses. They found that monocytes infiltration into the SN
increased in the UC-LPS animals compared with the animals
treated with LPS alone. Moreover, they showed the reversion
of most of the deleterious effects of peripheral inflammation
on microglial activation, BBB disruption, astrocytes loss,
and degeneration of nigral dopaminergic neurons induced
by LPS after using clodronate encapsulated in liposomes
(ClodLip), which produced a peripheral macrophage deple-
tion lasting 5 days in blood, liver, and spleen of normal rats
and mice [118–120]. Taken together, these results suggest
that peripheral inflammation induced by UC contributes to
dopaminergic degeneration; the activation of macrophages
seems to play some role, since the destruction of this
peripheral leukocyte type by ClodLip abolishes the damaging
effects associated with UC in the ventral mesencephalon.
Brochard et al. [77] suggested that the overexpression of
the ICAM-1 adhesion molecule could be involved in the
active migration of these cells. Villarán et al. [90] also found
a significant increase in ICAM-1 in the SN of UC-LPS
animals. It is also interesting to note that the overexpression
of ICAM-1 was also described in the SN of patients with
PD and in MPTP-intoxicated monkeys [121], supporting a
role for immune regulation outside the CNS and the possible
implication of peripheral inflammation.

All these data show that peripheral inflammation could
enhance the degeneration of the nigrostriatal system, previ-
ously induced by an insult. Therefore, PD symptoms could
appear earlier, increasing the incidence of the disease. An
increased prevalence of peptic ulcer prodromal to idiopathic
Parkinsonism has been described [81, 122]. This prompted
some authors to suggest a prominent role of inflammation in
the gastrointestinal tract in the aetiology and pathogenesis
of idiopathic Parkinsonism, including a possible role for
Helicobacter pylori infections [82, 123]. This infective process
is the most prevalent in the world, affecting approximately
50% of the population [124], and it is considered the
causative agent of many gastrointestinal and extradigestive
conditions. Colonization of gastric mucosa by H. pylori is
accompanied by an inflammatory response associated with
gastric mucosal damage through the activation of polymor-
phonuclear neutrophil leukocytes [125] and inflammatory
infiltration of lymphocytes, plasma cells, and macrophages
in the stomach tissue [126–128]. Also described was the
production of proinflammatory factors such as IL-8, IL-1,
and TNF-α [115, 129, 130].

It should not be ignored that a high peripheral inflam-
mation could induce the degeneration of the nigrostriatal
system alone and also that peripheral inflammation could
produce a special sensitivity to other dopaminergic insults.
An increase in PD was reported following the Spanish flu
in 1918 [131]; however, the viral RNA is reported absent
from brain samples of encephalitis lethargica patients from
1916 to 1920 [132]. It is conceivable that the massive
immune response or “cytokine storm” [133] created by the

virus initiated inflammation in the CNS; also, the great
peripheral inflammation could have affected the nigrostriatal
dopaminergic neurons. The inflammation produced by a
single injection of a large dose of LPS into the periphery
has been shown to produce inflammation in the brain,
resulting in significant DA neuron loss in the SN [134].
Villarán et al. [90] also reported a decrease in TH positive
neurons in the SN in animals with UC after injecting vehicle
within this structure. The specific sensitization was reported
by Ling et al. [135], who showed that prenatal exposure
to LPS increased DA cell loss following adult exposure to
6-OHDA.

5. Conclusions

Our aim was to point out that inflammation is able to
enhance the damage to DAergic neurons and, more impor-
tantly, that peripheral inflammation is also able to produce
a synergistic increase in the effect produced by any insult in
the nigrostriatal dopaminergic system, resulting in a greater
loss of DA neurons. Consequently, this effect increases the
progression rate of PD. The effect of peripheral inflammation
seems to be produced through a significantly increased
inflammation in the SN. This could be produced by some of
the cytokines that increase in blood, such as IL-β and TNF-
α, directly or indirectly through its transport to the CNS
(SN). Moreover, these effects could be also accompanied by
the recruitment of peripheral monocytes that also directly
increase the inflammation process in the SN. The implication
of peripheral inflammation could explain some epidemio-
logical data on the incidence of PD, and probably also the
effect of chronic anti-inflammatory treatments. These effects
should be taken into account in the progression of PD.
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Thiazolidinediones (TZDs) are peroxisome proliferator-activated receptor (PPAR)-γ agonists commonly used as insulin-
sensitizing drugs for the treatment of type 2 diabetes. In the last decade, PPAR-γ agonists have received increasing attention for
their neuroprotective properties displayed in a variety of neurodegenerative diseases, including Parkinson’s disease (PD), likely
related to the anti-infammatory activity of these compounds. Recent studies indicate that neuroinflammation, specifically reactive
microglia, plays important roles in PD pathogenesis. Moreover, after the discovery of infiltrating activated Limphocytes in the
substantia nigra (SN) of PD patients, most recent research supports a role of immune-mediated mechanisms in the pathological
process leading to chronic neuroinflammation and dopaminergic degeneration. PPAR-γ are highly expressed in cells of both
central and peripheral immune systems, playing a pivotal role in microglial activation as well as in monocytes and T cells
differentiation, in which they act as key regulators of immune responses. Here, we review preclinical evidences of PPAR-γ-induced
neuroprotection in experimental PD models and highlight relative anti-inflammatory mechanisms involving either central or
peripheral immunomodulatory activity. Specific targeting of immune functions contributing to neuroinflammation either directly
(central) or indirectly (peripheral) may represent a novel therapeutic approach for disease modifying therapies in PD.

1. Introduction

Thiazolidinediones (TZDs), including rosiglitazone and pio-
glitazone, are currently in clinical use as insulin-sensitizing
agents for the treatment of type 2 diabetes [1]. These drugs
were originally designed as agonists of the peroxisome prolif-
erator-activated receptor-γ (PPAR-γ), belonging to the hor-
mone nuclear receptor superfamily. PPAR-γ mediates ligand-
dependent transcription and is activated, beside synthetic
agonists TZD, by naturally occurring compounds, such as
longchain fatty acids and the prostaglandin 15-deoxy Δ,
prostaglandin J2 (15d-PGJ2), but also few nonsteroidal anti-
inflammatory drugs (NSAIDs), as ibuprofen, fenoprofen,
and indomethacin [2–6]. In the last decade, the neuropro-
tective properties of PPAR-γ agonists have received increas-
ing attention and researchers have provided a multitude
of evidences in preclinical models of a variety of acute
and chronic neurodegenerative conditions, including PD,
Alzheimer’s disease, cerebral ischemia, amyotrophic lateral
sclerosis, and spinal cord injury. These evidences have led to

rosiglitazone evaluation in phase II and III clinical trials in
patients with Alzheimer’s disease and ischemia [7–15].

2. Safety Concerns of TZDs Therapy

TZDs include troglitazone, which was removed from the
market because of hepatotoxicity, and two currently avail-
able agents, rosiglitazone (Avandia, GlaxoSmithKline) and
pioglitazone (Actos, Takeda). Rosiglitazone was introduced
into the market in 1999 and has been widely used as
monotherapy or in fixed-dose combinations with either
metformin (Avandamet, GlaxoSmithKline) or glimepiride
(Avandaryl, GlaxoSmithKline).

TZDs safety has been constantly monitored, mostly for
the cardiovascular risks in diabetic patients, since more than
65% of deaths in patients with diabetes are from cardio-
vascular causes [16]. Multicentre studies aimed at assessing
rosiglitazone-associated risks for cardiovascular diseases in
diabetes have been recently completed [17–21]. The most
reliable and informative studies are the ADOPT [19],
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DREAM [21] and the recently completed RECORD studies
for rosiglitazone [18], and the PROactive study for piogli-
tazone [22]. Few meta-analysis have also investigated the
cardiovascular risks of TZDs in diabetes, leading however, to
controversial conclusion [16, 23, 24]. Both rosiglitazone and
pioglitazone have been associated dose-dependently with
fluid retention and accumulation, increased body weight,
and increased LDL cholesterol concentration, that may
indirectly lead to heart failure in diabetic patients [18, 19,
25]. On the other hand, there is no evidence of TZDs
direct cardiotoxicity. Moreover, TZDs have been shown to
improve some cardiovascular risk markers associated with
diabetes, as insulin sensitivity, blood pressure, and coagu-
lation factors [26, 27]. Beside cardiovascular complications,
in diabetic patients rosiglitazone has been associated with
an increased risk of bone fractures, particularly in woman
[18].

Given the intrinsic risk of cardiovascular complications
in diabetic patients, concerns on TZDs safety have recently
led to rosiglitazone withdrawal from the market in Europe
and its inclusion in a restricted access program in the US as
hypoglycemic drug (FDA safety Information). (http://www
.fda.gov/downloads/Drugs/DrugSafety/PostmarketDrugSafe-
tyInformationforPatientsandProviders/UCM226959.pdf).

In contrast, no data are available up to date for non-
diabetic or PD patients. It should be also noticed that
rosiglitazone is currently in phase III clinical trial on
Alzheimer disease, as well as several other diseases,
including ischemia, cancer, and asthma (NCT00348140,
NCT00265148, NCT00405015, NCT00369174, and
NCT00119496). Overall, available data on TZDs safety,
while not voiding studies for use of these drugs in other
chronic diseases as PD, prompt for search of new PPAR-γ
agonists with increased CNS permeability, which would
likely permit to use lower doses regimens thus reducing
peripheral side-effects risks.

3. Cellular Distribution of PPAR-Gamma

PPAR-γ has been demonstrated in a large variety of cells.
The highest level of expression is shown by adipose tissue
and by cells of the peripheral and central immune systems
[6, 28–32]. This distribution pattern reflects the actions
of PPAR-γ in regulating glucose and lipid metabolism,
in promoting lipid storage and adipocyte differentiation
[6, 33, 34]. Moreover, peripheral PPAR-γ is involved in
the modulation of inflammatory cytokines production by
monocyte/macrophages and endothelial cells, as well as in
immune cell differentiation and function [3, 35]. In the
central nervous system (CNS), PPAR-γ is expressed in several
cell types including microglia, neurons, astrocytes, and oligo-
dendrocytes [2, 36, 37]. Microglial cells constitutively express
PPAR-γ, its levels being tightly regulated and dependent
on microglial functional state [38]. In neurons, PPAR-
γ immunoreactivity appears mainly as a nuclear labeling
although sometimes cytoplasmic staining is detectable in
some cortical neuron [37, 39]. High levels of PPAR-γ have
been found in the piriform cortex and olfactory tubercle, in

the basal ganglia, in rhomboid, centromedial, and parafas-
cicular thalamic nuclei, in the reticular formation, and in
the stellate cells of cerebellar cortex [37]. The abundance
of PPAR-γ in basal ganglia regions, and areas expressing
dopamine receptors supports the increasing interest for
PPAR-γ agonists in PD management. PPAR-γ expression in
astrocytes results in some way inhomogeneous, since in white
matter structures PPAR-γ positive and negative astrocytes
were found within the same area, albeit they have been
found homogeneously expressed in adult cultured cortical
astrocytes [36, 37].

