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Abstract
Different animal and human studies from last two decades in the case of Parkinson’s disease (PD) have concentrated on oxidative
stress due to increased inflammation and cytokine-dependent neurotoxicity leading to induction of dopaminergic (DA) degen-
eration pathway in the nigrostriatal region. Chronic inflammation, the principle hallmark of PD, forms the basis of neurodegen-
eration. Aging in association with activation of glia due to neuronal injury, perhaps because of immune alterations and genetic
predispositions, leads to deregulation of inflammatory pathways premising the onset of PD. A family of inducible transcription
factors, nuclear factor-κB (NF-κB), is found to show expression in various cells and tissues, such as microglia, neurons, and
astrocytes which play an important role in activation and regulation of inflammatory intermediates during inflammation. Both
canonical and non-canonical NF-κB pathways are involved in the regulation of the stimulated cells. During the prodromal/
asymptomatic stage of age-associated neurodegenerative diseases (i.e., PD and AD), chronic neuroinflammation may act silently
as the driver of neuronal dysfunction. Though research has provided an insight over age-related neurodegeneration in PD,
elaborative role of NF-κB in neuroinflammation is yet to be completely understood and thus requires more investigation.
Polyphenols, a group of naturally occurring compound in medicinal plants, have gained attention because of their anti-
oxidative and anti-neuroinflammatory properties in neurodegenerative diseases. In this aspect, this review highlights the role
of NF-κB and the possible therapeutic roles of polyphenols in NF-κB-mediated neuroinflammation in PD.
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Introduction

About 2% of the human population over 65 years of age are
affected by Parkinson’s disease (PD), which is the second
most common neurodegenerative disorder (Nuytemans et al.
2010). PD is characterized by the selective loss of dopami-
nergic (DA) neurons in the substantia nigra pars compacta
(SNpc) and reduction in the DA levels within the corpus
striatum of the brain. Due to the loss of DA regulation in
the basal ganglia, circuitries get disturbed which results into
motor symptoms such as postural (Aggarwal and Shishodia
2004) instability, bradykinesia, rigidity, and resting tremor
along with some non-motor symptoms such as cognitive
deficits, depression, and sleep disturbance (Rodriguez-Oroz
et al. 2009). During the pathogenesis of the disease, loss of
about 50–70% of the neurons takes place which further
worsens the disease condition. Exact etiology of PD is still
indefinable and the mechanism behind its pathogenesis is
needed to be identified (Adler et al. 2007; Poewe 2008;
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Rodriguez et al. 2010). Several experimental evidences have
convinced the researchers about the crucial role of oxidative
stress, mitochondrial dysfunction, and inflammation in the
initiation and progression of PD (Luo et al. 2015; Tansey
and Goldberg 2010). Currently available treatments are only
helpful in managing fewer symptoms and show only sub-
optimal efficacy related to the duration of the disease. Thus,
an efficacious neuroprotective or disease-modifying treat-
ment is still needed in order to deal with the worsening
symptoms of PD (Goetz and Pal 2014; Pilleri and
Antonini 2015). As chronic neuroinflammation has been
found to play a critical role in the PD pathogenesis; thus,
the neuroinflammatory signaling pathways in the central ner-
vous system (CNS) are of interest as potential pharmacother-
apy targets (More et al. 2013; Russo et al. 2014; Zhang et al.
2012a). Activated glial cells, mainly microglia and astro-
cytes are the key player in the progression of neuroinflam-
mation. They play important role in initiating the immune
response against damage and produce inflammatory media-
tors (Block et al. 2007). In different PD models such as 6-
hydroxydopamine (OHDA), 1-methyl-4-phenylpyridinium
(MPTP), and rotenone-induced PD animal models, increased
activation of microglia has been found in the substantia
nigra (SN) of the brain (Kitamura et al. 1994; Kurkowska-
Jastrzębska et al. 1999). Numerous pro-inflammatory cyto-
kines are also produced by abruptly activated astrocytes and
microglia, contributing in making the pathobiology of PD
more complex (Cunningham and Su 2002; Marchetti et al.
2013; Waak et al. 2009). Nuclear factor-κB (NF-κB) plays
vital role in making milieu of neuroinflammation by regu-
lating the expression of genes that encode inducible nitric
oxide synthase, chemokines (IL-8, macrophage inflammato-
ry protein [MIP]-1α, monocyte chemo-attractant protein
[MCP]-1) (Lan et al. 2011; Qian et al. 2015), pro-
inflammatory cytokines (IL-1β, TNF-α, IL-12/23), subunits
p47 and p67 of NADPH oxidase and cell adhesion mole-
cules, intercellular adhesion molecule [ICAM]-1, vascular
cell adhesion molecule [VCAM], and E-selectin (Chen and
Manning 1995; Gauss et al. 2007; Tak and Firestein 2001).
It is evident through various studies that numerous polyphe-
nolic flavonoids and non-flavonoids found in nature possess
anti-inflammatory properties thus illustrate beneficial effects
in preventing neurodegeneration mediated by inflammatory
damage (Ebrahimi and Schluesener 2012). Besides staging
anti-oxidant property, various polyphenolic compounds are
observed to alter diverse signaling pathways by targeting
specific molecules that yield multiple cellular effects. Anti-
inflammatory effects through inhibition of NF-κB pathway
by these polyphenols or their derivative compounds is one
such example. Hence, it might be suggested that NF-κB
activity can be targeted to have a control on the chronic
inflammation and its inhibition in glial cells may offer an
effective treatment of PD.

Oxidative Stress Mediated
Neuroinflammation in PD

Inflammation normally helps the individual to show natural
defense mechanism against invading pathogens linked with
different pathogenic diseases (viral and microbial), allergens
exposure, obesity, tobacco consumption, alcohol abuse,
chronic autoimmune diseases, and exposure to hazardous
chemicals or radiations. Studies have also shown that oxida-
tive stress is closely associated to chronic inflammatory dis-
eases. Higher production of reactive oxygen species (ROS)
leads to oxidation of various biomolecules causing the accu-
mulation of oxidized proteins and lipid peroxides, resulting in
the degeneration of neurons (Berlett and Stadtman 1997).

