
Summary. Neuroinflammation plays a central role in
multiple neurodegenerative diseases and neurological
disorders such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), cerebral ischemic injury etc. In this
connection, microglia, the key players in the central
nervous system, mediate the inflammatory response
process. In brain injuries, activated microglia can clear
the cellular debris and invading pathogens and release
neurotrophic factors; however, prolonged microglia
activation may cause neuronal death through excessive
release of inflammatory mediators. Therefore, it is of
paramount importance to understand the underlying
molecular mechanisms of microglia activation to design
an effective therapeutic strategy to alleviate neuronal
injury. Recent studies have shown that some natural
compounds and herbal extracts possess anti-
inflammatory properties that may suppress microglial
activation and ameliorate neuroinflammation and hence
are neuroprotective. In this review, we will update some
of the common signaling pathways that regulate
microglia activation. Among the various signaling
pathways, the Notch-1, mitogen-activated protein
kinases (MAPKs), and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) have been
reported to exacerbate microglia mediated
neuroinflammation that is implicated in different

neuropathological diseases. The search for natural
compounds or agents, specifically those derived from
natural herbal extracts such as Gastrodin, scutellarin,
Rg1 etc. has been the focus of many of our recent studies
because they have been found to regulate microglia
activation. The pharmacological effects of these agents
and their potential mechanisms for regulating microglia
activation are systematically reviewed here for a fuller
understanding of their biochemical action and
therapeutic potential for treatment of microglia mediated
neuropathological diseases. 
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Introduction

It is well documented that microglia play an
important role in the immune reaction to harmful
stimulation in the CNS. The main function of activated
microglia in the neuroinflammatory response is to
remove necrotic cells and tissues caused by pathogenic
infections, disease and other damages. Uncontrolled
microglia mediated neuroinflammation, however,
contributes to the progress of neurodegenerative diseases
including PD, AD, Huntington’s disease (Jacobs and
Tavitian, 2012) etc. 

Microglia residing in the CNS are the primary innate
immune cells and they play a critical role in maintaining
the homeostasis of the brain (Venneti et al., 2009). They
are involved in the immunity, neurogenesis,
synaptogenesis, neurotrophic support, phagocytosis of
cellular debris and maintaining CNS integrity and
homeostasis. Early understanding of microglia was that
they acted as tissue-resident macrophages or peripheral
myeloid cells in the CNS. Accumulating evidence in
recent years has led us to a better understanding of the
roles of microglia in CNS both in physiological and
pathological conditions. The current concept holds the
view that microglia arise from the yolk sac-derived
primitive macrophages during embryogenesis (Alliot et
al., 1999; Ginhoux et al., 2010). Microglia exist in two
different phenotypes, the so-called resting state where
they appear as ramified cells, and the activated state
where they often assume an amoeboidic/round form.
Upon activation, microglia release an array of
proinflammatory mediators such as chemokines,
cytokines, inducible nitric oxide synthase/nitric oxide
(iNOS/NO) and cyclooxygenase-2 (COX-2) that may
lead to neuroinflammation detrimental to the brain tissue
(Dheen et al., 2007; Lull and Block, 2010). 

Injuries, β-amyloid (Aβ), lipopolysaccharide (LPS)
and lipoteichoic acids are the causes of microglia
activation and induce neuroinflammatory response. This
would elicit activation and/or production of various
signaling pathways and proinflammatory mediators
including tumor necrosis factor-alpha (TNF-α),
interleukin-1β (IL-1β), prostaglandin E2, IL-6, reactive
oxygen species (ROS), reactive nitrogen species (RNS),
COX-2, MAPKs, NF-κB, matrix metalloproteases,
peroxisome, proliferation activated receptor-gamma,
monocyte chemoattractant protein 1 (MCP-1) and c-Jun
N-terminal kinases (JNK) (Lull and Block, 2010;
Parkhurst and Gan, 2010; Greter and Merad, 2013).
Since inflammatory responses in the CNS can lead to
neuronal damage and subsequently neurodegeneration
diseases, it is important to attenuate the production of
proinflammatory and inflammatory mediators (Du et al.,
2017). Regulating microglia activation therefore would
be a potential therapeutic strategy to mitigate the process
of inflammatory responses in the CNS. In order to better
understand microglia plasticity and homeostatic
regulation, many studies have been carried out to clarify
the signaling network/mechanisms that drive microglial

activation, especially under pathological conditions.
Recent studies have aimed at identifying agents that

may regulate the activation of microglial cells, with the
ultimate aim of preventing or treating brain diseases
associated with chronic inflammation. Some of these
studies have involved the use of natural herbal
compounds for attenuation of microglia activation as
discussed presently. Thus, in the search for candidate
agents, notably those derived from herbal and natural
products that are endowed with anti-inflammatory
properties, several natural agents have been identified
and evaluated. For example, the active ingredients from
some Chinese herbal compounds and natural products
with anti-inflammatory and neuroprotective effects have
been explored in depth (Li et al., 2014; Yuan et al., 2015;
Luo et al., 2017). Here we will first review the possible
molecular mechanism and some signaling pathways
involved in microglia activation as elicited in various
pathological conditions. Next, we will discuss the use of
natural products which have been reported to quell the
inflammatory response mediated by microglia.
Signaling pathways and epigenetic mechanisms that
regulate microglia activation