4. PPAR-Gamma Agonists in Preclinical
Models of PD

PD is a neurodegenerative disorder characterized by the
progressive death of dopaminergic neurons of the substan-
tia nigra pars compacta (SNc), resulting in a progressive
deficiency of nigrostriatal dopamine transmission. Clinical
symptoms of PD generally manifest when striatal dopamine
(DA) levels are largely reduced and most nigral neurons are
lost. The pathological development underlying neurodegen-
eration, at the time the diagnosis is made, is characterized
by an unbalanced neuronal network due to a complex
scenario of malfunctioning cellular components, including
oxidative stress, impaired protein disposal systems, and
chronic neuroinflammation [40].

Animal models of PD have been fruitfully used for
contributing to a better knowledge of major mechanisms
involved in this disease and to explore new potential
therapies. Animal models of PD should possess the highest
number of features of human PD (face validity), underlying
neuropathology should evolve as much as possible as PD
and should respond to treatments in a manner comparable
to human PD (predictive validity). Lastly, they should also
reproduce the complex scenario of multiple interaction
between neuronal elements and surrounding cells (construct
validity). Among cells that play a relevant role in this
scenario, microglia, astrocytes, and endothelial cells are
major players.

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
administration has been widely used in animals to reproduce
PD symptoms, and, among animals, primates and mice have
been used, the latter being easy to handle and affordable.
Among the different MPTP-based models used so far, the
acute MPTP, the subacute MPTP and the chronic MPTP
paradigms have provided compelling results for a role of
PPAR-γ in neuroinflammation and neurodegeneration in PD
[8, 9, 41]. In this section, evidences for PPAR-γ-mediated
neuroprotection in different MPTP-based PD models are
summarized.

4.1. Acute MPTP. The acute MPTP model, consisting of male
C57BL/6 mice that received four intraperitoneal adminis-
tration of MPTP-HCl (15 mg/kg) at 2-h intervals in one
day has been used by Breidert and colleagues [8]. This
treatment determined a significant reduction of tyrosine
hydroxylase (TH)-positive cells in the SNc at 2, 5, and 8 days
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after the last neurotoxin injection (Table 1). 20 mg/kg/day
of pioglitazone, administered in rodent chows, prevented
the dopaminergic cell loss in the SNc and attenuated the
MPTP-induced glial activation. Furthermore, whereas TH
immunoreactivity in the striatum was decreased in MPTP-
treated mice as compared to controls, pioglitazone treatment
did not significantly prevent striatal TH immunoreactivity
loss, suggesting that the neuroprotective mechanism of this
drug at dopamine cell-body level was somehow selective
(Table 1). However, MPTP-induced decline of striatal tis-
sue content of DA, DOPAC, and HVA was partially but
significantly prevented by pioglitazone (Table 1). Overall,
although the authors hypothesized that a higher energy
demand of striatal nerve terminals could make the striatum
more vulnerable to MPTP toxicity, masking the ability of
pioglitazone to show a protective effect, it remains to be
investigated why dopamine terminals were less protected
than dopamine cell bodies.

4.2. Subacute MPTP. Dehmer and colleagues used the
subacute MPTP model in C57BL/6 mice, consisting of
30 mg/kg i.p. MPTP at 24 h intervals for 2 or 5 days
[9]. 20 mg/kg/day pioglitazone was administered in rodent
chows, starting 4 days before MPTP injection. Animal were
killed one week after the last MPTP administration. By
using this protocol, the authors showed that subacute MPTP
administration caused 50% loss of TH positive neurons in
the SNc, whereas pioglitazone administration completely
protected the SNc from cell loss. In addition, pioglitazone
treatment partially prevented MPTP-induced striatal DA
decline, whereas reduction of DOPAC and HVA were not
affected (Table 1).

4.3. Chronic MPTP. In the study by Schintu and col-
leagues, the authors used the chronic MPTP plus probenecid
(MPTPp) mouse model of progressive PD to assess the ther-
apeutic efficacy of rosiglitazone on neurodegeneration, neu-
roinflammation and behavioural impairment [15]. In this
study C57Bl/6J mice received 10 doses of MPTP (25 mg/kg
i.p.) and probenecid (250 mg/kg i.p.) administered twice a
week for 5 weeks. Rosiglitazone (10 mg/kg i.p.) was admin-
istered daily until sacrifice, three days after last neurotoxin
administration. The efficacy of rosiglitazone in preventing
the deleterious effect of chronic MPTPp was assessed in a
wide variety of behavioural and biochemical tests. In partic-
ular, mice chronically treated with MPTPp displayed typical
features of PD, including progressive impairment of motor
and olfactory functions (Figure 1) associated with partial
loss of TH-positive neurons in the SNc (Table 1), decrease
of DA and DOPAC content and dynorphin mRNA levels in
the striatum, and intense microglial and astroglial response
in the SNc and striatum. Chronic rosiglitazone administered
in association with MPTPp, completely prevented motor
and olfactory dysfunctions and loss of TH-positive cells in
the SNc (Figure 1 and Table 1). In the striatum, MPTPp-
induced loss of striatal dopamine was partially prevented
by rosiglitazone, whereas decrease in DOPAC content and
dynorphin were fully counteracted. Therefore, these results

clearly showed that DA neurons preservation by the PPAR-
γ agonist was associated with preservation of motor func-
tions. Moreover, while emphasizing the sensibility of striatal
DA terminals to MPTPp chronic treatment, this study
interrelated rosiglitazone-mediated preservation of motor
functions to level of DA damage in the striatum, somehow
reproducing a crucial feature of PD, where the appearance
of behavioural deficits is strictly correlated with a threshold
damage of striatal DA transmission.

4.4. Intrastriatal LPS. Hunter and coworkers tested the
neuroprotective potential of the anti-inflammatory drug
celecoxib, an inhibitor of cyclo-oxygenase-2 (COX-2) and
the PPAR-γ agonist pioglitazone against the neuronal dam-
age induced by intrastriatal injection of lipopolysaccharide
(LPS) in rats [42]. Celecoxib (administered twice a day at
10 mg/kg, for four days before LPS injection) and piogli-
tazone (20 mg/kg daily for four days before LPS injection)
prevented the loss of dopaminergic neurons and striatal DA
decline, as observed 3 day after LPS injection. In addition,
Celecoxib and pioglitazone decreased the neuroinflamma-
tory reaction and restored mitochondrial function, providing
a mechanism of neuroprotection [43].

5. PPAR-γ Agonists and Central
Inflammation in PD

5.1. Microglia. Recent studies indicate that neuroinflamma-
tion and microglia activation play important roles in PD
pathogenesis, as suggested by the high levels of reactive
microglia found in the SNc of PD patients [44–46]. Microglia
are the resident immune-competent cells of the CNS,
commonly described as the CNS equivalent of macrophages,
having a role in monitoring the brain for immune insults and
invading pathogens [47–51]. It has been recently reported
that primitive myeloid precursors give rise, before embryonic
day 8, to microglia residing in the adult CNS in the steady
state [52]. Recent interpretation of this cell population
suggests that microglia do not constitute a uniform cell
population but rather comprise a family of cells with
different phenotypes, some of which are beneficial and others
detrimental and toxic for the CNS [53]. In the healthy
brain, the majority of microglia are in the resting state, with
rod-shaped soma ramified and tiny processes. In this state,
microglia show low expression of molecules associated with
macrophage functions [53]. Upon activating stimuli from
extracellular environment, as damaged neurons, endotoxins,
cytokines, and aberrant proteins, microglia become reac-
tive, progressively switching to different stages of activity,
characterized by morphological and phenotypic changes.
Assumption of macrophage functions allow them to respond
to pathological insults [45, 49, 54, 55]. Morphologically, at
least three activity stages have been described for reactive
microglia: (i) activated ramified microglia with elongated
soma, long ticker processes, (ii) ameboid microglia with
round-shaped soma and short tick processes, (iii) phagocitic
microglia with round-shaped soma and vacuolated cyto-
plasm, void of processes [49, 54]. Moreover, microglia can
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Figure 1: PPAR-γ agonist rosiglitazone prevents the development of behavioural deficits, as olfactory dysfunction and motor impairment,
in a chronic model of progressive PD [15].

assume different states of effector functions, likely in relation
with the activating stimulus and disease state [55]. Depend-
ing on the environment and level of threat for the SNC,
microglia can temporarily assume a ctotoxic phenotype with
phagocytic functions that is associated with production of
pro-inflammatory cytokines as TNF-α, interleukin (IL) -1β,
IL-2, IL-6, and nitric oxide (NO). Alternatively, microglia
can act as antigen-presenting cells, expressing the major
histocompatibility complex (MCH) class II, being therefore
able to interact with adaptive immunity cells (T cells).
In turn, T cells can stimulate microglia to assume either
a cytotoxic phenotype or a phenotype with functions of
neuroprotection and cell renewal through the upregulation
of beneficial factors as insulin-like growth factor (IGF)-
1 and anti-inflammatory cytokines and downregulation of
neurodegenerative compounds, as TNF-α [56, 57].

5.2. Reactive Gliosis in PD: Human. In PD, postmortem
studies have reported presence of activated microglia
agglomerates around degenerating dopaminergic neurons
and extracellular melanin in the SNc [46]. Moreover, pro-
inflammatory cytokines, as TNF-α, IL-1β, IL-2, and IL-6
have been found in high levels in parkinsonian brains as well
as in the serum and cerebrospinal fluid of PD patients [44,
58–62]. Accordingly, increased levels and nuclear translo-
cation of nuclear factor (NF)-kB, a transcription factor
controlling cytokines expression, were also observed in the
SNc of PD patients [63, 64]. Interestingly, in PD gliosis
seems to be limited to microglial activation. Indeed, most
reports did not find reactive astrocytosis in the SN of PD
patients, suggesting that the inflammatory process in PD is a
unique phenomenon diverse from other neurodegenerative
disorders (Mirza et al. [65]).

5.3. Reactive Gliosis in PD: Experimental PD. Studies in ani-
mal models of PD support the involvement of neuroinflam-
mation and pro-inflammatory cytokines in dopaminergic
neurodegeneration. MPTP and 6-OHDA-induced neurotox-
icity in rodents are associated with an intense microglial
reaction and with elevated levels of pro-inflammatory
cytokines in the SNc [41, 66–72]. Moreover, in the LPS
inflammatory model of neurodegeneration, systemic LPS
induces intense neuroinflammation and increased levels of
pro-inflammatory cytokines in the mouse brain, followed
by dopaminergic degeneration in the SNc [73]. Accordingly,
an atypical production of pro-inflammatory cytokines has
been described in a 6-OHDA model of PD, where microglial
activation was associated with a selective subset of cytokines
increase [67]. Remarkably, 6-OHDA-induced dopaminergic
neurodegeneration is exacerbated by the overexpression, and
decreased by inhibition, of the pro-inflammatory cytokine
IL-1β, whereas chronic TNF-α expression elicits nigral
degeneration, which demonstrate a direct involvement of
toxic cytokines in DA neurons degeneration [54, 74].