DA can also act as a source of oxidative stress during de-
generation of the DA neurons in SNpc (Segura-Aguilar et al.
2014). Synthesis of DA takes place from tyrosine by the en-
zymes namely tyrosine hydroxylase (TH) and aromatic amino
acid decarboxylase. Synthesized DA is then taken up by the
vesicular monoamine transporter-2 (VMAT2) and stored
within the synaptic vesicles. However, after the L-DOPA
treatment, excess DA found in the cytosol of damaged neu-
rons is either metabolized bymonoamine oxidase (MAO) or is
auto-oxidized by cytosolic ROS (Zucca et al. 2014). The ex-
cess amount of production of DA in normal condition as well
as after the L-DOPA treatment is required to maintain the
synthesis and accumulation of neuromelanin in the
autolysosomes which further averts the formation of neuro-
toxic DA quinones and protects the neurons of SN from iron-
induced oxidative stress (Monzani et al. 2019; Sulzer et al.
2018). DA-mediated toxicity was found to be associated with
lowered VMAT2 expression, resulting in loss of DA neurons
(Fig. 1) (Caudle et al. 2007).

Increased ROS production is seen to be closely related to
mitochondrial dysfunction in PD (Schapira 2008). Major un-
favorable neuronal apoptosis is due to complex I deficiencies
of the electron transport system and acts as the primary source
of ROS generation in PD (Fig. 1). Complex I activity has been
seen to be reduced in sporadic PD cases (Hattingen et al. 2009;
Hattori et al. 1991; Schapira et al. 1990). Moreover, in fibro-
blast (Mytilineou et al. 1994), skeletal muscle (Blin et al.
1994), lymphocytes (Haas et al. 1995; Yoshino et al. 1992),
blood platelets (Taylor et al. 1994), and different brain regions
(Blandini and Greenamyre 1998; Mizuno et al. 1989; Parker
et al. 2008), mitochondrial complex I deficiency was found in
different PD patients. Also, complex I inhibitors like 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or rotenone
are found to be toxic to the DA neurons (Blesa and
Przedborski 2014). Mechanism of MPTP oxidation to1-
methyl-4-phenylpyridinium (MPP+) and its transfer across
the blood–brain barrier has been well studied (Blesa and
Przedborski 2014). Mitochondrial dysfunction and oxidative
damage has been found to be linked with familial forms of PD
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as seen through the mutations in genes encoding DJ-1, PINK,
parkin, or α-synuclein. The relationship of all these proteins
with mitochondrial dynamics reveal their roles in mediating
the mitochondrial dysfunction and resulting oxidative stress
response whichmight help us in understanding the pathophys-
iology of PD (Fig. 1) (Norris et al. 2015; van der Merwe et al.
2015; Zuo and Motherwell 2013).

Signaling processes might also get affected due to the pro-
duction of increased reactive radical species and as a result
cell-damaging pathways get stimulated such as increased ex-
pression of pro-inflammatory genes, senescence, and apopto-
sis. Researchers have shown the active involvement of this
inflammatory cascade during aging and the pathology is typ-
ical of age-linked neurodegenerative disorders, particularly
PD (Vitale et al. 2013). Thus, both oxidative stress and inflam-
mation are simultaneously responsible for maintaining the
pathogenesis of PD (Harman 1992). ROS has been seen to
activate the transcription factors NF-κB and AP-1 responsible
for mediating inflammation directly or indirectly (Harman
2006). Notably, transcription factors such as NF-κB are equal-
ly responsible for mediating the pro-survival and anti-oxidant
cellular response. However, the increase and decrease in level
of anti-oxidant response during aging are still under study but
the level of ROS is particularly found to be increased during

aging, thus disturbing the redox balance (Vitale et al. 2013).
Inflammatory pathways gets activated because of oxidative
stress due to reduced level of anti-oxidants and primarily
NF-κB-mediated pathway was seen to be activated in animal
model of PD (Lee et al. 2010b). Hence, elevated levels of IL-
1β, IL-6, and TNF-αwere found due to resulting activation of
microglia and astrocytes (Lee et al. 2010b).

Glial Cells and Neuroinflammation in PD

Chronic neuroinflammation, which is primarily controlled by
microglia, by the resident immune cells of the brain, and to a
lesser extent by astrocytes and oligodendrocytes, is responsi-
ble for the loss of neurons in the case of PD (Blesa et al. 2015).
Both familial and sporadic patients were having abruptly in-
creased microglial activation in SNpc and olfactory bulb
(Doorn et al. 2014a, 2014b; Lawson et al. 1990). Also,
microglial activation has been seen to be linked with genes
or proteins associated with PD pathogenesis such as α-
synuclein or LRRK2 in SNpc and striatum of PD animal
models (Daher et al. 2014; Pisanu et al. 2014; Sacino et al.
2014; Stott and Barker 2014). Microglia-derived pro-inflam-
matory cytokines, TNF-α, IL-6, IL-1β, and pro-oxidant NOS

Fig. 1 Oxidative stress and neuroinflammation in PD. Generation of
oxidative stress and neuroinflammation mediated neurodegeneration of
dopaminergic (DA) neurons. Degenerating neurons along with auto-
oxidation of dopamine generated dopamine metabolites like DOPAC,
HVA, and dopamine quinines create reactive oxygen species (ROS).
Mutation in PD associated genes like α-synuclein, parkin, PINK1, and

DJ-1 inhibits the complex I and complex III of mitochondrial electron
transport chain and triggers the formation of ROS which further creates
the oxidative stress inside the cell; neuroinflammation is the downstream
event of oxidative stress. This oxidative stress causes the overactivation
of microglia and astrocytes; these cells are the mediator of neuroinflam-
mation and ultimately cause the degeneration of the DA neurons
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expressions were seen to be elevated in putamen, cerebrospi-
nal fluid (CSF), SN, and serum of PD patients, thus indicating
the role of microglia in the induction of pro-inflammatory and
pro-oxidant effects (Brown and Neher 2010; Knott et al.
2000). Consequently, ROS including superoxide radicals
and hydrogen peroxides are released, known as respiratory
burst. The resultant inflammatory mediators produced due to
microglial activation such as interleukin-1β (IL-1β, cathep-
sin-B) (Arai et al. 2004; Mogi et al. 1994) and glutamate
(Caudle and Zhang 2009; Choi 1988). ROS, nitric oxide
(NO), tumor necrosis factor-α (TNF-α), and IL-8
(Thirumangalakudi et al. 2007) have actively triggered apo-
ptosis in neuronal cell cultures. Moreover, many of these in-
flammatory mediators (NO, IL-6, TNF-α, PGE2, IL-1β) were
found to be in highly elevated level in SNpc tissue of post
mortem PD patients as well as in CSF of PD patients
(Imamura et al. 2003). Interestingly, activation of NF-κB is
necessary for microglial cells to produce these mediators.
Microglial cells get activated on DA neuronal loss resulting
from immune damage or by the effect of DA neurotoxins such
as MPTP or 6-OHDA. Even after 1 year of MPTP adminis-
tration, intranigral and/or plasma TNF-α levels were found to
be elevated in MPTP-treated rodents or nonhuman primates
(Barcia et al. 2005). One of the several interconnected path-
ways leading to PD pathogenesis involves the activation of
microglia as a result of release of neuromelanin from the
degenerating neurons which further leads to the death of neu-
rons. This simultaneously stimulates the production of
neuromelanin causing the self-activating cascade of neurode-
generation to begin (Zecca et al. 2008; Zhang et al. 2011). It is
reported that an acute MPTP subjection can lead to continued
neurodegenerative effect for a prolonged duration resulting
from MPTP-induced parkinsonism even without any further
exposure to the toxin (Langston et al. 1999). Progressive neu-
rodegeneration in PD is induced by chronic neuroinflamma-
tion which sustains in the brain due to activation of microglia
which release neurotoxic inflammatorymediators causing loss
of DA neurons further resulting in reactive microgliosis
(Venkateshappa et al. 2012). In this way, chronic nature of
the disease is maintained with neuronal damage over a longer
period of time. Hence, NF-κB inhibitors can be used to hinder
the microglial activation at initial stages and thus to stop the
reactive microgliosis, i.e., the major hallmark of chronic neu-
roinflammation in PD.