Notch signaling

In the CNS, Notch signaling pathway is one of the
most conserved pathways known to regulate neural
development. There is compelling evidence indicating
that Notch signaling not only can it influence the
developmental processes in postnatal life but is also
involved in CNS pathogenesis. It is unequivocal that the
Notch signaling pathway can modulate the function of
microglia in neuroinflammatory diseases (Arumugam et
al., 2006). The Notch signaling pathway is composed of
Notch ligands (Delta-like 1, 3, 4, Jagged1, Jagged2),
Notch receptors (Notch1-4), DNA binding protein
recombining binding protein suppressor of hairless and
the transcription factor hairy and enhancer of split. The
Notch signaling pathway is activated by interaction of
Notch receptor and its ligand between two adjacent cells.
After this, the intracellular domain of notch receptor is
hydrolyzed by γ-secretase, whereby the Notch
intracellular domain (NICD) is released. NICD is then
translocated into the nucleus and binds to the
transcriptional repressor recombining binding protein
suppressor of hairless, thereby activating the
transcription of target genes such as hairy and enhancer
of split (HES, HEY, and HERP) (Bray, 2006). It has
been reported that (Sun et al., 2012b) the Notch
signaling pathway is significantly activated after nerve
injury. Very interestingly, in Notch antisense mice and in
normal mice treated with γ-secretase inhibitors that
block the proteolytic cleavage and activation of Notch,
the brain damage and post-ischemic inflammation were
significantly attenuated (Wei et al., 2011). Moreover,
activation of the Notch signaling pathway promoted
microglia activation in a rat model of temporal lobe
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epilepsy and focal cerebral ischemia (Cao et al., 2010;
Wei et al., 2011; Wu et al., 2018). Notch expression was
upregulated in activated microglia in cerebral ischemia,
while Notch-1 antisense mice exhibited significantly
decreased numbers of activated microglia and reduced
proinflammatory cytokine expression in the ipsilateral
ischemic cortices compared to nontransgenic mice (Yao
et al., 2013a). Additionally, it has been reported that
hypoxia can induce the activation of Notch-1 signaling
in primary microglia and BV-2 cells (Yao et al., 2013b;
Yuan et al., 2015). It was found that blocking Notch-1
suppressed protein expression of IL-1β, TNF-α,
monocyte chemoattractant protein 1 (MCP-1) and iNOS
in BV-2 cells. In microglial cells pretreated with N-(N-
(3,5-difluorophenacetyl)-lalany1)-S-phenyglycinet-
butylester, the γ-secretase inhibitor, followed by LPS
stimulation, the expression of the hairy and enhancer of
split-1 (Hes-1) along with TNF-α and IL-1β was down-
regulated (Cao et al., 2010). Of note, N-(N-(3,5-
difluorophenacetyl)-lalany1)-S-phenyglycinet-butylester
also inhibited the expression of NF-κB induced by
hypoxia in microglia, indicating the interrelationship
between Notch signaling and NF-κB pathways (Yao et
al., 2013b). This corroborates with results of a separate
study which reported that Notch and NF-κB pathways
function synergistically in regulating several aspects of
cellular functioning (Ang and Tergaonkar, 2007). The
results with N-(N-(3,5-difluorophenacetyl)-lalany1)-S-
phenyglycinet-butylester also indicate that the Notch
pathway is located upstream of NF-κB and that it
regulates microglia activation (Cao et al., 2008; Yao et
al., 2013b).
Renin-angiotensin systems

Renin-angiotensin system (RAS) is one of the
neuroendocrine axes that regulate blood pressure, water,
electrolytes and maintain the stability of the internal
environment (Labandeira-Garcia et al., 2017). RAS is
composed of renin, angiotensinogen, angiotensin and its
cognate receptors whose existence has been reported in
the developing brain (Millan et al., 1991; Tsutsumi et al.,
1991). Angiotensinogen is the precursor of angiotensin
II (AngII) and it serves as a substrate for renin and other
enzymes capable of cleaving angiotensin (Benicky et al.,
2009) from the N-terminal end. AngII is an effector
molecule of RAS. Apart from regulating the blood
pressure and fluid homeostasis, it also participates in a
variety of processes such as cell growth, development of
brain and cardiac development, atherothrombosis,
inflammation and programmed cell death (Stoll and
Unger, 2001). AngII performs multiple functions though
linking to different receptor subtypes, namely,
angiotensin II type 1 receptor (AT1) and/or angiotensin
II type 2 receptor (AT2). It has been documented that
AT2 may exert an opposing function to AT1 (Jones et al.,
2008). It has been reported that AngII and its receptors
AT1 and AT2 are localized in the amoeboid microglial

cells in the developing brain. Of note, AngII and
AT1/AT2 expression was increased following middle
cerebral artery occlusion (MCAO) (Wu et al., 2013). In
experimental cerebral ischemia model or experimental
intracerebral hemorrhage model, it has been reported
that inhibition of AT1 was able to down-regulate the
release of TNF-α (Danielyan et al., 2007), reduce the
infarct area (Nishimura et al., 2000), hemorrhage
volume, brain edema, inflammatory response and
apoptosis (Jung et al., 2007) alluding to the possibility
that AT1 is involved in inflammatory response in brain
injuries; in other words, AT1 plays an important role in
brain injury (Benicky et al., 2009). 