Although most reports of reactive microglia in the PD
brain were derived from observations of terminal stage cases,
leaving unknown if reactive gliosis is a cause or consequence
of the disease, findings from animal models of PD suggest
that microglia is chronically activated in a neurotoxic phe-
notype [44] (Figure 2). Products of degenerating neurons in
PD, as aggregated α-synuclein, ATP, and neuromelanin, may
act as self-antigen to activate microglia in order to induce
a defensive reaction [47, 75–78]. However, in PD, activated
microglia is engaged in a vicious cycle of inflammation,
where products from dying neurons and inflammatory
compounds chronically released by the microglia itself may
sustain a condition called reactive microgliosis, in which
neuroinflammation propagates and amplifies to destroy
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Figure 2: PPAR-γ agonists might achieve neuroprotection in PD by anti-inflammatory activity targeting cells of the central and
peripheral immune systems. Products from dying neurons as α-synuclein (α-syn), ATP, and neuromelanin activate microglia to assume
a proinflammatory phenotype that will be involved in clearing the environment from dangerous agents through the release of factors
such as cytokines endowed with inflammatory and recruitment properties. In PD, microglia might have lost the ability to self-modulate,
chronically maintaining a pro-inflammatory phenotype (red microglia) and failing to assume an anti-inflammatory and neuroprotective
function (green microglia). Activated microglia becomes, therefore, engaged in a vicious cycle called reactive microgliosis, in which sustained
neuroinflammation contributes to neuronal damage. PPAR-γ, through the specific inhibition of pro-inflammatory cytokines production
and a stimulatory effect on anti-inflammatory cytokines, may suppress the microglia activation toward a pro-inflammatory/neurotoxic
phenotypes, while directing it toward a neuroprotective phenotype (see text for references). In addition, in PD peripheral T lymphocytes
activation is altered in that pro-inflammatory phenotypes (violet) exceed anti-inflammatory ones (green). Abnormally activated T cells
infiltrate into the CNS, reaching the damaged SNc. Herein, they may drive microglia to acquire the neurotoxic phenotype to the detriment of
less toxic or neuroprotective states, actively contributing to the pathological processes. Peripheral PPAR-γ can direct lymphocytes activation,
selectively suppressing subsets of activated T cells which sustain tissue inflammation. Counteracting the disease-dysregulated peripheral
immune functions by PPAR-γ agonists may, therefore, represent an adjunctive target for neuroprotection (see text for references).

more neurons [44, 67, 79–83] (Figure 2). In such a toxic envi-
ronment, it has been suggested that the elevated plasticity
of microglia and their interaction with adaptive immunity
cells (see later in this review) may lead them to assume
maladaptive functions, loosing their ability to self-modulate
themselves therefore perpetuating a neurotoxic phenotype
of activation, while failing to assume a neuroprotective
function [53, 76] (Figure 2). This view would prompt for
search of therapeutic strategies aimed at finely modulate
microglia activation. Optimal anti-inflammatory therapies
with neuroprotective target should be directed at selectively
suppress dangerous microglia phenotypes while stimulating
the neuroprotective ones, rather than generally suppress
microglia activation.

5.4. PPAR-γ Agonists and Reactive Gliosis in PD. Studies
in PD models in vivo have shown that PPAR-γ agonists-
mediated neuroprotection is consistently associated with

inhibition of microglial reactivity (Table 2). In MPTP-
exposed mice, the neuroprotective effect of pioglitazone was
associated with the inhibition of microglial reactivity in the
SNc [8, 9]. Since pioglitazone exerts an inhibitory effect
on monoamine oxidase B (MAO-B), therefore blocking
the conversion of MPTP to the toxic metabolite MPP+,
it has been claimed that this mechanism might account,
at least partly, for the neuroprotective activity displayed
by this drug upon MPTP intoxication [84] (Table 2).
However, in a different PD model obtained by intrastriatal
infusion of lipopolysaccharide (LPS), neuroprotection by
pioglitazone was associated with inhibition of microglial
reactivity in the SNc and inhibition of LPS-induced increase
in mitochondrial proteins uncoupling protein 2 (UPS2)
and mitoNEET [42, 43]. Moreover, in a recent study con-
ducted by our group in a mouse model of progressive
PD induced by chronic delivery of MPTPp, rosiglitazone
prevented microglia activation [15]. Interestingly, while
microglial response was fully prevented by rosiglitazone in
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the SNc, in line with a complete preservation of DA cell
bodies, in the striatum, a partial microglia inhibition was
associated with a partial rescue of DA content decline,
further interrelating the anti-inflammatory activity with the
neuroprotective effect [15]. Furthermore, when rosiglitazone
was introduced late in the chronic MPTP treatment, in
presence of an intense microgliosis and partial dopaminergic
degeneration, microglial response was partially inhibited
(unpublished observation). Importantly, in contrast to
pioglitazone, MPP+ levels were not altered by rosiglitazone
in mice chronically treated with MPTP, ruling out an effect
on MPTP metabolism [15].

Several NSAID, as ibuprofen, fenoprofen, flufenamidic
acid, indometacin, display a PPAR-γ agonistic activity [3, 4].
Noteworthy, these drugs have provided neuroprotection in
PD models, supporting a role for the anti-inflammatory
activity as mechanism of PPAR-γ-mediated neuroprotection
[85].

5.5. Modulation of Microglial Response as a Mechanism of
PPAR-γ-Mediated Neuroprotection. Although the preclinical
studies suggest the anti-inflammatory activity as a mech-
anism of neuroprotection by PPAR-γ agonists in PD, a
direct causal link has not been demonstrated. The in vivo
studies in PD models have reported the inhibition of iNOS
synthesis by pioglitazone, through an inhibition of NF-
kB activation, a main regulator of inflammatory genes
transcription, both in neurons and glial cells, offering a
molecular mechanism for an anti-inflammatory-mediated
neuroprotection [9]. Accordingly, in an in vitro study con-
ducted in mesencephalic neuron-microglia mixed cultures,
pioglitazone inhibited LPS-induced cyclooxygenase-2 (COX-
2) activity, iNOS expression, NO production and p38 MAPK
activity, achieving neuroprotection [86, 87].

Moreover, a direct evidence for PPAR-γ-mediated mod-
ulation of cytokines expression in experimental PD models
in vivo is lacking although a wealth of evidences supporting
this effect as a mechanism of neuroprotection come from
in vitro studies. In LPS-stimulated microglial cells, natural
and synthetic PPAR-γ agonists were shown to inhibit the
production of pro-inflammatory and neurotoxic mediators
as TNF-α, IL-1β, IL-12, iNOS, as well as IFN-γ-induced
expression of major histocompatibility complex (MHC)
class II antigen [38, 88–91]. Interestingly, a recent study
suggested a role for the anti-inflammatory cytokine IL-
4 in the PPAR-γ-mediated inhibitory effect, showing that
rosiglitazone attenuated LPS-induced increase of IL-1β and
MHC-II in microglia prepared from wild-type mice, but it
failed to exert any effect in glia prepared from IL-4-deficient
mice [92].

In addition to evidences gained from experimental PD, a
number of in vivo and in vitro studies in models of neurode-
generative and neuroinflammatory conditions other than
PD, have demonstrated a cytokine-modulatory activity of
PPAR-γ agonists as mechanism of neuroprotection. In exper-
imental cerebral ischemia, different TZDs, as pioglitazone,
troglitazone, and rosiglitazone were neuroprotective and
reduced protein and mRNA levels for the pro-inflammatory

cytokines IL-1β, IL-6, COX-2, and iNOS through an inhi-
bition of NF-kB signaling [93–95]. In an in vitro model
of Alzheimer disease, PPAR-γ agonists troglitazone and
ciglitazone suppressed the expression of the IL-6 and TNF-α
genes in Aβ-stimulated microglial cells, improving neuronal
survival [96]. Interestingly, in this study neuroprotection was
not achieved by direct application of PPAR-γ agonists to
the neurons, indicating that PPAR-γ agonists were directly
targeting microglial function [96].

All together, evidence in PD models and the knowledge
gained from diverse neurodegenerative conditions, suggest
that PPAR-γ agonists may achieve neuroprotection in PD
by mean of their anti-inflammatory activity and, specifically,
by finely modulating cytokines expression in microglia
through a main inhibitory effect on NF-kB activity. The
specific inhibition of pro-inflammatory cytokines produc-
tion by microglia, together with a stimulatory effect on
anti-inflammatory cytokines, suggest that PPAR-γ agonists
may direct activated microglia toward a less toxic or neu-
roprotective phenotype, while suppressing pro-inflammato-
ry/neurotoxic phenotypes (Figure 2).

BOX. The exact molecular mechanism of the PPAR-γ-
mediated anti-inflammatory activity remains controversial.
Upon activation by natural and synthetic agonists, PPAR-
γ heterodimerize with the retinoid X receptor (RXR) in
the cytoplasm, in this form translocating to the nucleus.
Herein, it binds to the PPAR-γ responsive elements (PPRE)
in the promoter region of PPAR target genes to modu-
late their expression [97–99]. In the absence of ligands,
the PPAR/RXR heterodimer is stabilized by the binding
of corepressors to suppress transcription, whereas ligand-
binding causes release of corepressors and recruitment of
co-activators, to activate transcription [100]. Besides this
transactivating activity, a ligand-dependent transcriptional
transrepression mechanism has been described, by which
activated PPAR-γ represses gene transcription in a DNA-
binding independent way through physically sequestering
activated transcriptional factors or their coactivators [101].
For instance, it was recently demonstrated that PPAR-γ can
inhibit NF-kB by physical interaction with subunit p65, or by
increasing inhibitory kappa B alpha (IkBα) expression [102].
In addition, a small, ubiquitin-like modifier (SUMO)ylation
of PPAR-γ has been described as a mechanism of transrepres-
sion of NF-kB target pro-inflammatory genes, conferring to
PPAR-γ a ductile function of activator or repressor of NF-kB
target genes [103].

6. PPAR-γ and Peripheral Inflammation in PD

6.1. Peripheral Inflammation in PD: Human. Postmortem
as well as in vivo studies in PD patients have suggested
that the pathological process leading to neurodegeneration
may involve cells of the peripheral immune system and
immune-mediated mechanisms. First report by McGeer
and colleagues demonstrated the presence of activated T
lymphocytes (CD8+) in the Parkinsonian SN, together with
elements of the complement pathway [104, 105]. Thereafter,
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in an elegant study Orr and co-workers demonstrated
presence of IgG-immunopositive pigmented neurons in the
SN of both idiopathic and genetic forms of PD, associated
with an increase of activated microglia expressing high
affinity activating IgG receptors (FcγRI) [106]. Microglia
contained pigment granules, supporting their involvement
in a phagocytic attack on IgG immunopositive pigmented
neurons [106]. These authors suggested that IgG binding
to DA neurons may result in their selective targeting and
subsequent destruction by activated microglia [106]. Lately,
Brochard and colleagues reported higher densities of CD8+
and CD4+ T lymphocytes in the brain of patients with PD
than in healthy brains [107].

Interestingly, abnormalities in peripheral immune func-
tions have been repeatedly described in the blood of
patients with PD, which suggest un imbalance toward
pro-inflammatory phenotypes for activated T lymphocytes.
Hisanaga and co-workers reported a significantly greater
population of circulating CD3+ CD4+ CD8+ T lymphocytes
in blood of PD patients than in age-matched control
subjects [108]. In a study conducted in Parkinsonian versus
normal individuals, Baba and colleagues suggested a shift of
activated lymphocytes to a pro-inflammatory phenotype by
showing that patients with PD had significantly decreased
CD4+: CD8+ T-cell ratio, fewer CD4+CD25+ T regulatory
cells (Treg), and increased ratios of IFN-γ-producing to
IL-4-producing T cells [109]. Accordingly, other studies
have reported higher levels of serum interleukins and pro-
inflammatory cytokines [59, 110, 111].