Another type of glial cells, i.e., astrocytes, also show im-
portant role in regulating PD’s neuroinflammation (Ben Haim
et al. 2015). These cells show prominent function in both
protecting and helping in survival of DA neurons, both by
removing toxic metabolites from extracellular space and by
releasing the anti-oxidants (Mena and García de Yébenes
2008). But, a study (Zhang and Barres 2010) has shown its
role in the amplification of inflammatory responses produced
bymicroglia (Chinta et al. 2013; Lee et al. 2010a). Also, under

pathological conditions, these astrocytes have been seen to
release pro-inflammatory cytokines. Recently, a study has
shown the removal of extracellular α-synuclein released from
neurons by astrocyte. The uptake and degradation of α-
synuclein aggregates by the astrocytes conferring the protec-
tion of DA neurons, but as the capacity of astrocytes to de-
grade the aggregated α-synuclein gets exceeded, they get ac-
cumulated within astrocytes too. It was first reported in a study
where a lysosomal inhibitor, bafilomycin A1, was shown to
increase the formation of detergent-insoluble α-synuclein in
astrocytes (Lee et al. 2010a). Also, due to this pathological
condition, transcripts of inflammatory cytokines such as IL-
1β, IL-1α and IL-6 were upregulated and release of TNF-α
and IL-6 was seen (Doo et al. 2010). Thus, nigral death of DA
neurons was found to be related with α-synuclein toxicity and
presence of its aggregates within the astrocytes (Wakabayashi
et al. 2000). Moreover, astrocytes in addition to the release of
pro-inflammatory cytokines also get activated by cytokines
such as TNF-α and IL-1β from microglia resulting in the
production of reactive oxygen and nitrogen species. A recent
study has suggested that the enhancement of microglial in-
flammatory responses by astrocytes is mediated by NF-κB-
dependent pathway, resulting in more DA toxicity (Saijo et al.
2009).

NF-κB: Location in the Brain and Its Biology

The inflammatory mediators that majorly contribute in caus-
ing chronic inflammation and DA neuronal loss in PD show
common feature of being regulated by NF-κB. NF-κB was
first of all identified and described as a transcription factor
by David Baltimore’s group in 1986, playing an essential role
in the expression of mouse kappa light chain genes (Sen and
Baltimore 1986b). Evidences have now suggested that NF-κB
acts as a “master switch” for inflammatory gene expression
(Tsoulfas and Geller 2001). The transcription factor NF-κB
found in all nucleated cell types appears in multiple forms and
consists of five proteins, p105/p50 (NF-κB1), p100/52
(NF-κB2), p65 (RelA), RelB, and c-Rel. These form distinct
combinations of transcriptionally active homo- and heterodi-
meric complexes in mammals. Although, all these complexes
have a common Rel homology domain (RHD) which is a
conserved 300 amino acid long amino-terminal (Baldwin
1996). The RHD consists of sequences essential for interac-
tion with IκB, nuclear translocation, and dimerization, where
carboxy-terminal part of the RHD plays an important role,
whereas the amino-terminal part of the RHDmediates specific
DNA binding to the IκB consensus sequence present in regu-
l a t o r y e l em e n t s o f N F -κB t a r g e t g e n e s ( 5 ′
GGGPuNNPyPyCC-3′). The role of RHD in DNA binding
is studied by the crystal structures of p50 homo- and p50/
p65 heterodimers bound to DNA (Chen et al. 1998;
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Kaltschmidt and Kaltschmidt 2009; Müller et al. 1995).
Glutamatergic neurons have been seen to show constitutive
NF-κB expression. Glial cells have basal NF-κB activity but
are highly inducible, playing decisive role in causing chronic
inflammation in the brain (Kaltschmidt and Kaltschmidt
2009). NF-κB transcription factors express abundantly in the
brain and their basal level is found to be higher in the periph-
eral tissues (Kaltschmidt et al. 1993, 1994, 1995). Complexes
of c-Rel/p65, p50/p65 heterodimer, and p50 homodimers are
among the members of NF-κB, seen in the developing rat
brain (Bakalkin et al. 1993). Among all the complexes, inac-
tive dimer combinations of p50 and p65 subunits are the most
prevalent and are present in the cell nucleus and hence can be
studied to see the distribution of NF-κB in neurons.Moreover,
p50/p65 heterodimers have been found to show constitutive
expression in the adult brain (Kaltschmidt et al. 2005; Meffert
and Baltimore 2005), whereas the studies conducted on devel-
oped rodent brain reveal the transformation of p50/p65 het-
erodimers into the major κB-binding complex (Meffert and
Baltimore 2005; Schmidt-Ullrich et al. 1996). NF-κB can be
activated also by neuromelanin in microglia, via phosphory-
lation and degradation of the inhibitor protein κB inducing
upregulation of tumor necrosis factor-α, interleukin-6, and
nitric oxide (Wilms et al. 2003). Studies also suggest that the
constitutive expression of NF-κB is controlled by physiolog-
ical basal synaptic transmission. Although, the inducible
NF-κB is found to be present in synapses, retrograde transport
of p65 proteins activated by glutamatergic stimulation from
synapses to the cell nucleus (Kaltschmidt et al. 1993; Meberg
et al. 1996; Meffert et al. 2003). Thus, changes in the gene
expression can persist by the translation of short-lasting syn-
aptic signals by NF-κB (Meffert et al. 2003). Effect of NF-κB
is seen on almost all cell types present in body and it plays
significant role in immune responses, cell cycle, inflamma-
tion, and cell survival pathways (Kaltschmidt et al. 2005;
Ledoux and Perkins 2014; Li and Verma 2002; Mattson
2005; Sen and Baltimore 1986a). p50 and p65 subunits are
the heterodimer of NF-κB, known to be the potent activator of
gene transcription (Schmitz and Baeuerle 1991). The tran-
scription factor NF-κB has been studied to be activated in
response to various external agents including lipopolysaccha-
ride (LPS), inflammatory stimuli, UV light, free radicals, car-
cinogens, tumor promoters, cigarette smoke, cytokines, and
various mitogens (Baeuerle and Henkel 1994; Baldwin
1996). On activation, NF-κB plays an important role in regu-
lating numerous different genes, such as cell cycle regulatory
molecules, enzymes like 5-lipoxygenase (LOX), inducible
NO synthase (iNOS), and cyclooxygenase (COX)-2, adhesion
molecules, angiogenic factors, cytokines including
chemokines, interleukin (IL)-1, IL-6, IL-8, and tumor necrosis
factor (TNF) (Duh et al. 1989; Gupta et al. 2010a; Gupta et al.
2010b; Kaltschmidt et al. 1993; Wang et al. 2005). Various
human diseases like AIDS, atherosclerosis, Alzheimer’s