Relevant to the discussion of AT1 are sirtuins, which
are NAD-dependent deacetylases whose enzymatic
activity is regulated by the ratio of NAD to NADH. High
NAD levels activate sirtuins and conversely high NADH
levels inhibit their activity (Kincaid and Bossy, 2013;
Lin and Guarente, 2003). Of the seven sirtuins, sirtuin 3
(SIRT3) is the only sirtuin analogue whose increased
expression was shown to be associated with longevity of
humans (Rose et al., 2003). SIRT3 is localized primarily
in the mitochondria and has been shown to bind and
deacetylate several metabolic and respiratory enzymes
that regulate important mitochondrial functions
(Onyango et al., 2002). There is evidence that SIRT3 can
alleviate cell dysfunction caused by AngII (Liu et al.,
2015) and regulate the production and clearance of
reactive oxygen species (ROS) through deacetylation of
numerous mitochondrial enzymes by multiple
mechanisms (Ahn et al., 2008; Tao et al., 2010; Bell and
Guarente, 2011; Bell et al., 2011). AngII via AT1
stimulation can activate NAD(P)H oxidase to produce
ROS, resulting in oxidative stress damage (Griendling et
al., 1994) that inhibits the expression of SIRT3 in
mitochondria and ultimately leads to mitochondrial
dysfunction and cellular damage (Gendron et al., 2003). 

There is strong evidence that AngII can mediate
several key events of the inflammatory processes. For
example, AngII has been shown to activate NF-κB
signaling pathway via AT1, which initiates the
transcription of inflammatory cytokines, leukocyte
adhesion and oxidative stress and impairs blood-brain
barrier (BBB) integrity (Brouns and Deyn, 2009; Li et
al., 2016). It stands to reason therefore that inhibition of
the angiotensin converting enzyme (ACE) can reduce
the formation of AngII and inhibit AngII/AT1 mediated
production of proinflammatory factors (Wang et al.,
2016). Very strikingly, as opposed to AT1, it has been
reported that stimulation of AT2 activates multiple
signaling pathways which are linked to beneficial effects
on neuronal functions, including excitability,
differentiation, and regeneration, inflammation,
oxidative stress, and cerebral blood flow (Guimond and
Gallo-Payet, 2012). Search and identification of natural
compounds that can regulate AngII and its receptor
protein expression in brain injuries therefore should be
one of the future scopes of our study.
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Mammalian target of rapamycin (mTOR) signaling

mTOR senses intracellular and extracellular signals,
such as nutrient deficiency, involved in regulating cell
growth and proliferation, as well as physiological
processes such as transcription, mRNA turnover and
translation, ribosomal biogenesis, vesicular trafficking,
autophagy and cytoskeletal organization (Saxton and
Sabatini, 2017). mTOR complex 1 (mTORC1) together
with mammalian target of rapamycin (mTOR) complex
2 (mTORC2) is the central component of the
mammalian target of rapamycin (mTOR) signaling
pathway (Meng et al., 2018). The production of
proinflammatory cytokines was inhibited by the
overexpression of mTOR in freshly isolated human
monocytes and primary myeloid dendritic cells. Thus,
the mTOR pathway might play a negative regulatory
role in the immune system (Thomson et al., 2009).

Phosphatase and tensin homolog (PTEN) is an
upstream inhibitor of mTOR which is therefore well
recognized as a prosurvival pathway, suggesting it as a
prospective molecular target for anti-cancer research
(Vazquez et al., 2000). Moreover, several studies have
suggested that PTEN exerted anti-inflammatory activity
(Lee et al., 2006; Tsoyi et al., 2009). Recent studies have
indicated that mTOR selectively regulated microglia
activation in response to noxious stimulus and plays a
crucial role in microglia viability (Russo et al., 2009).
For example, it mediated the induction of iNOS in the
BV-2 microglia induced by hypoxia (Lu et al., 2006),
and decreased the incidence of surviving neurons after
brain injury (Erlich et al., 2007). Thus, it has been
suggested that mTOR plays a key role in the control of
microglial functions.
NF-кB signaling and its “cross-talks” with other pathways 

It has been reported that hyperphosphorylation of
MAPKs molecules has an effect on NF-κB activation
and the subsequent production of inflammatory
mediators (Guimarães et al., 2013). It is well recognized
that NF-кB is maintained in a latent form in the
cytoplasm where it is in complex with IкB. Many studies
(Saccani et al., 2002; Cai et al., 2018, 2019) have
reported that NF-κB is an important transcription factor
involved in inflammatory processes as well as regulation
of inflammatory factors such as cytokines, chemokines,
inducible enzymes, growth factors and immune
receptors (Nam, 2006).

IκB kinase complex (IKK) is required for activation
of NF-кB; it contains the kinases IKKα, IKKβ or IKKγ
and the regulatory NEMO (NF-кB essential modulator)
subunit (Li et al., 2002). This is evident when cells are
challenged with the proinflammatory cytokines and
other stress-like stimuli. Although both IL-1β and TNF-
α require NEMO for classical NF-кB activation, NEMO
forms a functional IKK with IKKα in response to IL-1β,
but TNF-α requires IKKβ to form a signaling unit (Solt
et al., 2007). In addition to the above is Toll-like

receptor 4 signaling that emanates from cytokine
receptors and which acts as a physiological stimulus to
induce activation of canonical NF-кB pathway. This
process involves the phosphorylation of IкB and nuclear
translocation of mostly p65-containing heterodimers
(Oeckinghaus et al., 2011). Activated NF-кB initiates
expression of a multitude of inflammatory response
target genes such as TNF-α, IL-1β, IL-6, IL-8, iNOS and
COX-2. (D’Acquisto et al., 2002). In this connection,
increasing evidence supports the existence of important
but poorly understood cross-talk between NF-кB and
other signaling pathways in different cells, including
macrophages and microglia (Cao et al., 2010, 2011;
Oeckinghaus et al., 2011; Zhang et al., 2012).