6.2. Peripheral Inflammation in PD: Experimental PD. Stud-
ies in experimental PD models support an involvement of
peripheral immunity in dopaminergic cell loss. He et al.
[112] demonstrated that injection of IgG from serum of
PD patients into the mouse SNc leads to microglial activa-
tion and subsequent dopaminergic degeneration, suggesting
that humoral immune mechanisms can trigger microglial-
mediated neuronal injury. Investigating a possible patholog-
ical relevance of lymphocytes infiltration in a experimental
MPTP model of PD, Brochard et al. [107] showed that
MPTP-damaged SNc specifically displayed presence of infil-
trating T cells. Moreover, removal of CD4+ T cells in mutant
mice resulted in a lower sensitivity to MPTP and lower degree
of cell death in the SNc, strongly supporting a deleterious
contribution of peripheral lymphocytes to dopaminergic
degeneration within the SNc.

Moreover, a role for a dysregulated activation of T
lymphocytes in PD neuropathology has been recently sug-
gested in an in vivo PD model [113]. Thus, inoculation of
CD4+CD25+ Treg cells, but not CD4+CD25− effector T cells
(Teff), reduced microglial reactivity and neurodegeneration
in MPTP-treated mice [113]. In addition, a more recent study
by the same authors strongly corroborates the relevance
of adaptive immunity cells subpopulations in directing
microglial response in PD [114]. Hence, the phenotype
undertaken by α-synuclein-activated microglia in culture,
depended upon the interaction with specific subpopulations
of activated T cells, with CD4+CD25+ Treg cells suppressing

α-synuclein-induced production of reactive oxygen species
and NF-kB activation. In contrast, CD4+CD25- effector T
cells exacerbated microglial inflammation and neurotoxic
responses [76, 114].

Although it is not clear if abnormalities of the peripheral
immune system are secondary to changes in central immune
system, data from PD cases and experimental PD consistently
report an infiltration of abnormally activated immune cells
across the blood brain barrier in PD. Consistent with a
T cell function in directing microglia phenotype [56, 57],
abnormally activated T cells present in the damaged area
may influence the microenvironment by driving microglia
to acquire a neurotoxic phenotype to the detriment of less
toxic or neuroprotective states, actively contributing to the
pathological processes (Figure 2).

6.3. PPAR-Gamma Agonists and Peripheral Inflammation in
PD. PPAR-γ agonists exert profound and long-lasting anti-
inflammatory effects in peripheral immune cells, mainly
directing their differentiation into alternate phenotypes [3,
10, 115]. In the light of the growing relevance that peripheral
immunity is gaining in PD pathology, this unique feature
of PPAR-γ agonists sues for further attention toward these
drugs as disease modifying strategy in PD. Albeit a direct
evidence for a contribution of this mechanism in PPAR-
γ-mediated neuroprotection in PD is currently missing,
a wealth of data indicate that modulation of peripheral
immunity is a main target for PPAR-γ-mediated protective
therapies in chronic inflammatory diseases, including neu-
roinflammatory conditions as multiple sclerosis, where a dys-
regulation of the peripheral immune system is instrumental
to the pathology.

PPAR-γ can affect adaptive immune responses by mod-
ulating T cells differentiation and activity through mech-
anisms involving the suppression of pro-inflammatory
cytokines, as IL-2, which are known to play an important
role in directing T cells phenotype [116–118]. Noteworthy,
PPAR-γ-mediated suppression of a particular subset of
activated T cells, named T helper 17 (TH17), provides
beneficial effects to multiple sclerosis patients, asserting
PPAR-γ as a promising target for specific immunointer-
vention in autoimmune disorders [119]. TH17 has been
recently described, playing an important role in induc-
ing autoimmune tissue inflammations by the preferential
release of IL-17. IL-17 in turn promotes inflammation
through the production of pro-inflammatory cytokines
as IL-6, TNF-α, IL-1β, chemokines, and potentiate tissue
pathology by inducing the production of nitric oxide and
matrix metalloproteinases [120]. Evidencing the prominent
role played by PPAR-γ in the development of autoim-
munity, rosiglitazone can affect CD4+ T cells function
by specifically suppressing their differentiation into TH17
[117, 119].

In addition to the anti-inflammatory function in adapt-
ive immune cells, PPAR-γ agonists suppress monocyte
elaboration of inflammatory cytokines and can prime
monocytes to differentiate into macrophages with an
anti-inflammatory phenotype [3, 121, 122]. In human
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atherosclerotic lesions, and in cultured human monocytes,
PPAR-γ stimulation primed primary human monocytes to
be differentiated into the M2 form, the “alternative” anti-
inflammatory macrophage phenotype. This in turn affected
M1 macrophages, which displayed a more pronounced
anti-inflammatory activity (the “classical” proatherogenic
phenotype) [122–124].

To summarize, peripheral PPAR-γ holds the double func-
tion of selectively suppressing CD4+ activated T cells that
sustain tissue inflammation and of inducing macrophages
to differentiate into the anti-inflammatory M2 phenotype.
Therefore, this receptor contributes to keep in control the
inflammatory reactions in the tissue microenvironment and
to maintain immune homeostasis, either in the presence of
foreign pathogens/antigens or self-peptides insults. Within
a view that includes a role for humoral immunity in PD
pathogenesis, the restoration of disease-dysregulated periph-
eral immune functions by PPAR-γ agonists, may represent an
adjunctive target for neuroprotection in this neurodegenera-
tive disorder, prompting for further investigation in this field
(Figure 2).

7. Conclusions and Future Perspectives

Currently, available drugs for PD therapy only provide symp-
tomatic amelioration, while therapeutic strategies aimed at
stopping or modifying disease progression are still strongly
sought. Neuroinflammation plays a crucial role in the
neurodegenerative processes. Most recent research suggests
that both the central and peripheral immune systems are
dysregulated in PD, as suggested by a chronic prevalence
of a neurotoxic phenotype over anti-inflammatory states of
activation, reported for either microglia or T cells. Therefore,
therapeutic strategies aimed at finely modulating microglial
activation, reinstating the physiological shift toward less neu-
rotoxic phenotypes, may represent a goal in neuroprotection.
This goal may be achieved by using PPAR-γ agonists, because
their ability in modulating the expression of pro- and anti-
inflammatory cytokines at the transcriptional level in both
central and peripheral immune cells.

While the ability of PPAR-γ agonists to prevent neurode-
generation has been demonstrated in several experimental
models of PD, additional studies are needed to prove PPAR-
γ agonists efficacy on disease progression. Moreover, in spite
of recent warning on the safety of these drugs in diabetes,
to our knowledge no safety records are available in non
diabetic individuals or PD patients. Therefore, translation to
the clinical trial is warranted to fully evaluate the therapeutic
potential in PD although safety could become a critical
issue.
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Parkinson’s disease (PD) is a neurodegenerative condition characterized by chronic inflammation. Nuclear factor κB (NF-κB) is a
family of inducible transcription factors that are expressed in a wide variety of cells and tissues, including microglia, astrocytes, and
neurons, and the classical NF-κB pathway plays a key role in the activation and regulation of inflammatory mediator production
during inflammation. Activation of the classical NF-κB pathway is mediated through the activity of the IKK kinase complex, which
consists of a heterotrimer of IKKα, IKKβ, and IKKγ subunits. Targeting NF-κB has been proposed as an approach to the treatment
of acute and chronic inflammatory conditions, and the use of inhibitors specific for either IKKβ or IKKγ has now been found to
inhibit neurodegeneration of TH+ DA-producing neurons in murine and primate models of Parkinson’s disease. These studies
suggest that targeting the classical pathway of NF-κB through the inhibition of the IKK complex can serve as a useful therapeutic
approach to the treatment of PD.

1. Introduction

Parkinson’s disease (PD) is a progressive degenerative dis-
order of the central nervous system (CNS) that leads to
impairment of motor skills and speech, as well as other
functions. While the disease mechanisms that ultimately
cause PD are still unclear, it is believed that the progressive
nature of PD is characterized by chronic inflammation-
induced neurodegeneration of dopamine-producing neu-
rons within the substantia nigra (SN) and striatum [1–4].
It is now well documented that microglial activation results
in the loss of dopaminergic neurons (DA-neurons). The
premise of microglia activation in PD has been supported
by analysis of postmortem brains from PD patients, which
provides clear evidence of microglia activation in the SN.
In the brains of patients with PD, large numbers of human
leukocyte antigen (HLA-DR) and CD11b-positive reactive

microglia were found in the SN, a region in which the
degeneration of DA-neurons was most prominent [5–8].
In addition, levels of proinflammatory mediators, including
TNFα, IL-1β, IL-6, and eicosanoids are elevated in the
brains and peripheral blood mononuclear cells (PBMCs) of
patients with PD [6, 7]. Nitrite in the cerebrospinal fluid
as well as increased expression of inducible nitric oxide
synthase (iNOS) within the SN have been found in PD
patients [9, 10]. All of these findings lend strong support
to the association of inflammation and PD. Many of these
inflammatory mediators have been demonstrated to have
strong neurotoxic effects on DA-neurons [1, 11–14], and
the central cell implicated in the initiation and execution
of inflammatory responses within the CNS is the microglial
cell. The pro-inflammatory response of the microglial cell
is primarily mediated by the transcription factor NF-κB,
which is activated by pro-inflammatory signals and controls
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the gene expression of most of the inflammatory mediators
produced by microglial cells. Understanding the role of
inflammation in the etiology of PD, developing effective
anti-inflammatory therapies directed at NF-κB activity in
microglia, and determining the efficacy of these NF-κB
inhibitors in protecting DA-neurons from degeneration are
of particular interest as therapeutic approaches aimed at
stopping and reversing the debilitating effects of PD.

2. Microglial Cells, PD, and
Mechanisms of Inflammation

The etiology of PD suggests that chronic production of
inflammatory mediators such as TNFα, nitric oxide (NO),
and IL-1β mediates a significant amount of neuronal tissue
destruction, and the major cell within the CNS that produces
these mediators is the microglial cell. Several agents which
directly activate microglia have been shown to induce
neurotoxicity to DA-producing neurons both in vitro and
in vivo. These include LPS [14], f-Met-Leu-Phe (fMLP),
β-amyloid peptides [15], Parkin [16], and aggregated or
nitrated-α-synuclein [17]. In addition, several direct neuro-
toxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and 6-hydroxydopamine (6-OHDA) can activate
microglia through the release of cellular contents, which
leads to an exacerbation of the neurotoxicity [18–21]. There
is also a strong correlation between environmental factors
which lead to the induction of an inflammatory response
within the brain, including traumatic brain injury [22, 23]
and infection [24], and the ultimate onset of PD. Once
activated, microglial cells produce a wide variety of inflam-
matory mediators which serve to promote an innate immune
response, including inflammatory cytokines, chemokines,
prostaglandins and leukotrienes, NO, reactive oxygen species
(ROS), and glutamate.