disease (AD), rheumatoid arthritis, PD, cancer, osteoporosis,
and diabetes are linked with constitutive expression of NF-κB
(Table 1) (Gupta et al. 2010b; Vallabhapurapu and Karin
2009).

Signaling Pathways of NF-κB

The classical or canonical pathway and the alternate or non-
canonical are the two major pathways involved in the activa-
tion of NF-κB. Dimer of Rel proteins p50 and p65 form found
complexed with inhibitory complex IκBα in the cytosol and
get activated and regulate the production of pro-inflammatory
cytokines, known as the classical pathway (Fig. 2) (Lawrence
2009). The canonical pathway is the most extensively studied
pathway of NF-κB activation (Noort et al. 2015), triggered in
response to pro-inflammatory molecules such as TNF, LPS,
IL-1, and T cell receptor or B cell receptor and other cell
surface receptors like Toll-like receptors (TLRs), TNF recep-
tor, and IL-1 receptor. A natural biological inhibitor IκB is
found to be associated with NF-κB, keeping it in inactive state
inside the cytoplasm (Baeuerle and Baltimore 1996; Verma
et al. 1995). IκB family, consisting of IκBα, IκBβ, p105/
IκBγ (precursor of p50), p100 (precursor of p52), and IκBε
are proteins that contain an ankyrin repeated sequence which
help in keeping the NF-κB in an inactive state (Fig. 2) (Li and
Nabel 1997; Whiteside et al. 1997) while keeping the nuclear
localization signal (NLS) as well as the DNA binding domain
masked. Upon activation of IκB kinase complex through a
diverse range of stimuli, it causes the phosphorylation of
two serine residues, serine32 and 36 of IκBα or serine19
and 23 of IκBβ (DiDonato et al. 1997; Karin et al. 1997;
Mercurio et al. 1997; Régnier et al. 1997), thereby targeting
IκB for ubiquitin-mediated proteasomal degradation through
the 26S proteasome complex mediating the nuclear transloca-
tion of NF-κB (Finco and Baldwin 1995; Thanos and
Maniatis 1995). Hence, the expression of NF-κB occurs ubiq-
uitously in almost all cell types and on activation, it gets
translocated from the cytosol to the nucleus where it binds
with κB site of promoter. Inhibitor of κB kinase (IKK) β is
necessary for NF-κB activation, while inhibitor of κB kinase
(IKK)α is redundant in the classical pathway (Tak et al. 2001;
Vallabhapurapu and Karin 2009). Both acute as well as chron-
ic inflammations require the activation of NF-κB through ca-
nonical pathway which is essential in cell survival and prolif-
eration as is evident by active NF-κB signaling in different
tissues (Ben-Neriah and Karin 2011).

The other pathway of NF-κB activation is non-canonical
pathway that involves the heterodimers of Rel proteins p100/
RelB that too show transcriptional activity but is majorly in-
volved in regulation of cellular activation and differentiation
rather than in inflammation. The non-canonical NF-κB path-
way is activated in response to various stimuli including
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members of TNF receptor superfamily such as B cell
activating factor (BAF), receptor activator of NF-κB
(RANK), lymphotoxin β (LTβ) receptor, and CD40.
These receptors simultaneously activate the canonical

pathway too. Only, IKKα homodimers are responsible
for the non-canonical activation of NF-κB pathway, un-
like to that of IKKβ or IKKγ involved in canonical
pathway for IκB phosphorylation.
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Non-canonical activation of NF-κB needs the synthesis
and accumulation of NF-κB inducing kinase (NIK) which is
the central signaling component of the non-canonical path-
way, whereas canonical NF-κB activation is quick and does
not require the protein synthesis, thereby slowing the kinetics
of the non-canonical pathway (Sun 2011; Vallabhapurapu and
Karin 2009). The canonical NF-κB-dependent gene expres-
sion requires enzymatic action with the IKKα for its regula-
tion by controlling the promoter-associated histone phosphor-
ylation exposed to cytokines (Anest et al. 2003; Yamamoto
et al. 2003). Immune cells were seen to have suppressed basal
non-canonical signaling by activation of canonical pathway
and initiation of NF-κB-mediated signal transduction (Gray
et al. 2014). Remarkably, non-canonical pathway also gets
activated in several specific cell types under certain circum-
stances and other stimuli including TNF (Zhang et al. 2014)
and IKKα play an important role in the production of
interferon-α induced by TLR 7 and 9 (Hoshino et al. 2006).
Moreover, distinct genes are regulated in response to various
stimuli by both the classical and alternative pathways
(Pomerantz and Baltimore 2002). Post mortem PD brains
and SN of animals undergoing DA neurodegeneration have
shown the highly activated canonical pathways (Hunot et al.
1997; Mogi et al. 2007). However, regenerating DA neurons
from rats treated with glial-derived neurotrophic factor
(GDNF) have shown the active involvement of non-
canonical NF-κB pathway, whereas the canonical p65/p50
pathway was concurrently reduced, indicating the role of
non-canonical NF-κB pathway in regeneration of DA neurons
within the SN (Cao et al. 2008).