A previous study has demonstrated that Notch can
enhance NF-кB gene binding activity in microglia when
challenged with LPS (Cao et al., 2010). It has been
shown that Notch blockade can inhibit NF-кB/p65
expression and translocation into the nucleus in a
hypoxic environment. It was speculated that some
elements or factors which lead to the release and
translocation of NF-кB/p65 might have been affected by
Notch signaling blockade. However, because NF-кB
activity is controlled at different levels by positive and
negative regulatory elements, multiple targets may be
involved in regulating the action of Notch signaling in
NF-кB activity. To this end, one possible candidate to be
considered is glycogen synthase kinase (GSK). GSK-3β,
a multifunctional kinase, is regulated by serine
(inhibitory) and tyrosine (stimulatory) phosphorylation
(Grimes and Jope, 2001). GSK-3β expression is
ubiquitous in eukaryotes and plays diverse roles in
various essential physiological and pathological
processes, including glycogen metabolism, cell cycle
control, apoptosis, embryonic development, cell
differentiation, cell adhesion and inflammation (Doble
and Woodgett, 2003; Li et al., 2004; Wang et al., 2011a).
Additionally, GSK-3β regulates toll-like receptor
(Martin et al., 2005) and production of IL-6 after LPS
stimulation (Ajmone-cat et al., 2016). GSK-3β mediates
the release of IL-1β, TNF-α and IL-10 from cortical glia
and microglia in response to LPS stimulation (Beurel
and Jope, 2009). It has been reported that
phosphorylation of GSK-3β was associated with Notch-
1 activity (Cao et al., 2017). Meanwhile, Notch-1 is
reciprocally regulated by GSK-3β. This is evident by the
decreased expression of NICD and hairy and enhancer of
split-1 (Hes-1) by LiCl, a GSK-3β inhibitor that binds to
the magnesium-sensitive site of the enzyme (Shahal et
al., 1996; Stambolic et al., 1997). Both GSK-3β and
Notch-1 can regulate activation of microglia (Koistinaho
et al., 2011; Gentle et al., 2012). It is interesting to note
that GSK-3β plays a role in modulating the NF-κB/p65
and IκB-α. Blocking Notch-1 by N-(N-(3,5-
difluorophenacetyl)-lalany1)-S-phenyglycinet-butylester
also upregulated IκB-α (Cao et al., 2017). Taken
together, it is suggested that Notch-1, NF-κB/p65 and
GSK-3β operate in synergy to mediate microglia
activation. All in all, it can be confidently concluded

1232
Natural compounds regulate microglia activation



from the available evidence that the three signaling
pathways are functionally interrelated in regulating
microglia activation.

In addition to the above-mentioned signaling
pathways, another signaling pathway worthy of
consideration is the G protein-coupled estrogen receptor
1 (GPER), a 7-transmembrane receptor, which is highly
expressed in many brain regions such as dentate gyrus,
CA1 and CA3 regions. GPER was first reported to have
an estrogen binding affinity which exerted
neuroprotective and anti-inflammatory actions
(Revankar et al., 2005). In the rapid estrogen receptor
signaling pathway, GPER activation is associated with
phosphorylation of MAPKs extracellular signal-
regulated kinase (ERK)1/2 as well as nuclear
translocation of NF-кB, which leads to the activation of
adenylate cyclase, phospholipase C (PLC), and growth
factor receptor (Luo et al., 2012; Bean et al., 2014; Zhu
et al., 2017) and plays an important anti-inflammatory
and anti-apoptotic role (Tamaki et al., 2014; Zhao et al.,
2016). Very interestingly, G1, a GPER selective agonist,
can inhibit the activation of NF-κB in LPS-induced
microglia activation (Gao et al., 2019). Concomitantly,
G1 attenuates neuroinflammation and dopaminergic
neurodegeneration in PD (Guan et al., 2017).

One member of the family of phosphoinositide
specific PLCs (PI-PLC)-PLC-γ can convert
phosphatidylinositol 4,5-bisphosphate to 1,2-
diacylglycerol and inositol 1,4,5-trisphosphate. There are
two forms of PLC, namely, PLC-γ1 and PLC-γ2. PLC-
γ1 is widely distributed in different tissues and cells and
plays an essential role in development in mammals.
PLC-γ1 deficient mice may develop normally but die
soon after embryonic day 8.5 (Ji et al., 1997). PLC-γ1
plays a key role in growth factor-dependent signal
transduction (Patterson et al., 2005). There is increasing
evidence suggesting that PLC-γ1 can protect the
apoptosis of neurons induced by oxidative stress (Lee et
al., 1999; Hayashi et al., 2009; Yuan et al., 2009).
Recently, some studies suggested that PLC-γ1
deficiency caused inflammatory and autoimmune
symptoms and abrogated the anti-inflammatory effects
of lipoxins on endothelial cell inflammation to block the
development and function of Treg cells (Baker et al.,
2009; Fu et al., 2010). Separately, and in our own
studies, we found that the PLC-γ1 pathway was linked to
regulating expression of NF-κB/RelA, phosphorylation
of IκB and cAMP responsive element binding (CREB)
in LPS-stimulated microglia, which protected against
LPS-induced neuroinflammation. Of note, some natural
compounds were found to possess anti-inflammatory
properties that can alleviate the inflammatory response
in the brain by targeting PLC-γ1 in microglia activation
(Zong et al., 2012).