Figure 1 proposes our model on the role of inflammation
in progressive neurodegeneration like that seen in PD.
Pro-inflammatory signals such as infection, trauma, stress,
or exposure to environmental factors can directly activate
microglial cells. Activated microglial cells, like macrophages,
undergo changes that enhance their microbicidal effective-
ness and their ability to modulate the inflammatory immune
response. These changes include enhanced phagocytic ability,
microbial killing, antigen presentation, and inflammatory
cytokine production. Activated microglial cells then secrete
these inflammatory cytokines, such as TNF-α, IL-1β, MIP-
1α, and IL-6 [25], which can both recruit new inflammatory
cells as well as lead to direct killing of DA neurons.

Activated microglial cells also release NO, which is
produced by inducible nitric oxide synthase (iNOS) [26].
Furthermore, microglial cell activation leads to enhanced
respiratory burst activity as well. The microglial respiratory
burst is characterized by the release of various reactive oxy-
gen species (ROS) including superoxide radicals and hydro-
gen peroxide. It is now clear that many of the inflammatory
mediators produced by activated microglia can actively
trigger apoptosis in neuronal cell cultures. These mediators
include tumor necrosis factor-α (TNF-α) [27] nitric oxide
(NO), interleukin-1β (IL-1b, cathepsin-B) [7, 28], glutamate
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[29, 30], IL-8 [31], and ROS [10]. Highly elevated levels of
several of these inflammatory mediators (TNF, NO, PGE2,
IL-1β, IL-6) can be found in the cerebrospinal fluid (CSF) of
PD patients, as well as in the brain SNpc tissue of PD patients
when analyzed in postmortem autopsies [7, 9, 10, 27, 32, 33].
Interestingly, NF-κB activation is required for all of these
mediators to be produced by microglial cells. In addition,
microglial cells can be activated following the death of DA-
neurons from either inflammatory damage or from the direct
effects of DA-neurotoxins such as MPTP or 6-OHDA. It has
also been found that intranigral and/or plasma TNF levels
remained elevated in MPTP-treated rodents or nonhuman
primates one year after administration of the neurotoxin
[34]. Once microglial cells have been activated to release
neurotoxic inflammatory mediators, further DA neuronal
damage occurs which results in the generation of reactive
microgliosis, a process by which there is a self-perpetuating
cycle resulting in sustained chronic neuroinflammation that
drives the progressive neurodegeneration in PD. This process
leads to the chronic nature of the disease and to sustained
neuronal damage over a prolonged period of time. Therefore,
intervention with anti-inflammatory reagents such as NF-κB
inhibitors could function to inhibit the initial activation of
microglial cells or to halt the continual reactivation which
occurs during reactive microgliosis, which is the hallmark
of this chronic inflammatory condition. Ultimately, reactive
microgliosis, if left unchecked, will result in destruction of
DA-producing neurons.

3. The Biology of NF-κB

Many of the inflammatory mediators involved in inflam-
mation and DA neurodegeneration in PD have a common
feature: their expression in microglial cells is primarily
regulated by NF-κB. The transcription factor NF-κB, first
described by David Baltimore’s group in 1986 as a tran-
scription factor which is essential for the expression of
mouse kappa light chain genes [35, 36], has now been found
to control gene expression of many of proinflammatory
responses. NF-κB is a “master switch” for inflammatory



Parkinson’s Disease 3

gene expression [37]. Inflammatory cytokines such as TNF
and IL-1α and β, bacterial products such as lipopolysac-
charide (LPS), and products of cellular damage strongly
activate inflammatory responses through the activation
of NF-κB. NFκB subsequently plays an essential role in
the inflammatory response through regulation of genes
encoding inflammatory cytokines (IL-1β, TNFα, IL-12/23),
chemokines (IL-8, MIP-1α, MCP-1 [38–40]), nitric oxide
production (iNOS), NADPH oxidase subunits p47 and p67
[41, 42], and adhesion molecules (ICAM-1, VCAM, and
E-selectin [43, 44]). Activation of NF-κB is a key event
in many chronic inflammatory diseases such as asthma,
cardiovascular disease [45], tissue reperfusion injury [46],
experimental autoimmune encephalomyelitis (EAE) [47],
rheumatoid arthritis [48], and inflammatory bowel disease
(IBD) [49]. Many of the standard agents used to treat
human inflammatory conditions, including sulfasalazine, 5-
aminosalicylates, and corticosteroids, as well as some natural
anti-inflammatory compounds such as IL-10, TGFβ1, β2AR
agonists, glutamate, and curcumin, among others, have
been postulated to exert some of their anti-inflammatory
effects through NF-κB inhibition [41, 50–52]. We and others
have found that these compounds are potent inhibitors of
microglial activation and are neuroprotective to DA neurons
in vitro and/or in vivo. Thus, NF-κB activity emerges as a
key target to control the chronic inflammation in humans,
and strategies for its use in PD to inhibit NF-κB activity
in microglial cells more potently may lead to more effective
treatments for PD.

The NF-κB family consists of dimeric transcription
factors which include five members: c-Rel, RelA (p65), RelB,
NF-κB1 (p50/p105), and NF-κB2 (p52/p100). There are
two major pathways of activation: the classical or canonical
pathway and the alternate or noncanonical pathway. The
classical pathway, which is thought to regulate the pro-
duction of most pro-inflammatory mediators, is mediated
through the activation of a dimer of Rel proteins p50 and
p65, complexed within the cytosol to the inhibitory complex
IκBα [41]. The activation of the classical NF-κB pathway
is dependent on the phosphorylation, ubiquitination, and
subsequent proteasome-dependent degradation of IκBα. The
phosphorylation of IκBα on serine residues is mediated by
IκB kinase (IKK), which is a molecular complex of three
proteins consisting of a heterodimer of the two catalytic
units IKKα and IKKβ, along with IKKγ (the NF-κB essential
modulator, NEMO) [53–55]. Mice null for IKKβ, IKKγ,
or p65 but not IKKα are embryonic lethal as a result of
massive liver apoptosis. Cells derived from these embryos
are unresponsive to classical NF-κB inducers such as TNFα
and IL-1β [56–58], demonstrating a signaling link between
p65, IKKβ, and IKKγ subunits. Activation of the IKK in
response to inflammatory mediators like TNFα, IL-1β, and
LPS depends critically on the presence of the IKKγ (NEMO)
subunit of the IKK complex [55, 59] and results in the
phosphorylation of the IκB by the kinase activity of IKKβ
[53, 54]. An N-terminal region of NEMO associates with a
hexapeptide sequence within the C-terminus of both IKKα
and IKKβ, named the NEMO-binding domain (NBD), and
disruption or mutation of this NEMO-NBD interaction site

on either IKKβ or IKKγ results in a loss of responsiveness of
cells to pro-inflammatory signaling.

On the other hand, the noncanonical pathway of NF-κB
consists of heterodimers of Rel proteins p100/RelB that also
have transcriptional activity but appear to play more of
a regulatory role in cellular activation and differentiation
rather than in inflammation. In response to a set of
factors that include CD40L, B cell-activating factor, and
lymphotoxin-β, NF-κB is activated through an alternative
pathway independent of IKK [60–65]. Instead, activation
proceeds through the NF-κB-inducing kinase (NIK) that
phosphorylates and activates IKKαα homodimers which,
in turn, phosphorylate p100 in complex with RelB. This
leads to ubiquitin-dependent processing of p100 to p52 and
translocation of p52/RelB to the nucleus [63, 64]. Cytokine-
induced activation of the noncanonical pathway of NF-κB is
accompanied by an increase in the concentration of nuclear
IKKα that phosphorylates histone H3 [66, 67]. In cells
exposed to cytokines, nuclear IKKα regulates gene expression
through promoter-associated histone phosphorylation and
binding to promoter regions of NF-κB responsive genes.
Mice deficient in IKKα die perinatally, with phenotypical
changes of dermal and skeletal development [68–71]. B-cell
activating factor, NIK, and p100/p52 knockout mice have
similar phenotypes [72, 73], suggesting that these molecules
are all part of the same linear nonclassical signaling cascade.
In addition, the classical and alternative pathways are
thought to regulate distinct genes in response to their various
activators [65]. Relevant to PD, it has now been found that
the canonical pathway is highly activated within the SN
of animals undergoing DA neurodegeneration, and after-
mortem in the brains of PD patients [74, 75]. On the
other hand, the non-canonical NF-κB pathway is found to
be activated in regenerating DA-neurons from rats treated
with glial-derived neurotrophic factor (GDNF), while the
canonical p65/p50 pathway is concomitantly decreased, sug-
gesting that this non-canonical NF-κB pathway is important
in neuron regeneration of DA neurons within the SN [76].

4. Therapeutic Usage of Specific NF-κB
Inhibitors in Chronic Inflammation

Due to the central role of the IKKγ and Ikkβ molecules
within the IKK complex in activating inflammation, the
identification of selective IKKβ and IKKγ inhibitors that do
not target IKKα or the P100/p52 pathway as therapeutic
agents in treating chronic inflammation is of considerable
interest. Two specific inhibitors of NF-κB have emerged that
appear to be highly therapeutically active in the treatment
of several chronic inflammatory diseases, and which provide
possible therapeutic approaches to the treatment of PD. The
first is a peptide directed against the N-terminal region of
NEMO that associates with a hexapeptide sequence within
the C-terminus of both IKKα and IKKβ, named the NEMO-
binding domain (NBD). This cell permeable peptide spans
the NBD and disrupts the association of NEMO with IKKs in
vitro and blocks TNFα-induced NF-κB activation in vivo [77,
78]. Notably, the NBD peptide does not affect basal activity
of the IKK but only suppresses the induction of activity
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in response to inflammatory cytokines [77]. Continuous
administration of the NBD peptide effectively ameliorates
inflammatory responses in animal models without overt
signs of toxicity [78]. Additionally, in mouse models of
chronic inflammation, including collagen-induced arthritis
(CIA) [79, 80], experimental allergic encephalomyelitis
(EAE), Duchenne’s muscular dystrophy (Peterson et al.,
manuscript in submission), and inflammatory bowel disease
(IBD) [81], in vivo treatment with NBD peptides blocked
disease activity, inflammatory cytokine expression, and
homing of cells to inflammatory sites. Furthermore, mice
treated systemically with an NBD peptide for five days
after induction of CIA maintained clinical and histological
improvement for nearly three weeks following termination
of peptide administration [79]. It is important to note
that in the therapeutic use of NBD peptide, there was no
evidence of undesired off-target effects as the treatment with
NBD peptide was shown to be specific for inhibiting NF-
κB signaling, exhibiting no inhibitory effects towards JNK
or p38 MAPK pathways [78]. The safety profile for NBD is
favorable as well. In vivo, systemic delivery of NBD is not
associated with any described toxicity in mice or rats, and
inhibition of NF-κB has been demonstrated to ameliorate
an ever-growing list of inflammatory disease conditions [77–
79, 82, 83]. Therefore, the therapeutic effect of the short-lived
NBD peptide may far outlast its pharmacokinetic properties.
Thus, selective IKK inhibition by NBD peptides may (i) be an
effective therapeutic intervention in chronic inflammatory
diseases; (ii) lead to durable alterations in immune responses
that correlate with durable clinical efficacy; (iii) minimize
potential toxicity concerns associated as basal NF-κB activity
remains intact as does the alternative pathway of NF-κB
activation necessary for B-cell development and lymphoid
organogenesis.