At the molecular level, inflammation is regulated by alter-
ations in redox balance which in turn activates various mole-
cules and factors, including adhesion molecules like, intercel-
lular adhesion molecule (ICAM-1), endothelial-leukocyte

adhesion molecule (ELAM)-1, and vascular cell adhesion
molecule (VCAM)-1; chemokines such as monocyte chemo-
attractant protein 1, IL-8; cytokines including IL-1, IL-2, IL-6,
IL-12, TNF-α, and TNF-β; signal transducer and activator of
transcription (STAT)-3; pro-inflammatory enzymes, namely,
COX-2, 5-LOX, 12-LOX, and matrix metalloproteinases
(MMPs); prostate-specific antigen (PSA); C-reactive protein,
vascular endothelial growth factor (VEGF); and pro-
inflammatory transcription factors NF-κB (Aggarwal and
Shishodia 2004). Thus, the fundamental regulator of inflam-
mation is NF-κB (Fig. 2) (Aggarwal and Shishodia 2004; Ahn
and Aggarwal 2005; Lukiw and Bazan 1998).

Recent researches conducted in the area of NF-κB-
mediated neurodegeneration along with the significance of
each article are mentioned in Table 1.

Regulation of NF-κB Activity

Studies have suggested dysregulation of NF-κB in neurode-
generative mechanisms occurred during trauma or ischemia
(Schneider et al. 1999) and also in the brain of patients suffer-
ing from PD (Ghosh et al. 2007; Hunot et al. 1997).
Neuroinflammatory molecules play important role in these
CNS diseases. Differential activation of NF-κB dimers con-
fers the response of neurons against external stimuli.
Contradictory effects on the survival of neurons are produced
by expression of Rel A or c-Rel (Pizzi et al. 2002; Pizzi et al.
2005; Sarnico et al. 2009b). Neurodegenerative processes in-
duced by ischemic insults (Inta et al. 2006; Sarnico et al.
2009a, 2009b), Aβ toxicity (Inta et al. 2006; Lanzillotta
et al. 2010; Pizzi et al. 2009), or glutamate (Pizzi et al. 2002)
are initiated by the RelA subunit (a member of NF-κB), com-
posing the activated p50/RelA dimer, and its posttranscrip-
tional modifications.

Neuronal cell death is seen to be due to RelA while cell
death is limited by overexpression of c-Rel factor. Oxygen–
glucose deprivation (OGD) reduces the level of c-Rel factor in
neurons, whereas neuronal loss in cortical neurons exposed to
OGD is prevented by overexpression of c-Rel, as a result of
this protective effect the transcription of Bcl-xL gene in-
creases (Sarnico et al. 2009a). By inducing transcription of
manganese superoxide dismutase (MnSOD), overexpression
of c-Rel promotes anti-apoptotic effects in cultured neurons
(Bernard et al. 2001; Chen et al. 2000; Pizzi et al. 2005). An
age-related behavioral Parkinsonism in mice with degenera-
tion of DA neurons and generation of PD-like neuropathology
is induced by the deficiency of c-Rel (Baiguera et al. 2012).
Evidences have also proven that the systemic and brain aging
processes in mice occur due to activation of NF-κB (Adler
et al. 2007; Zhang et al. 2013a). Thus, data from different
studies have suggested that the composition of NF-κB com-
plex is responsible for the diverse functions of NF-κB

�Fig. 2 The NF-κB-mediated neuroinflammatory cascade. Pro-
inflammatory factors like TNF-α, IL-1β, IL-6, and CD-40L activate the
cell surface receptor. The cell surface receptor consists of two pathways,
first is canonical pathway in which inhibitor of κB kinase (IKK) β is
necessary for NF-κB activation that phosphorylates IκB, while NF-κB
essential modulator (NEMO) is regulatory subunit of IKK complex. IκB
undergoes proteasomal degradation in the cytosol and then phosphory-
lated heterodimer of NF-κB (p50-p65) goes to the nucleus via nuclear
membrane and binds to the NF-κB response element activating the asso-
ciated pro-inflammatory mediators like TNF-α, IL-1β, IL-6, iNOS, and
ICAM and ultimately causes NF-κB-mediated neuroinflammation that
leads to the progressive degeneration of the DA neurons in PD. In alter-
nate or non-canonical pathway, NEMO along with NF-κB inducing ki-
nase (NIK) phosphorylates IKK-α and causes the proteasomal degrada-
tion along with the proteasomal processing of p100 which is a subunit of
NF-κB heterodimer and forms the p52-RELB active heterodimer. The
p52-RELB active heterodimer goes into the nucleus through nuclear
membrane and similar to the canonical pathway binds to the NF-κB
response element regulating the expression of pro-inflammatory factors
like TNF-α, IL-1β, IL-6, iNOS, and ICAM, ultimately causing the NF-
κB-mediated neuroinflammation via progressive neurodegeneration in
PD
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transcription factor (Lanzillotta et al. 2015). Taken together,
all these studies suggest the potential of NF-κB to serve as an
excellent therapeutic target in preventing DA neurodegenera-
tion, and also research is required to govern the finest ap-
proach and agent appropriate for the treatment of PD.

Polyphenols and Its Bioavailability
in the Brain

Polyphenols are a large group of naturally occurring plant
chemicals produced as secondary metabolites, extensively
found in variety of natural products including fruits and veg-
etables. All polyphenols are basically characterized by the
presence of phenolic hydroxyl groups in their structure. On
the basis of the number of phenol rings present and their prop-
erties, these compounds are broadly classified into two
groups: flavonoids and non-flavonoids. Flavonoids are exten-
sively distributed phytochemicals and are a type of
phenylpropanoids consisting of 15 carbons arranged as a three
carbon bridge (C6–C3–C6) connected to two aromatic rings.
Flavanols and flavanones have similar structures based on 2,3-
dihydro-2-phenylchromen-4-one skeleton and thus are char-
acterized on the basis of the site of hydroxylation. Flavanols
are differentiated due to the hydroxylation on carbon-3 of the
phenyl ring. These act as the intermediary and diverge into
various classes of flavonoids. Different classes of flavonoids
are formed by the diversification of the pathway from these
central intermediates as side branches. Non-flavonoids are
further divided into two groups: the phenolic acids which
include the hydroxycinnamic acids (HCAs; C3–C6 skeleton)
and hydroxybenzoic acids (HBAs; C1–C3 skeleton), and the
stilbenes (C6–C2–C6 skeleton) (Renaud and Martinoli 2019;
Vauzour 2012).