Inhibition of NF-κB mediated microglial activation
attenuates neuronal damage and improves memory
impairment in vitro and in vivo (Ghosh et al., 2007; Lee
et al., 2015; Liang et al., 2018). NF-κB is potentially an
important molecular target for the development of agents

against inflammatory diseases and many recent studies
have focused on the regulation of NF-κB. It is relevant
to note that the NF-κB activity is closely related to that
of the MAPKs signaling pathway (Zhou et al., 2008) as
discussed below.
MAPKs signaling 

MAPKs are a family of serine/threonine protein
kinases that are involved in various cellular responses
such as cell proliferation, differentiation, and apoptosis.
MAP kinases are key mediators of eukaryotic
transcriptional responses to extracellular signals and
control gene expression via the phosphorylation and
regulation of transcription factors, co-regulatory proteins
and chromatin proteins (Whitmarsh, 2007). The MAPKs
family comprises three members which are the ERK, c-
Jun N-terminal kinase (JNK), and p38 MAPK; each
member exerts different biological functions (Wang et
al., 2007). ERK1/2 is activated by MAPK kinase (MKK)
1 and MKK2, c-Jun N-terminal kinases (JNK) by MKK4
and MKK7, while p38 MAPK kinase is activated by
MKK3, MKK4, and MKK6. The activation of MAP
kinase leads to the activation of transcription factors,
which leads to the expression of target genes and triggers
a biological response. Multiple interactions among
cascades of different MAP kinases can integrate
reactions and activate different sets of genes (Pearson et
al., 2001; Karin and Gallagher, 2009). The activated
ERK1/2 MAPK pathway takes part in cellular
proliferation and survival; however, c-Jun N-terminal
kinases (JNK) and p38 MAPK partake in cellular
apoptosis (Kim and Choi, 2010). Relevant to the present
discussion are p38 MAPK and ERK which appear to be
primarily involved in the production of proinflammatory
mediators in activated microglia. Studies have shown
that MAPKs are involved in regulating the expression of
iNOS, TNF-α and IL-1β in activated microglia. 

As a downstream target of MAPK, CREB plays an
important role in the development of neuropathic pain by
regulating transcription and secretion of diverse
neurotransmitters. Binding of cAMP to the regulatory
subunit of protein kinase A phosphorylates CREB,
which eventually regulates multiple cellular events.
Previous studies have shown that activated p38 or
ERK1/2 induces CREB phosphorylation in microglial or
neuronal cells (Canon et al., 2004; Li et al., 2017).
Consistent with this, isotalatizidine, a C19-diterpenoid
alkaloid can promote the expression of microglial
dynorphin A by stimulating the ERK/CREB signaling
pathway.

MAPK phosphatases primarily terminated signal
transduction and deregulation via a group of 11 dual-
specificity phosphatases dephosphorylating the MAPKs
on their threonine and tyrosine residues (Whitmarsh,
2007). Blocking of MAPK inhibited the mRNA
expression of IL-1β and TNF-α in ischemic brain in rat
and in LPS stimulated microglia (Zawadzka and
Kaminska, 2005). The inhibitor of MAPK reduced the
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levels of IL-1β and TNF-α mRNAs in cultured cortical
astrocytes under basal conditions (Zawadzka and
Kaminska, 2005).

It has been reported that the inhibition of MAPK
pathways has a therapeutic effect on the process of
inflammatory responses. Therefore, it would be desirable
to search for agents that can inhibit MAPK pathways
effectively and safely, notably in the activated microglia
in brain injuries or diseases.
microRNA

In addition to altered signaling pathways, activated
microglia in different pathological conditions exhibit
dysregulated epigenetic mechanisms, such as chromatin
modifications, changes in gene-specific histone
acetylation and methylation, as well as differential
microRNA (miRNA) expression (Jadhav et al., 2014;
Patnala et al., 2017). As an endogenous single stranded
non-coding RNA, miRNAs mediate specific gene post-
transcriptional regulation. If the process of regulation is
abnormal or dysfunctional, it may involve multiple
pathological processes of many diseases (Wang et al.,
2013). Thus, miRNA dysregulation in activated
microglia is reported in the occurrence and development
of neurodegenerative diseases and progression of brain
injuries (Karthikeyan et al., 2016). A global miRNA
microarray analysis identified several miRNAs which
were differentially expressed in LPS and IL-4 stimulated
microglia. For example, miR-146a, a well-studied
regulator of innate immune responses, has been found to
possess anti-inflammatory effects; it targets TNF
receptor-associated factor 6 (TRAF6) and IL-1 receptor
associated kinase-1 and IL-1 receptor associated kinase-
2 genes. MiR-146a overexpression leads to suppression
of cellular inflammatory response and a decrease in
cytokine secretion. It was enriched in activated
macrophages and microglia (Aronica et al., 2010) and
has been shown to target and suppress mediators of the
NF-κB signaling pathway, which might compensate for
excessive inflammation to restore homeostasis (Gaudet
et al., 2018). 

TRAF6, as a downstream protein of Toll-like
receptor 4 signaling, plays a critical role in the activation
of subsequent inflammatory responses, such as the NF-
κB signaling pathway (Cui et al., 2018; He et al., 2018).
A previous study has suggested that inhibiting TRAF6
ubiquitination ameliorates brain inflammatory injury
(Dou et al., 2018). 