A second approach to the inhibition of inflammation
has been to utilize small molecule inhibitors that specifically
block the kinase enzymatic activity of IKKβ. One such
specific inhibitor, called Compound A, is a small molecule
inhibitor of the kinase activity of IKKβ but not IKKα.
Compound A, also known as BAY-65-1942 (7-[2-(cyclo-
propylmethoxy)-6-hydroxyphenyl]-5-[(3S)-3-piperidinyl]-
1,4-dihydro-2Hpyrido [2,3-d] [1, 3]-oxazin-2-one hydro-
chloride), has been shown to specifically and effectively
block the catalytic activity of IKKβ, inhibiting its ability
to phosphorylate IκB and activate the cytosolic p50/p65
NF-κB heterodimers [84, 85]. Compound A has been used
extensively in vivo, and it has now been found to prevent
pulmonary inflammation [86], to attenuate myocardial
injury and dysfunction after ischemia-reperfusion injury
[84], and to prevent graft versus host disease in murine
models of GVHD (Serody et al., personal communication).
Other IKKβ inhibitors, including PS-1145 [87] and TPCA-1
[88], have been shown to effectively prevent graft versus
host disease in a murine bone marrow transplant model
[89], to enhance sensitivity of multiple myeloma cells to
chemotherapy by inhibiting the protective effects of NF-κB
[90], to inhibit melanoma growth in vivo [91–93], and to
inhibit the growth of colon cancer [94]. These inhibitors
work primarily through the inhibition of IKKβ, and their

specific suppression of the canonical NF-κB signaling
pathway and consequent decrease in serum levels of TNFα
and IL-6 are the main features which mediate their inhibitory
activity.

5. NF-κB and DA Neuroinflammation

We have found that a number of anti-inflammatory
compounds have been demonstrated to have efficacy in
protecting DA-neurons from degeneration mediated by
inflammatory damage. These compounds include IL-10
[95, 96], TGFβ1 [97, 98], morphinan derivatives [99], and
DPI, an inhibitor of oxidative stress responses [100]. It is
well known that while these compounds have numerous
regulatory effects on multiple biological targets, one of their
primary anti-inflammatory features is the inhibition of NF-
κB within macrophages and microglial cells [101]. Recently,
it has been demonstrated that several other compounds,
including pioglitazone (a PPARγ agonist), curcumin [102],
and salmeterol (a β2AR agonist, our reference [103]), func-
tion to inhibit DA neurodegeneration by inhibiting NF-κB.
However, the most compelling data suggesting a central role
for NF-κB as a regulatory target for PD therapy comes from
the use of specific NF-κB inhibitors, which have recently been
used in murine models of PD to determine if therapeutic
administration of these inhibitors could halt the progression
of neurodegeneration induced by the neurotoxin MPTP
[104] or by activation of CNS inflammation by the intracra-
nial injection of LPS [105]. Compounds that block the
activation of NF-κB are capable of inhibiting the two major
inflammatory pathways in microglia—activation of oxidative
stress and production of inflammatory mediators, including
cytokines TNFα, IL-1β, and IL-6, as well as chemokines
associated with inflammation [101]. Ghosh et al. have used
the NBD peptide and a mutant peptide control to study
the efficacy of NF-κB inhibition in stopping or reversing
the neurodegenerative effects of MPTP administration in a
murine model of PD [104]. Evidence shows that there is a
marked increase in NF-κB activation within the midbrain
of animals undergoing neurodegeneration as a result of
MPTP administration, as well as in the SNpc of PD patients
[75, 104], and this activation occurs in the TH+ DA-neurons
and in astrocytes and microglia. Administration of NBD
peptide but not the mutant control peptide was shown to
inhibit MPP+ induced NF-κB activation in vitro in microglia,
astrocytes, as well as in BV-2 microglial cells, as determined
by DNA binding and transcriptional activity. More impor-
tantly, administration of NBD peptide but not the mutant
peptide prior to the injection of MPTP in vivo significantly
inhibits the activation of NF-κB within the midbrain region.
This inhibition of NF-κB activation is accompanied by a
concomitant reduction in inflammatory mediator mRNA
expression within the SNpc, as well as the expression of
activation markers CD11b and GFAP by microglia and
astrocytes, respectively. Mice receiving NBD peptide but not
mutant peptide prior to MPTP injection also showed highly
significant protection of the nigrostriatum from MPTP-
induced neurodegeneration of the TH+ neurons and the loss
of dopamine production, as well as improvement in their
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locomotor function compared with MPTP-injected mice
given mutant peptide. More importantly, administration of
NBD peptide 2 days subsequent to the injection of MPTP
shows substantial protection of TH+ neurons, suggesting
that NBD peptide can be used therapeutically to slow down
or halt the progression of DA neurodegeneration in MPTP-
treated animals [104]. Infrared analysis of the brains of NBD-
treated animals determined that peptide could be found
within the brain tissue in significant quantities, suggesting
that the NBD peptide could cross the blood-brain barrier
(BBB) and reach the site of inflammation. It remains to be
determined the mechanism of NF-κB inhibition within the
SNpc, but these data suggest that NF-κB is a viable target for
therapy for PD patients.

Subsequently, we have used the IKKβ inhibitor com-
pound A in LPS-induced neurodegeneration to determine if,
similar to NBD peptide, inhibition of the canonical NF-κB
pathway could halt inflammation-induced DA neurodegen-
eration. In this model, LPS is injected directly into one side
of the midbrain of rats, leading to inflammation-induced
degeneration of DA-neurons [105]. It was found that IKKβ
inhibitor compound A was capable of strongly inhibiting the
activation of NF-κB in vitro and in vivo, as well as the mRNA
expression and subsequent release of pro-inflammatory
mediators. Compound A also significantly inhibited LPS-
and MPTP-induced DA neurotoxicity in vitro, and this
neuroprotective activity required the presence of microglial
cells. Most importantly, administration of compound A
to animals injected intranigrally with LPS attenuated LPS
injection-induced DA neuronal loss and microglia activation
within the SNpc [105]. Taken together, these data provide
strong evidence that NF-κB offers an excellent therapeutic
target to inhibit DA neurodegeneration, and that significant
additional work needs to be performed to determine the
optimal approach and agent best suited for the treatment of
PD.

6. Conclusion

Strong evidence now exists that inflammation plays a key
role in the neurodegeneration seen in PD, and that effective
anti-inflammatory therapy can be very useful in slowing
down or preventing the chronic destruction of DA-neurons
which is the hallmark of the disease. While a number
of anti-inflammatories have already been developed and
utilized, many of these compounds have multiple off-target
effects or do not show strong efficacy in the treatment
of PD. In addition, it is not yet clear the best target
for anti-inflammatory therapy in PD and other chronic
inflammatory conditions. NF-κB, the “master switch” of
inflammation, offers an ideal target for therapy because of
its key role in the production of the inflammatory mediators
known to exhibit DA neurotoxicity in vitro and in vivo.
Targeting the activation pathway of NF-κB by inhibiting the
IKK complex has now been shown to be a highly effective
therapy for the treatment of neurodegeneration in murine
models of PD and offers us a new avenue of investigation
towards the development of more effective therapies aimed
at stopping and reversing DA-neuron loss in this disease.
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Parkinson’s disease (PD) is a common neurodegenerative disorder characterised by loss of dopaminergic neurons and localized
neuroinflammation occurring in the midbrain several years before the actual onset of symptoms. Activated microglia themselves
release a large number of inflammatory mediators thus perpetuating neuroinflammation and neurotoxicity. The Kynurenine
pathway (KP), the main catabolic pathway for tryptophan, is one of the major regulators of the immune response and may also
be implicated in the inflammatory response in parkinsonism. The KP generates several neuroactive compounds and therefore
has either a neurotoxic or neuroprotective effect. Several of these molecules produced by microglia can activate the N-methyl-
D-aspartate (NMDA) receptor-signalling pathway, leading to an excitotoxic response. Previous studies have shown that NMDA
antagonists can ease symptoms and exert a neuroprotective effect in PD both in vivo and in vitro. There are to date several lines
of evidence linking some of the KP intermediates and the neuropathogenesis of PD. Moreover, it is likely that pharmacological
modulation of the KP will represent a new therapeutic strategy for PD.

1. Introduction

Parkinson’s disease (PD) is the most common movement
disorder and is the second most common chronic progressive
neurodegenerative disorder after Alzheimer’s disease. PD is
a sporadic and age-dependent disease in 90% of cases and
affects more than 1% of the world population over the age
of 65 [1]. PD is characterised by motor symptoms including
bradykinesia, tremor, rigidity, postural instability as well as
nonmotor symptoms such as dementia, sleep disturbance,
neurobehavioral, and sensory abnormalities [2].

PD is neuropathologically characterized by the loss of
midbrain-pigmented neurons in the substantia nigra pars
compacta (SNpc). Under normal conditions, these neurons
produce dopamine at the striatum and other basal ganglia
nuclei [3]. It has been estimated that at the onset of PD symp-
toms, up to 70% of dopaminergic neurons have been lost.
Postmortem examinations have also shown that more than
90% of these neurons have been depleted [4]. Dopaminergic
loss leads to an irreversible degeneration of the nigrostriatal

pathway, followed by stratial dopaminergic denervation
which causes pathological changes in neurotransmission
of basal ganglia motor circuit and results in characteristic
Parkinsonian symptoms [5]. Another pathological hallmark
of the disease is the presence of protein inclusions called
Lewy bodies (LBs), which are abnormal intracellular α-
synuclein (SYN) aggregates in the cytoplasm and axons of
the remaining neurons [6]. Neurons containing LBs undergo
neurodegenerative processes and subsequently die.

To date, there is no available cure for PD. However,
L-Dopa and dopaminergic agonists are useful in treating
PD symptoms. This type of therapy mainly aims to replace
dopamine in the striatum but does not slow neurodegener-
ative processes. Moreover, long-term use is associated with
serious side effects such as dyskinesia and motor fluctuations
[7] resulting in a diminished effect of treatment [8].

Although the aetiology of PD is relatively unknown, it
has been suggested that there is an association with mito-
chondrial dysfunction in nigral neurons and neurotoxicity
from excess glutamate and reactive oxygen species (ROS)
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production [9, 10]. Microglia are the prime immune cells
of the central nervous system (CNS) and are important pro-
ducers of neuroactive molecules involved in oxidative stress,
excitotoxicity and neuroinflammation. Microglia respond
to a wide range of immunologic stimuli or CNS injuries
and either initiate protective and/or neuroinflammatory
processes [11]. The SN contains the highest concentration of
microglia compared with other brain areas [12].

Resting microglia have a characteristic ramified mor-
phology; the small cell body remains stationary whilst the
long branches are constantly moving and are sensitive to
any minor physiological changes [13, 14]. At the site of
inflammation, activated microglia change their morphology
becoming amoeboid and may act similarly to macrophages:
they possibly perform phagocytosis, express increased levels
of major histocompatibility complex (MHC) antigens, and
secrete various cytotoxins, which may ultimately activate
additional microglia to remove harmful stimuli and even
initiate healing processes [15, 16]. The total number of MHC
class II microglia has been shown to be significantly increased
not only in SN and putamen but also in the hippocampus,
transentorhinal cortex, cingulate cortex, and temporal cortex
in PD brains [17]. This implies that microglia are activated
and are likely to be associated with the neuropathological
phenomenon, which ultimately damages neurons [17, 18].
The microglial reaction is a very tightly regulated process
which is essential for a precise immune response; excessive
microglial activation leads to a continuous release of inflam-
matory mediators such as cytokines, chemokines, reactive
free radicals, and proteases [19]. This process is referred
to as “reactive microgliosis” and involves the proliferation,
recruitment, and activation of microglia which is then
followed by neuronal damage [20], all of which are secondary
to actual neuronal injury. Thus, initial, acute damage from
microgliosis may provoke a continuous cycle of events, which
then develops into chronic, progressive neurodegeneration
which is a common characteristic of Parkinson’s disease [21].