Various in vitro studies have revealed that the lipophilic
nature of a polyphenol determines its permeability through
the blood–brain barrier (BBB) making the less polar polyphe-
nols (i.e., O-methylated derivatives) more permeable in com-
parison to the highly polar metabolites (i.e., sulfated and
glucuronidated derivatives) (Youdim et al. 2003). Similar
studies have also been performed in vivo models validating
that irrespective of their mode of administration, the polyphe-
nols can translocate through the BBB. A study on bioavail-
ability of polyphenols in the brain reported the presence of
epigallocatechin gallate, epicatechin, and anthocyanins in the
brain after the oral administration, whereas naringenin was
detected following the intravenous administration (El
Mohsen et al. 2006; El Mohsen et al. 2002; Peng et al.
1998; Suganuma et al. 1998). Although the data suggests
low availability of polyphenols in the brain and plasma, i.e.,
below 1 nmol/g tissue by Schaffer and Halliwell with no spe-
cific region to be targeted for accumulation (Schaffer and
Halliwell 2012; Williams et al. 2008; Zecca et al. 1982), in

fact studies performed on rat and pig brains (Kalt et al. 2008;
Milbury and Kalt 2010) show the presence of polyphenols in
various regions of the brain. In an experiment by Janle et al.
with 14C-labeled grape polyphenols, it was indicated that the
14C was uniformly distributed among all the regions of the
brain (Janle et al. 2010). Similarly, multiple in vivo studies
have validated the bioavailability of curcumin (oral adminis-
tration) and have shown it to penetrate through the BBB sug-
gesting its therapeutic importance. A study by Suresh and
Srinivasan in rat model exhibited that following the curcumin
administration (500 mg/kg body weight) in conjugation with
piperine (20 mg/kg body weight), a concentration of 1.84 ±
0.33 mg/whole tissue was measured at 24 h interval in the
brain which was later found to have reached to 5.87 ±
0.38 mg/whole tissue at 48 h. In a study by Wang and col-
leagues, the intraperitoneal administration (30 mg/kg body
weight) of curcumin in gerbils was detected to be 0.15 ng/
mg protein in the brain at 1 h (Suresh and Srinivasan 2010;
Wang et al. 2005), whereas Begum et al. reported different
routes of administration of curcumin and tetrahydrocurcumin
(TC) including oral, intraperitoneal, and intramuscular and
quantified their significant level in the brain (Begum et al.
2008). Thus, these results prove the permeability of polyphe-
nols through the BBB and their uniform distribution among
various regions of the brain.

Anti-neuroinflammatory Role of Polyphenols
in PD

Dietary polyphenols (Table 2) are widely studied for their anti-
inflammatory and anti-oxidant properties and have been doc-
umented to contain anti-cancerous properties and help in the
prevention of cardiovascular disease and neurodegenerative
diseases (Liu 2004; Patil et al. 2014; Tsao 2010).
Polyphenols have been shown to modulate various cellular
signaling pathways including alterations at two specific sites
in the pathway leading from receptors to NF-κB. They sup-
press the degradation of IκB by restraining phosphorylation or
ubiquitination which arrests the transcription of pro-
inflammatory cytokines by inhibiting the NF-κB translocation
in to the nucleus (Ruiz and Haller 2006; Wang et al. 2017).
Furthermore, polyphenols also perform anti-inflammatory ac-
tion by retarding the interaction of NF-κB subunits with target
DNA (Ruiz and Haller 2006). Both modes of action offer
indirect protection by preventing various NF-κB regulated
proinflammatory proteins (cytokines, chemokines) and en-
zymes (iNOS, COX-2) to express.

Dietary polyphenols responsible in regulating various pro-
inflammatory gene expression are a group of secondary me-
tabolites including curcumin (Jobin et al. 1999; Zhou et al.
2015), resveratrol (Kundu et al. 2006), Chlorogenic acid
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(Hwang et al. 2015; Singh et al. 2018). and baicalein (Lee
et al. 2014).

Chlorogenic Acid Chlorogenic acid (CGA) is a phenolic
compound and the second major component after caf-
feine found in green coffee beans. It is a thermally
unstable ester which is readily broken down to form
caffeic acid and quinic acid (Feng et al. 2005). CGA
demonstrates multiple biological properties including
anti-oxidant (Feng et al. 2005), anti-inflammatory effect
(Hwang et al. 2015; Hwang et al. 2014), and neuropro-
tective (Kwon et al. 2010) properties which have gained
its huge popularity in the scientific world. Various stud-
ies working on the mechanism of action of CGA have
confirmed that it minimizes the overactivation of glial
cells and downregulation of expression of pro-
inflammatory factors such as TNF-α, IL-1β, and
iNOS, thus protecting the degeneration of DA neurons
(Shen et al. 2012); (Singh et al. 2018). A study con-
ducted in MPTP-intoxicated mice confirmed that CGA
downregulated NF-κB-mediated neuroinflammatory
pathway in PD, ultimately protecting the loss of the
DA neurons in SN (Singh et al. 2018) (Table 2).

Curcumin Curcumin (diferuloylmethane) is a polyphenolic
compound found in the plant Curcuma longawhich is a wide-
ly used spice in the preparation of food and medicines in
Southeast Asia, China, and India (Aggarwal et al. 2007) is
proving to be effective in neuroprotection as it illustrates an-
ti-oxidant, anti-inflammatory, and anti-cancer activities and is

able to pass through the blood–brain barrier (Lee et al. 2013).
In recent studies conducted on in vitro and in vivo models of
PD, curcumin has been observed to have neuroprotective ef-
fect against neurotoxicity induced by LPS and α-synuclein
aggregation preventing dopamine loss and altering the oxida-
tive stress, as well as mitochondrial dysfunction (Rajeswari
and Sabesan 2008; Wang and Xu 2009). Curcumin as a result
of its anti-inflammatory activity has been found to neutralize
microglial activation, enzymes like cyclooxygenase-2 (COX-
2), lipoxygenase, inducible nitric oxide synthase (iNOS), and
pro-inflammatory cytokines (Guo et al. 2012; Tripanichkul
and Jaroensuppaperch 2013; Yu et al. 2010). In addition to
the above activity, curcumin has been suggested to restrain the
nuclear translocation and NF-κB activity along with abbrevi-
ation in the levels of TNF-α and IL-1β (Guo et al. 2012).
Another study suggested that curcumin alleviated NF-κB in
the microglial cytoplasm as a result of the stimulation with
LTA in BV-2microglial cells which caused inhibition of phos-
phorylation and degradation of IκBα, as well as nuclear trans-
location of p65 (Yu et al. 2018). The study showed that
curcumin inhibits NF-κB and p38 MAPK activation
confirming its anti-inflammatory activity in LTA-stimulated
microglial cells (Table 2).