In vivo and in vitro experiments confirmed that
multiple pro-inflammatory mediators can induce
immediate expression of miR-146a-5p, which is an
early-response gene (Gaudet et al., 2018). In LPS
induced BV2 and N9 microglial cells and hippocampal
tissues of mice with surgical trauma, expression of miR-
146a-5p was increased (Gaudet et al., 2018). The
expression of miR-146a-5p rose sharply when BALB/c
mice brain and mouse microglial C8-B4 cells were
challenged with Japanese encephalitis virus (Sharma et

al., 2015). In peritoneal macrophages (Pan et al., 2018),
bronchial epithelial cells (Lambert et al., 2018), bone
marrow-derived mesenchymal stem/stromal cells
(Kubota et al., 2018), astrocytes (Lu et al., 2015), BV2
microglial cells (Karthikeyan et al., 2016) and human
brain microglial cells (Sharma et al., 2015) miR-146a
exerts its anti-inflammatory effects. Exogenous
supplementation of synthetic miR-146a modulated
inflammatory cytokines such as TNF-α, COX-2, iNOS,
IL-6, IL-8, RANTS and the ion channel, the transient
receptor potential channel vanilloid 1 in human glial
cells (Li et al., 2011). Intrathecal miR-146a-5p mimic
attenuated spinal nerve ligation-induced mechanical
allodynia and decreased spinal TRAF6 expression (Lu et
al., 2015). Overexpression of miR-146a-5p inhibited
inflammatory response in BV2 cells (Ge et al., 2019). In
addition, miR-146a was reported to target Notch1 in
glioma cells and inhibit gliomagenesis by suppressing
migration and proliferation of cancer cells (Mei et al.,
2011). Bioinformatic analysis by us had predicted miR-
146a targeting SMAD4 thus supporting its role in
regulating microglia activation and gliomagenesis
(Karthikeyan et al., 2018).
Effects of natural compounds on activated microglia
and mediated neuroinflammation

Resveratrol 

Resveratrol (3,4,5-trihydroxy-trans-stilbene), a
natural nonflavonoid polyphenolic is abundant in grapes,
red wine, mulberries, knotweed, etc. Baur and Sinclair
first described resveratrol as a phenolic component of
the medicinal herb hellebore (Baur and Sinclair, 2006).
Its chemical structure is two phenolic rings connected by
a double bond (Shakibaei et al., 2009). There are two
isoforms of resveratrol: trans-resveratrol and cis-
resveratrol in which the trans-isomer is more stable and
recognized to have greater biological activity when not
in contact with high pH and UV light (Athar et al.,
2007). Resveratrol is absorbed mainly in the duodenum
as shown from studies in rat intestines. Studies with
radio-labeled resveratrol in mice have demonstrated that
resveratrol can be detected in the lung, spleen, heart and
brain by 3h post-administration (Vitrac et al., 2003). It is
widely reported that resveratrol exerts multiple
biological effects such as anticancer, anti-inflammatory
and antioxidant activities (Shakibaei et al., 2008; Imler
and Petro, 2009). Additionally, resveratrol can exert a
neuroprotective effect against ischemia, seizure and
neurodegenerative disorders (Markus and Morris, 2008).
This is because reveratrol has the ability to cross the
BBB after intraperitoneal administration (Baur and
Sinclair, 2006). There is emerging evidence that many
alternative and nutrition therapies can modulate the
immune system and disrupt the proinflammatory cascade
through a variety of mechanisms, including antioxidant
effects, alterations in cell signaling, cytokines and
proinflammatory mediators. In this connection,
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resveratrol plays a potentially important role in the
prevention and treatment of various neuroinflammation-
related diseases such as AD, PD, Huntington’s disease,
autism spectrum and neuropathic pain (Anekonda,
2006). This is because resveratrol has been shown to
possess anti-oxidant and anti-inflammatory effects and
that many signaling pathways are among its molecular
targets. In light of this, voluminous in vivo and in vitro
studies on resveratrol have been carried out in the past
decades to provide a theoretical basis for its clinical
application. 

Indeed, a preclinical study reported the protective
effects of resveratrol with 12 weeks of oral
administration on aging-induced cognitive impairment
(Gocmez et al., 2016). In addition, a clinical trial for AD
patients showed that long term oral treatment with
resveratrol for 53 weeks effectively decreased the level
of pro-neuroinflammatory factors in cerebrospinal fluid
and improved cognitive function (Turner et al., 2015;
Moussa et al., 2017). Furthermore, it has been shown
that resveratrol can alleviate amyloid peptide-induced
neurotoxicity (Huang et al., 2011), promote clearance of
Aβ and reduce senile plaques (Karuppagounder et al.,
2009) in cell or AD mouse models (Robb et al., 2008).
In a rat model of AD, it has been demonstrated that
treatment with resveratrol was able to confer a
significant improvement in spatial memory. The
neurological protection effects of resveratrol seemed to
be associated with the reduction of iNOS and lipid
peroxidation in the cell and by promoting the production
of heme oxygenase-1 (Huang et al., 2011). In
postoperative cognitive dysfunction, a consequence of
acute neuroinflammatory response triggered by surgical
procedure (Kawano et al., 2018), nanoemulsion loaded
with resveratrol was found to improve the cognitive
decline that followed (Locatelli, 2018). 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a
neurotoxin that induces Parkinsonian features in
humans, rodents and non-human primates and has been
demonstrated to cause rapid and selective dopamine
neurotoxicity (Lofrumento et al., 2014). MPTP also
leads to a sustained inflammatory response in both
humans and primates over a prolonged duration. MPTP
also modifies the expression of numerous
proinflammatory genes including IL-1β, IL-6, IL-10 and
TNF-α (Lofrumento et al., 2014). Blocking microglia
inflammatory response caused by MPTP may offer some
neuroprotection. It has been demonstrated that
resveratrol has a neuroprotective role in MPTP-induced
parkinsonism by scavenging radicals, thus significantly
alleviating MPTP-induced motor coordination
impairment, hydroxyl radical overload and neuronal loss
(Lofrumento et al., 2014) in mice. Separately, in a
MPTP-based PD mouse model, it was observed that
resveratrol treatment significantly reduced glial
activation, the level of pro-inflammatory cytokines (IL-
1β, TNF-α, IL-6) and their respective receptors (IL-1RI,
TNF-RI, IL-6R) in the SNpc of mice. Consistent with
these observations, resveratrol treatment enhanced the

expression of suppressor of cytokine signaling-1, thus
supporting the notion that resveratrol protects SNpc
dopamine neurons against MPTP-induced cell death by
modulating inflammatory reactions (Lofrumento et al.,
2014). 