2. The Role of Neuroinflammation in
the Pathogenesis of PD

A large number of studies involving cells, animal models, and
human patients indicate the involvement of neuroinflamma-
tion in the neuropathogenesis of PD.

2.1. In Vitro/In Vivo. To demonstrate the delayed and pro-
gressive nature of neuroinflammation observed in PD, lipo-
polysaccharide (LPS) was administered to rodents as a single
dose or a chronic infusion [22]. While LPS has no direct
effect on neurons, it is capable of initiating a chronic inflam-
mation and a delayed, secondary progressive degeneration of
dopaminergic neurons in the SN [22, 23]. An in vitro study
has also shown that 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) can initiate direct neuronal injury in
neuron-glia cultures which is then followed by the induction
of reactive microgliosis [24]. Furthermore, in a microglia free
neuronal-astrocytic coculture, MPTP induced only acute,
non-progressive neurotoxicity [21]. MPTP is selectively

toxic to dopaminergic neurons and is often used to induce
an in vivo PD-like disease in animal models [25]. Moreover,
inhibition of microglial activation results in a strong decrease
in neurotoxicity in both MPTP mouse and LPS rat models
[26, 27].

2.2. Human Studies. A large epidemiological study on
approximately 150,000 men and women has shown that the
use of nonsteroidal anti-inflammatory drugs (NSAIDs) can
prevent or delay the onset of PD [28]. Chen et al. have also
observed a similar effect in chronic users of ibuprofen, a
NSAID acting on cyclooxygenase (COX) [29]. A correlation
has also been found between high plasma concentrations of
interleukin-6, a proinflammatory cytokine, and an increased
risk of developing PD [30]. Moreover, in vivo imaging studies
on patients with idiopathic PD have shown an increase
in neuroinflammatory areas in basal ganglia, striatum, and
frontal and temporal cortical regions compared with age-
matched healthy controls [31]. All of these studies suggest
that microglial activation occurs at an early stage of the
disease either before (or in parallel with) the important loss
of dopaminergic neurons. In postmortem PD tissues, acti-
vated microglial cells have been detected around impaired
dopaminergic neurons in the SN, thus demonstrating the
presence of neuroinflammation [32]. As previously dis-
cussed, MPTP causes Parkinsonism in both humans and
primates. This leads to the chronic presence of activated
microglia around dopaminergic neurons in the SN for up
to 10 years after exposure [33, 34], even without L-DOPA
treatment [35]. Substantial evidence of microglial activation
associated with dopaminergic neuronal damage suggests that
degenerating neurons initiate microgliosis, which then leads
to further neuronal loss. Microglial activation represents
an initiator and/or a secondary responder in this disease
process. Therefore, suppressing neuroinflammation by pre-
venting microglial activation could potentially slow down or
stop this continuous and deleterious cycle which damages
neurons.

However, the initial stimulus driving excessive inflamma-
tion is still unknown. There are several compounds released
by damaged neurons, which are able to induce microgliosis
and ROS production. These include (i) matrix metallo-
proteinase 3 (released by damaged dopaminergic neurons),
which induces superoxide production by microglia leading to
neuronal death [36]. (ii) Neuromelanin, a neuronal pigment
released in PD by dying neurons which is capable of activat-
ing microglia [37]. (iii) SYN, a component of LB neurons,
typically found in PD that is toxic to neurons but only in
the presence of microglia. (iv) Aggregated SYN-activated
microglia are toxic to dopaminergic neurons isolated from
embryonic mouse brain. Importantly, its toxicity is depen-
dant on the presence of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase following ROS formation [38].
Another study has shown that neuroinflammation is accom-
panied by dopaminergic loss and aggregation of oxidized
SYN in the cytoplasm of SN neurons when human SYN is
present in the mouse brain [39]. Taken together, these studies
suggest that there is a link between protein aggregation and
the production of ROS by activated microglia.
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Over production of ROS by microglia has been directly
linked to neuronal toxicity and death via the nitric oxide
(NO) mechanism [40, 41]. NO induces oxidative stress, a
major cause of neuronal injury, which is strongly linked to
the pathogenesis of PD and physiological aging [42, 43]. For
example, NO can react with dopamine to generate quinone
products, which are known to have a damaging effect on
brain mitochondria [44]. Basal level of lipid peroxidation
is increased in the SN of PD patients, suggesting a higher
sensitivity of this area to free radicals and ROS [45]. Aging
also contributes to microglial “priming”: activated microglia
in healthy aged brains release excessive quantities of proin-
flammatory cytokines compared to younger individuals
[46, 47]. Furthermore, there is an increased probability of
developing a neurodegenerative disorder after 60 years of
age due to age-related increases in oxidative, metabolic, or
inflammatory activation [48].

Inflammatory cytokines (IL-1β, TNF-α, IL-6, and IFN-
γ) are also released by activated microglia and amplify
the inflammatory response. Excessive production of these
cytokines has been reported in the SN of PD patients [49, 50]
as well as in cerebrospinal fluid (CSF) and blood compart-
ments [51, 52]. Cytokines can stimulate inactivated microglia
and also directly bind to receptors on the cellular surface
of dopaminergic neurons thereby promoting apoptotic cell
death and subsequent phagocytosis of DA neurons [53].
Neurons in the midbrain, unlike those in the hippocampus
or cortex, exhibit a greater sensitivity to proinflammatory
cytokines. Moreover, this sensitivity has been directly related
to a high degree of oxidative processes [19]. In contrast, acti-
vated microglia also produce anti-inflammatory cytokines
such as TGF-β1, IL-10, and IL-1. These cytokines play a role
in the inhibition of the inflammatory response. Importantly,
the balance between pro- and anti-inflammatory cytokine
production is impaired during neuroinflammation [54].

On the other hand, the excitatory neurotransmitter
glutamate plays a critical role in glutamatergic transmission
in basal ganglia functions [55]. The action of glutamate on
neurons is mediated by ionotropic and metabotropic gluta-
mate receptors. Ionotropic N-methyl-D-aspartate (NMDA)
receptors are known to mediate excitotoxicity caused by
high levels of glutamate and can be found on dopaminergic
neurons [56]. Activation of NMDA receptors located on DA
neurons leads to neurotoxicity both in vitro and in vivo
[57, 58]. The functional organisation of basal ganglia also
contributes to the genesis of symptoms observed in move-
ment disorder. The striatum (the input nucleus of the basal
ganglia circuit) is the main recipient of dopaminergic fibres
from the SN. The reduction in dopaminergic innervations
of the striatum and changes in the activity of basal ganglia
induces complex changes in the structure and function of
basal ganglia NMDA receptor [59]. Glutamatergic excitation
is increased and glutamatergic neurons become uninhibited
under PD conditions, especially due to the excessive firing
from the subthalamic nucleus to the SN [60] (Figure 1). It
has been shown that the neurotoxicity of activated microglia
is primarily mediated by glutamate released through NMDA
receptor signalling [61]. Neuritic beading (a focal bead-
like swelling in dendrites and axons) is a neuropathological
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Figure 1: Basal ganglia motor circuit in Parkinson’s disease:
dopaminergic neurons (DA) create a direct pathway between
Substantia Nigra pars compacta (SNpc) and striatum—the input
nuclei of the basal ganglia. Another direct pathway connects the
striatum to the internal segment of globus pallidus (GPi) and the
substantia nigra pars reticulata (SNpr). GPi and SNpr are the output
nuclei of the basal ganglia, which projects to the thalamus and from
there to the cortex. The indirect pathway connects the striatum
to output nuclei through external segment of the globus pallidus
(GPe) and then subthalamic nucleus (STN). In Parkinson’s disease
(PD), the dopaminergic input from SNpc is progressively lost,
causing a reduction in the direct pathway signal. Indirect pathway
increases its activity through STN in the output nuclei and has
inhibitory influence on the thalamus. It leads to a reduction of
thalamic glutamateric input on the motor cortex and subsequent
reduction in movement, as rigidity and bradykinesia are observed
in PD patients.

sign in PD [62]. It can also be induced by microglia
activated through the NMDA receptor [61]. NMDA recep-
tors have been linked with disturbed energy metabolism
and glutamate transmission leading to neuronal death, and
have therefore been investigated as important therapeutic
targets in pharmacological PD research [63]. Accordingly,
reducing glutamatergic transmission may lead to an “anti-
PD activity”. Indeed, injections of the NMDA antagonist,
MK-801, reverses parkinsonian symptoms in MPTP-treated
monkeys [64]. Several studies using rodent PD models have
shown that glutamate antagonists have both symptomatic
and neuroprotective effects in PD [59]. Recently, PD patients
treated with memantine, another NMDA receptor antagonist
have shown moderate but significant improvements in terms
of cognitive symptoms [65]. The use of amantadine as an
adjuvant to levodopa has demonstrated beneficial effects on
motor response complications [66]. Additional evidence has
been reviewed and has demonstrated the potential of NMDA
receptor blockade in reversing parkinsonian symptoms [59].

3. The Kynurenine Pathway

The kynurenine pathway (KP) represents the main catabolic
pathway of the essential amino acid tryptophan (TRP),
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Figure 2: Simplified diagram of Kynurenine pathway: during neuroinflammation, 95% of the dietary tryptophan is metabolized along the
KP within the brain. The remaining 5% serves as a precursor to the synthesis of the neurotransmitter serotonin. IDO catalyses the initial and
rate-limiting step in the degradation of tryptophan through KP that ultimately leads to the production of nicotinamide.

which ultimately leads to the production of the cen-
tral metabolic cofactor, nicotinamide adenine dinucleotide
(NAD+) (Figure 2). The KP is also one of the major
regulatory mechanisms of the immune response [67]. Two
nonmutually exclusive theories have been proposed: (1)
that TRP degradation suppresses T-cell proliferation by
dramatically depleting the supply of this critical amino acid
and (2) that various downstream KP metabolites suppress
certain immune cells [67]. Induction of the KP by the rate-
limiting enzyme, indoleamine 2,3 dioxygenase (IDO1) in
dendritic cells completely inhibits clonal expansion of T
cells [68]. Moreover, TRP depletion and IDO1/KP activa-
tion have been implicated in the facilitation of immune
tolerance associated with pregnancy and tumour persistence
[69].