Resveratrol Resveratrol is a plant compound present in the
covering of grapes, blueberries, raspberries, mulberries, pea-
nuts, and red wine. It is a naturally occurring polyphenol that
wields neuroprotective activity. It is soluble in water and is
capable of crossing the blood–brain barrier (Fu et al. 2015).
Studies have reported that resveratrol is capable of scavenging

Table 2 Anti-inflammatory effects of some polyphenols in different studies

Compounds Model (in vitro/in vivo) Biological effects References

Chlorogenic acid MPTP mice ↓ pro-inflammatory mediators (TNF-α, IL-1β, GFAP, iNOS)
↓ NF-κB nuclear
activation

Singh et al. 2018

LPS-induced RAW 264.7 cell
Endotoxin-induced mice

↓ TNF-α, IL-1β, IL-6, iNOS, COX-2
↓ phosphorylation of IκB
↓ NF-κB nuclear activation

Hwang et al. 2015

Curcumin LPS-induced mice ↓ TNF-α, IL-1β
NF-κB nuclear activation

Yu et al. 2018

LTA, BV-2 microglia cell ↓ Phosphorylation of IKK-α
↓ NF-κB nuclear activation

Fu et al. 2015

Resveratrol LPS and A-β-induced microglial cell ↓ NF-κB nuclear activation Zhang et al. 2013

Activated microglial cell ↓ pro-inflammatory mediators
Anti-inflammatory mediators (IL-10)

Song et al. 2014

PC12 ↓ apoptosis Yang et al. 2016

Baicalein MPP+ mice ↓ microglial activation
↓ astrocyte activation
↓ NF-κB nuclear activation
COX-2

Wang et al. 2013

Rotenone, Rat ↓ microglial activation
↓ NF-κB nuclear activation
↓ TNF-alpha

Zhang et al. 2017
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Table 1 NF-κB mediated neuroinflammatory cascade in neurodegenerative disorder

Title of research article Significance References

NRF2 and NF-κB interplay in cerebrovascular and neurodegenera-
tive disorders: molecular mechanisms and possible therapeutic
approaches

This article explores the role of NF-κB and NRF2 in neurodegen-
erative diseases like Parkinson’s disease (PD) and Alzheimer’s
disease (AD) along with cerebrovascular diseases and also found
mechanism of action behind the working of these transcription
factors.

Sivandzade
et al.
2018

A Bcr-Abl inhibitor GNF-2 attenuates inflammatory activation of
glia and chronic pain

In the case of neuroinflammatory brain diseases like PD, astroglial
activation plays an effective role and can be targeted for
therapeutics.

Song et al.
2019

Rosmarinic acid attenuates inflammatory responses through
inhibiting HMGB1/TLR4/NF-κB signaling pathway in a mouse
model of Parkinson’s disease

HMGB1/TLR4/NF-κB signaling pathway plays very significant
role in PD progression and can be targeted for PD therapy.

Lv et al.
2019

Dl-3-n-butylphthalide exerts dopaminergic neuroprotection through
inhibition of neuroinflammation

MAPK, NF-kB, and PI3K/Akt are involved in the progressive de-
generation of PD, anti-neuroinflammation compound like
Dl-3-n-butylphthalide targeting these molecules provides signif-
icant protection in PD.

Chen et al.
2019

Cordycepin mitigates MPTP-induced Parkinson’s disease through
TLR/NF-κB signaling pathway

In MPTP-intoxicated Parkinsonian mouse model, cordycepin pro-
tects the death of dopaminergic neurons by TLR/NF-κB signal-
ing pathway.

Cheng and
Zhu 2019

Icariside II attenuates lipopolysaccharide (LPS)-induced
neuroinflammation through inhibiting TLR4/MyD88/NF-κB
pathway in rats

In LPS-intoxicated neuroinflammatory rat model of PD, icariside II
attenuates PD progression via inhibiting TLR4/MyD88/NF-κB
pathway.

Zhou et al.
2019

Anti-inflammatory Activity of ursolic acid in MPTP-induced par-
kinsonian mouse model

UA shows anti-inflammatory activity by inhibiting the NF-κB in
MPTP-intoxicated PD mouse model.

Rai et al.
2019b

Tinospora cordifolia suppresses neuroinflammation in parkinsonian
mouse model

In MPTP-induced PD mouse model, Tinospora cordifolia sup-
presses neuroinflammation by inhibiting the activation and nu-
clear translocation of NF-κB.

Birla et al.
2019

Juglanin ameliorates LPS-induced neuroinflammation in animal
models of Parkinson’s disease and cell culture via inactivating
TLR4/NF-κB pathway

In toxin-induced neuroinflammatory model of PD and cellular
model of PD, juglanin protects the death of dopaminergic neurons
through TLR4/NF-κB pathway.

Zhang and
Xu 2018

Caffeic acid improves locomotor activity and lessens inflammatory
burden in a mouse model of rotenone-induced nigral neurode-
generation: relevance to Parkinson’s disease therapy

In rotenone-induced Parkinsonian mouse model, caffeic acid re-
duced the inflammatory load by inhibiting the activation and
translocation of NF-κB.

Zaitone
et al.
2019

Calycosin attenuates MPTP-induced Parkinson’s disease by sup-
pressing the activation of TLR/NF-κB and MAPK pathways

By inhibiting the activation of TLR/NF-κB and MAPK pathways,
calycosin effectively attenuates MPTP-induced PD

Yang et al.
2019

TREM2 overexpression attenuates neuroinflammation and protects
dopaminergic neurons in experimental models of Parkinson’s
disease

In MPTP-induced Parkinsonian mouse model, overexpression of
TREM2 attenuates neuroinflammation and protects death of do-
paminergic neurons.

Yang et al.
2019

Angiotensin 1-7 ameliorates 6-hydroxydopamine (6-OHDA) le-
sions in hemiparkinsonian rats through activation of MAS
receptor/PI3K/Akt/BDNF pathway and inhibition of angiotensin
II type-1 receptor/NF-κB axis

In 6-OHDA-induced hemiparkinsonian rat model, angiotensin 1–7
ameliorates neuroinflammation by inhibiting NF-κB-mediated
neurodegeneration.

Rabie et al.
2018

Peiminine protects dopaminergic neurons from
inflammation-induced cell death by inhibiting the ERK1/2 and
NF-κB signalling pathways

In LPS-induced inflammatory model of PD, peiminine protects do-
paminergic neurons by inhibiting the ERK1/2 and NF-κB path-
ways.

Chen et al.
2018

Piperlongumine inhibits neuroinflammation via regulating NF-kB
signalling pathways in lipopolysaccharide-stimulated BV2 mi-
croglia

cells In LPS-induced neuroinflammatory diseases like AD and PD,
piperlongumine protects the neurodegeneration by NF-kB sig-
naling pathways.