In the CNS, diseases including traumatic brain injury
and cerebral ischemia, resveratrol has been shown to
have promising neuroprotective effects due to its
multiple functions (Lin et al., 2014). Traumatic brain
injury leads to sustained microglia activation over a
protracted period after the initial impact, thus generating
an array of proinflammatory cytokines which can cause
the axonal injury as observed during the chronic phase
of secondary brain injury (Gentleman et al., 2004). High
dose resveratrol treatment after mild traumatic brain
injury resulted in attenuation of neuroinflammation in
which microglia activation was inhibited and production
of proinflammatory cytokines, such as IL-6 and IL-12
was decreased (Gatson et al., 2013). Furthermore, recent
studies have also demonstrated that resveratrol protected
against early brain injury after subarachnoid hemorrhage
due to its powerful anti-inflammatory properties (Zhang
et al., 2016). 

Recent studies have shown that resveratrol exerted a
dose-dependent cerebroprotective activity against
cerebral ischemia and reperfusion (I/R)-induced injury in
rats. Resveratrol is endowed with antioxidant and anti-
inflammatory properties in reduction of oxidative stress
and inflammatory mediators, such as TNF-α, IL-6 and
intercellular cell adhesion molecule-1, which are
implicated in cerebral infarction mediated by I/R (Orsu
et al., 2013). It has also been reported that resveratrol
treatment is neuro-protective of the hippocampal
neurons of young adult rats with induced acute bacterial
meningitis (Sheu et al., 2013).

It is now widely accepted that resveratrol plays a
protective role in multiple pathological conditions and
that this is due to its powerful anti-inflammatory and
antioxidant properties. Because activated microglia are
the key players in neuroinflammation implicated in
different brain injuries or diseases, it is therefore
reasonable to suggest that resveratrol would have a
direct effect on them. It is conceivable that this would
involve the regulation of multi-signal networks that
drive the microglial activation. Indeed, resveratrol has
been reported to inhibit LPS-induced NO and
prostaglandin E2 production by rat astroglioma cells as
well as inhibit TNF-α and iNOS expression, and NO
production in a mouse microglial cell line (Lawrence et
al., 2001; Bi et al., 2005). In addition to decreasing the
level of LPS-stimulated TNF-α and NO, resveratrol also
exerted in a dose-dependent manner the expression of
IL-1β, IL-6 and monocyte chemoattractant protein 1
(MCP-1) in LPS-stimulated primary microglia and N9
microglial cells (Lu et al., 2010). 

It was reported that resveratrol preferentially
inhibited NF-κB activation by interfering with IKK and
IκB phosphorylation and reduced the transcriptional
stimulation of several NF-κB target genes, including
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TNF-α and IL-6 when treated with the Toll-like receptor
4 ligand-LPS in BV-2 microglia. Concomitant to this,
downstream phosphorylation of signal transducer and
activator of transcription 1 and signal transducer and
activator of transcription 3 following LPS stimulation
was also inhibited by resveratrol (Capiralla et al., 2012).
As a result, the expression of NO, prostaglandin E2,
TNF-α and iNOS was decreased; however, the upstream
regulation mechanism of resveratrol needs to be
clarified. 

In a previous study by us (Zhong et al., 2012), it was
found that resveratrol targeted the mTOR signaling
pathway to inhibit inflammatory response in cultured
microglial cells challenged with LPS. Separately, in
freshly isolated human monocytes and primary myeloid
dendritic cells, activation of mTOR down-regulated the
production and release of proinflammatory cytokines by
blocking NF-κB and signal transducer and activator of
transcription 3 activity (Weichhart et al., 2008). It is
therefore suggested that the mTOR pathway might be
involved in the immune regulation of the nervous system
(Thomson et al., 2009). We have shown that resveratrol
can activate the mTOR signaling pathway and affect
LPS-induced mTOR phosphorylation. Remarkably,
when the cells were treated with resveratrol (50 μM) for
1h before LPS (1 μg/ml) stimulation, the
phosphorylation of mTOR, PTEN and AKT, the
effective modulator of mTOR, was significantly higher
compared with the cells treated with LPS only. 

We have demonstrated that resveratrol promoted
inactivation of PTEN and increased phosphorylation of
Akt in LPS-stimulated BV-2 cells. Thus, this suggested
that the modulatory effect of resveratrol on inhibition of
expression of proinflammatory mediators is closely
related the regulation role of PTEN/Akt/mTOR signaling
in LPS-activated BV-2 cells (Zhong et al., 2012). We
concluded that mTOR signaling is involved in
resveratrol-inhibited release of NO, prostaglandin E2,
iNOS, COX-2, TNF-α and IL-1β induced by LPS in BV-
2 microglia. 