The cellular expression of the KP in the brain is only
partially understood. It is complete in cells of monocytic
lineage, including macrophages and microglia [70], but
only partially present in human astrocytes [71], neurons
[72], and endothelial cells [73]. The various KP metabolites
can have either neurotoxic or neuroprotective effects and
occasionally both depending on their concentration. The
neurotoxicity of several KP metabolites has been investigated
in relation to oxidative stress generation and neuronal death
in vitro and in vivo in animal models of neurodegener-
ative disorders [74–77]. 3-hydroxykynurenine (3-HK), 3-
hydroxyanthranilic acid (3HAA) and 5-hydroxyanthranilic
acid (5HAA) are known to induce cell death in cultures
of rat neurons [78]. 3-HK is toxic to stratial neuronal
cultures, mainly due to its ability to generate ROS and
initiate apoptosis [79]. Quinolinic acid (QUIN) however,
is likely to be the most important in terms of biological
activity. QUIN can selectively activate NMDA receptors

producing excitation and which ultimately causes selective
neuronal lesions in the rat brain [80, 81]. Acute QUIN
production can lead to human neuronal death and chronic
production causes dysfunction by at least six separate mecha-
nisms [82, 83]. In pathophysiological concentrations, QUIN
activates the NMDA receptor [84]. QUIN also increases
glutamate release in neurons and inhibits glutamate uptake
and catabolism in astrocytes. QUIN can potentiate its own
toxicity and that of other excitotoxins, for example, NMDA
and glutamate thus producing progressive mitochondrial
dysfunction [85]. Finally, QUIN can increase free radical
generation by inducing nitric oxide synthase production
(NOS) in astrocytes and neurons which in turn leads to
oxidative stress [86, 87]. Within the brain, QUIN is produced
by activated microglia and infiltrating macrophages [70].
Neurons and astrocytes do not produce QUIN [88, 89].
Recent findings have demonstrated that QUIN excitotoxicity
in human astrocytes and neurons is mediated through
activation of an NMDA-like receptor [87]. In addition,
QUIN-induced damage can be increased in the presence of
3-HK, 6-hydroxidopamine, a specific dopaminergic neuron
toxin, or ROS [90–92]. Human glial cells, such as astrocytes
and microglia produce most components of the KP [93].
The KP components are also present in macrophages
that are capable of penetrating the blood-brain barrier
(BBB) in the presence of brain damage or infection [94].
Thus, up-regulation of QUIN production alone or with
additional neurotoxic factors during inflammation could
easily lead to over activation of the NMDA receptor. This
is followed by oxidative stress, which occurs in early PD
development.

In contrast to the neurotoxic activity of QUIN, kynurenic
acid (KYNA) is a neuroprotective metabolite, antagonising
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all ionotropic glutamate receptors (including NMDA) and
thus blocks some of the neurotoxic effects of QUIN and other
excitotoxins. KYNA is produced from kynurenine by the
kynurenine aminotransferase enzymes (KAT) I, KAT II, and
KAT III, in astrocytes [71]. Endogenous generation of KYNA
in rat brain has been shown to be more effective than KYNA
applied exogenously, suggesting the importance of localised
KYNA production and physical proximity to NMDA recep-
tors [95]. An increase in endogenous KYNA levels can
prevent SN dopaminergic loss caused by focal infusion of
QUIN or NMDA [96]. Nanomolar concentrations of KYNA
significantly reduce glutamate output from striatal neurons
in rat brain, similar to the kynurenine hydroxylase (KMO)
inhibitors [97]. Both, KYNA and QUIN are produced in
the SN or the adjoining striatum region [98, 99]. Based on
previous studies, it can be hypothesised that under normal
conditions local concentrations of KYNA and QUIN are
low and physiologically regulate NMDA receptor function.
However, in disease states, where QUIN production is high,
it is thought that there is insufficient KYNA concentration to
block QUIN production [100].

Picolinic acid is another endogenous neuroprotective
compound [101] and is also the main metal chelator in the
brain [102]. Previously, we have shown that it is produced in
micromolar concentrations by human primary neurons [72].
PD is associated with neuropathological features such as
protein aggregation and oxidative stress associated with the
involvement of metal ions [103]. Therefore, use of chelating
agents has also been suggested as a form of therapy for
PD.

The KP, under normal physiological conditions is well
balanced and produces all KP intermediates leading ulti-
mately to NAD+ production. However, under pathologic
conditions, IDO1 is activated and astrocytes produce kynure-
nine (KYN) and KYNA, [104], neurons produce PIC [88]
and activated microglia/infiltrating macrophages produce
QUIN [89]. It is important to note that PIC and KYNA
can partly antagonise the neurotoxic effects of QUIN [105].
However, astroglial secretion of large quantities of KYN can
lead to further synthesis of QUIN by microglia, suggesting
that the cerebral synthesis of QUIN largely overtakes the
neuroprotective effects of PIC and KYNA [106].

4. Evidence for the Involvement of the KP in PD

Impaired KP metabolism and altered KYNA levels have been
previously reported in the brain of PD patients. This occurs
when the KYNA/TRP ratio in serum and cerebrospinal fluid
(CSF) is significantly increased together with 3-HK levels, a
neurotoxic compound that contributes to oxidative damage
in the putamen and SNpc [107, 108]. These findings suggest
that endogenous KYNA concentrations are decreased and
unable to effectively block NMDA receptor and prevent
neurotoxicity induced by 3-HK. KAT I expression, the KP
enzyme which leads to KYNA formation, is decreased in
the SNpc of MPTP-treated mice [109]. KAT-I immunoreac-
tivity in dopaminergic neurons and surrounding microglia
has been linked to increased vulnerability of SN neurons to
toxicity. Lowered KYNA concentrations have also been found

Iba-1 Merge IFN-γ

Figure 3: Activated microglial cells express IFN-γ in Parkinsonism:
confocal images of the immunofluorescence of IFN-γ (red) com-
bined with microglia cells marker—Iba-1 (green) in the SNpc of a
parkinsonian monkey. Scale bar: 35 mm.

in the frontal cortex, putamen, and SNpc of PD patients
[107]. KYNA, but not the highly selective NMDA antagonist
7-chlorokynurenic acid exhibits partial protection against
MPP+ toxin on dopaminergic terminals of rat striatum
[110].

However, increased KAT II activity, which is an enzyme
responsible for 75% of the KYNA synthesis in the brain, has
been found in peripheral red blood cells of PD patients. It
is not however found in plasma [111]. The increased KAT II
activity correlates with higher blood KYNA concentrations;
this elevation may be caused by 3-HK released from the CNS.
As KYNA has limited abilities to cross the BBB, it has been
suggested that peripheral KYNA is likely to be transported
to the brain by large neutral amino acid carriers and there it
has neuroprotective effects [112]. Another recent study has
shown that KYNA is involved in leukocyte recruitment and
the investigators hypothesised that KYNA might therefore
have an anti-inflammatory action [113]. Based on preclinical
and clinical data, KYNA or its analogues are thought to have
neuroprotective effects in PD trough binding as antagonists
to the NMDA receptor. This in turn causes slow neuronal
excitotoxic damage [114].

Unpublished data from our group shows an increase in
the production of IFN-γ by microglia in the SN of MPTP-
treated macaques’ brain (Figure 3). This is of particular
significance, as IFN-γ is also a potent inducer of the
KP [115]. In the same study, we have also shown that
QUIN is produced and accumulated by activated microglia.
These microglia colocalise with dopaminergic neurons in
the SN of MPTP-treated macaques. Several other studies
have shown extensive evidence of activated microglial cells
and NMDAR+ dopaminergic neurons in the SNpc. This
suggests that the NMDA receptor is likely to be activated
by endogenous QUIN released by microglia and followed
closely by glutamate [116, 117] (Figure 4).

5. Recent KP Inhibitors for the Treatment of PD

Several drugs that block the KP are currently under thera-
peutic investigation both in our laboratory and by other
investigators. For example, 4-chlorokynurenine crosses the
BBB and blocks QUIN toxicity at the glycine site on NMDA
receptors [118]. Kynurenic acid analogues are currently
due to enter clinical trials for the treatment of epilepsy,
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Figure 4: Model for Kynurenine pathway interactions between astrocytes, neurons, and microglia during brain inflammation. Abbreviations:
TRP: tryptophan; IDO: Indoleamine 2,3-dioxygenase; KYN: kynurenine: QUIN: quinolinic acid; NMDAR: NMDA receptor; KAT:
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Figure 5: The possible role of Kynurenine pathway involvement in dopaminergic neurodegenerative process through microglia activation:
Parkinson’s disease is associated with chronic activation of microglia, which also can be induced by LPS or Rotenone treatments. Classic
microglia activation release neurotoxic substances including reactive oxygen species (ROS) and proinflammatory cytokines as INF-γ, potent
activator of Kynurenine pathway (KP). KP in activated microglia leads to upregulation of 3HK and QUIN. 3HK is toxic primarily as a result
of conversion to ROS. The combined effects of ROS and NMDA receptor-mediated excitotoxicity by QUIN contribute to the dysfunction of
neurons and their death. However, picolinic acid (PIC) produced through KP activation in neurons, has the ability to protect neurons against
QUIN-induced neurotoxicity, being NMDA agonist. Microglia can become overactivated, by proinflammatory mediators and stimuli from
dying neurons and cause perpetuating cycle of further microglia activation microgliosis. Excessive microgliosis will cause neurotoxicity to
neighbouring neurons and resulting in neuronal death, contributing to progression of Parkinson’s disease.
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stroke, and possibly PD as potential neuroprotective agents
[119]. Two KP analogues are at present under investi-
gation in a phase III clinical trial. These are Terifluno-
mide (Sanofi-Aventis) and Laquinimod (Teva Neuroscience)
[120]. Recently, one KP analogue reached the Japanese mar-
ket as a potent immunomodulatory drug for the treatment
of arthritis, asthma, and dermatitis [120]: Tranilast/Rizaben
(Kissei Pharmaceutics) is an anthranilic acid derivative and
it has been proposed as a treatment for autoimmune diseases
such as Multiple Sclerosis [121]. Finally, 8-OH Quinoli-
none metal attenuating compounds—Clioquinol and PBT2
(Prana) rapidly decrease soluble brain amyloid-beta and
improve cognitive performance [122]. Interestingly, these
2 compounds share close structural similarity and similar
biochemical properties with KYNA and QUIN.

Conjugates of KYNA analogues with D-glucose or D-
galactose increase its ability to cross the BBB and prevent
excitotoxicity and seizures in an animal model [123].
Kynurenine 3-hydroxylase inhibitors significantly reduce the
severity of dystonia in hamsters and may therefore be
a potential candidate for managing dyskinesia associated
with striatal dysfunction [124]. There is also an increasing
interest in the use of pharmacological modulation of the
KP in treating numerous disorders like AIDS-dementia and
many other neurodegenerative diseases, diabetes, depression,
infections, tumour development, glaucoma, and cataract
formation [116].

6. Conclusions

PD seems to be associated with an imbalance between the
two main branches of the KP within the brain. KYNA
synthesis by astrocytes is decreased and concomitantly,
QUIN production by microglia is increased (Figure 5). There
are many therapeutic opportunities for intervention and
modification of an impaired KP that may prevent the pro-
gression of neurodegenerative disorders such as PD. Using
specific KP enzyme inhibitors, it may be possible to reinstate
a physiologically normal KP, which is neuroprotective. This
neuroprotective state might also be synergistically improved
by concomitantly blocking the NMDA receptor using its
antagonists, such as memantine or MK801. Additionally,
neuroprotection may be achieved by designing KYNA
analogues that are able to penetrate the BBB and deliver
neuroprotective compounds to brain pools thus reducing
hyperactivation of glutamatergic receptors.
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