Kim et al.
2018

Neuroprotective effects of a traditional multi-herbal medicine
Kyung-Ok-Ko in an animal model of Parkinson’s disease: inhi-
bition of MAPKs and NF-kB pathways and activation of
Keap1-Nrf2 pathway

In MPTP-induced parkinsonian mouse model, Traditional
multi-herbal medicine Kyung-Ok-Ko shows neuroprotective ac-
tivity by inhibiting the NF-kB-mediated signaling pathway.

Choi et al.
2018

The anti-neuroinflammatory activity of tectorigenin pretreatment
via downregulated NF-kB and ERK/JNK pathways in BV-2
microglial and microglia inactivation in mice with lipopolysac-
charide

In LPS-induced neuroinflammatory diseases (PD, AD) and BV-2
microglial cell, tectorigenin pretreatment protects neurodegener-
ation via NF-kB and ERK/JNK pathways.

Lim et al.
2018

EriB targeted inhibition of microglia activity attenuates MPP+
inducedDA neuron injury through the NF-κB signalling pathway

In MPTP-intoxicated PD model, EriB prevents neurodegeneration
through the NF-κB signaling pathway.

Dou et al.
2018
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free radicals, repressing glial activation, and minimizing the
production of pro-inflammatory factors and is also observed to
enhance the release of anti-inflammatory IL-10 in MPTP-
based PD mouse models (Cianciulli et al. 2015; Lofrumento
et al. 2014; Renaud et al. 2014; Song et al. 2014; Yang et al.
2016) (Table 2). Various studies in the past have demonstrated
inhibition of signaling cascades, NF-κB translocation, and
ROS production as result of the mechanism of action of res-
veratrol (Capiralla et al. 2012; Ren et al. 2013; Zhang et al.
2013b). Apart from this, resveratrol is reported to promote
microglial polarization to the M2 phenotype by increasing
PGC-1α expression and acting against inflammatory damage
(Yang et al. 2017). It is also noticed that along with the ad-
vancement of microglial polarization through the activation of
the STAT6 and STAT3 pathways to the M2 phenotype, PGC-
1α also inhibited NF-κB activity ultimately reducing the ac-
tivation LPS-induced M1. These studies conclude that resver-
atrol, by targeting NF-κB pathway, can be used as potential
anti-inflammatory drug in the treatment of PD (Yang et al.
2017).

Baicalein Baicalein is a type of flavonoid, a component
of traditional Chinese herbal remedy known as
Scutellaria baicalensis Georgi (Huangqin). It has been
reported that baicalein shows anti-inflammatory and
anti-oxidative activities that facilitate neuroprotective ef-
fects in PD model (Mu et al. 2009; Wang et al. 2013;
Zhang et al. 2012b) (Table 2). Previous studies in vitro
have revealed that α-synuclein aggregation cannot only
be inhibited using baicalein but also the already formed
wild-type α-synuclein oligomers can be disaggregated
(Hong et al. 2008). For several decades, research has
been determined to evaluate the neuroprotective activity
of baicalein in various chemically induced mice models
and the results revealed that the anti-oxidative property
of baicalein, along with increasing the number of tyro-
sine hydroxylase (TH) neurons, also attenuated muscle
tremors in 6-hydroxydopamine (OHDA)-lesioned rats

(Cheng et al. 2008; Mu et al. 2011). Furthermore,
baicalein inhibited mitochondrial oxidation along with
up regulating DJ-1 protein expression in 6-OHDA-
induced SH-SY5Y cells resulting in the inhibition of
mitochondrial dysfunction (Wang et al . 2013).
Additionally, recent studies conducted on the MPTP-
induced PD model have published the role of baicalein
in the reduction of astroglial activation by inhibiting the
activation of NF-κB, extracellular-signal regulated ki-
nases (ERK)1/2, and Jun-amino-terminal kinase (JNK),
while showing neuroprotective activity in 6-OHDA-
induced mice model via activation of the Kelch-like
ECH-associated protein 1 (Keap1)/NF-E2-related factor
2 ( NRF - 2 ) / h em e o x y g e n a s e - 1 ( HO - 1 ) a n d
phosphoinositide 3-kinase (PI3K)/AKT signaling path-
ways (Lee et al. 2014; Zhang et al. 2012b).

Conclusion

NF-κB-mediated neuroinflammation plays a major role
in the PD pathogenesis, thus is being extensively stud-
ied to target the pathways involving its activation in
neurons. Hence, inhibiting the overactivation of NF-κB
may serve as a potential therapeutic mechanism in the
prevention of PD progression. Previous studies on ani-
mal and cell models have indicated the beneficial effects
of dietary supplements comprising of polyphenolic com-
pounds and have suggested their use in the treatment
and prevention of inflammatory mediated neurodegener-
ation of DA neurons. More comprehensive analysis
about the mechanism of action of these polyphenolic
compounds is required for the designing of novel treat-
ment having advanced therapeutic properties in vivo for
PD. Nevertheless, the requirement for the conduction of
clinical trial to establish the effectiveness of the pheno-
lic compounds as a treatment for PD by preventing
NF-κB pathway is still required.

Table 1 (continued)

Title of research article Significance References

Glaucocalyxin B alleviates lipopolysaccharide-induced Parkinson’s
disease by inhibiting TLR/NF-κB and activating Nrf2/HO-1
pathway.

In LPS-induced parkinsonian mouse model, glaucocalyxin B alle-
viates neuroinflammation by inhibiting TLR/NF-κB and activat-
ing Nrf2/HO-1 pathway.

Xu et al.
2017

Magnesium lithospermate B suppresses lipopolysaccharide-induced
neuroinflammation in BV2 microglial cells and attenuates neu-
rodegeneration in lipopolysaccharide-injected mice

In LPS intoxicated PD model, inhibition of NF-κB signaling path-
way by magnesium lithospermate attenuates neurodegeneration.

Tai et al.
2018

Quercetin attenuates manganese-induced neuroinflammation by al-
leviating oxidative stress through regulation of apoptosis,
iNOS/NF-κB and HO-1/Nrf2 pathways

In manganese-induced neuroinflammatory model of PD, quercetin
attenuates progressive neurodegeneration in PD through regula-
tion of apoptosis, iNOS/ NF-κB and HO-1/Nrf2 pathways.

Bahar et al.
2017

Mucuna pruriens (Mp) protects against MPTP intoxicated neuro-
inflammation in Parkinson’s disease through NF-kB/pAKT sig-
nalling pathways

Through NF-kB/pAKT signaling pathways, Mp shows potent
anti-inflammatory activity in MPTP-induced PD mouse model.

Rai et al.
2019a
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