A variety of transcription factors, including NF-κB
and CREB, are known to be involved in the
transcriptional regulation of the abovementioned
inflammatory mediators (Vaillancourt et al., 2007). The
underlying molecular mechanism of neuroprotective
effect of resveratrol is its potent anti-inflammatory
activity. We have shown that NF-κB/RelA level was
markedly increased by LPS stimulation in BV-2 cells
and that it was effectively reversed by resveratrol
treatment in a mTOR-dependent manner (Zhong et al.,
2012). The mTOR pathway is linked to resveratrol-
suppressed LPS-induced expression of NF-κB/RelA
protein, phosphorylation of IκB-α and CREB, and
protects against LPS-induced activation in BV-2 cells.
CREB is the physiological substrate for MAPKs and
stress activated protein kinases-1, which are activated by
ERK and p38 MAPK-mediated signaling in response to
LPS. The inhibitory effect of resveratrol on MAPKs was
dependent on mTOR signaling during BV-2 cells

activation induced by LPS.
MicroRNA-146a (miR-146a), a well-studied

regulator of innate immune responses, has been reported
to possess anti-inflammatory functions in BV-2
microglia (Juknat et al., 2019) and primary astrocytes
(Lu et al., 2015). MiR-146a was increased in some
preclinical models such as stroke (Liu et al., 2017),
ischemia-reperfusion injury (Wang et al., 2013), epilepsy
(Aronica et al., 2010) and neuropathic pain (Lu et al.,
2015). It is induced by NF-κB activation and forms a
regulatory negative feedback loop in monocytes (Gaudet
et al., 2018). Importantly, resveratrol enhanced the
expression of miR-146a-5p, whereas the anti-
inflammatory functions of resveratrol were attenuated by
miR-146a-5p silence via its specific inhibitor in
microglia.

Interestingly, the suppression of the TRAF6/NF-κB
signaling pathway induced by resveratrol in LPS
stimulated BV2 cells was partially reversed by miR-
146a-5p silence. Collectively, these data suggested that
interaction between miR-146a-5p and the TRAF6/NF-
κB signaling pathway was implicated in the protective
functions of resveratrol on LPS-stimulated BV2 cells.
All in all, it can be concluded that resveratrol
ameliorated inflammatory injury by inactivating the
TRAF6/NF-κB pathway, which might be modulated by
miR-146a-5p (Ge et al., 2019). The findings have
demonstrated unequivocally the apparent anti-
inflammatory mechanism of resveratrol in activated
microglia.
Ginsenosides 

Among the various Chinese herbal compounds,
Ginsenosides (“Ren Shen”) found in plants of the genus
Panux and the pharmacologically active components in
ginseng are probably the most widely investigated
natural product. Ginsenosides are a triterpenoid saponin
compound with a four ring hydrophobic steroid structure
and sugar moieties (monomeric, dimeric or trimeric)
attached mainly at carbons 3, 6 and 20 (Zhu et al., 2004;
Nah et al., 2007). Ginsenosides are divided into two
different structural classes: the 20 (S)-protopanaxadiol
including ginsenosides Ra1, Ra2, Ra3, Rb1, Rb2, Rb3,
Rc, Rd, Rg3 and Rh2 and the 20 (S)-protopanaxatriol
including ginsenosides Re, Rf, Rg1, Rg2, and Rh1 due
to the positioning of glycoside attachments on the
molecules (Zhu et al., 2004; Nah et al., 2007; Baek et al.,
2012). The most commonly explored ginsenosides
include Rb1, Rg1, Rg3, Re and Rd. In general, intact
ginsenosides are metabolized in the stomach by acid
hydrolysis and absorbed in the intestines by bacterial
hydrolysis (Hasegawa et al., 1997; Hasegawa and
Uchiyama, 1998; Tawab et al., 2003; Hasegawa, 2004;
Bae et al., 2006; Hou et al., 2012; Jung et al., 2012; Zhao
et al., 2012). All evidence seems to converge that it is
important for ginsenosides to be metabolized and
transformed in intestines. It has been reported that
glycosylated-ginsenosides take off the sugar moieties,
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becoming deglycosylated ginsenosides, which are more
permeable, bioactive (Hasegawa and Uchiyama, 1998)
and absorbable into the bloodstream and play important
roles in anti-tumor (Xu et al., 2007; Lee et al., 2009),
antioxidant, anti-inflammatory (Keum et al., 2003; Bae
et al., 2006), anti-fatigue and angio-suppressive effects
(Yue et al., 2006) in the body. Thus, ginseng is a widely
recognized natural compound which is good for the
health, fostering immune function, increasing resistance
to stress, and improving cardiac function (Kiefer and
Pantuso, 2003).

In neurological disorders, ginsenosides have
attracted the attention of many studies in recent years.
They have been investigated as neuroprotective agents
for PD and among them Rb1, Rg1, Rd and Re may be
mentioned specifically. They have been shown to exert
neuroprotective effects by inhibiting oxidative stress and
neuroinflammation, decreasing toxin-induced apoptosis
and nigral iron level, regulating activity of N-methyl-D-
aspartate receptor channel and targeting a-synuclein
abnormalities in the substantia (Heng et al., 2016). In
MPTP-induced PD mouse model, Rg1 has
immunomodulation effects (Zhou et al., 2015). In
ischemia-reperfusion injury, ginsenoside Rg1 is
evidently neuroprotective as it blocks calcium influx into
neurons, decreases nNOS activity and modulates
aquaporin 4 expression and BBB disruption (He et al.,
2014; Zhou et al., 2014).

Additionally, ginsenosides are reported to have
antioxidant effects and modulate Aβ 25-35 induced
mitochondrial dysfunction (Yan et al., 2013). Treatment
with ginsenoside Rg1 significantly decreases the level of
Aβ in cerebral tissue, reverses neuropathological
changes and protects spatial learning abilities and
memory (Fang et al., 2012) in transgenic AD mice
overexpressing APP/Aβ and the memory impairments in
rats induced by okadaic acid (Song et al., 2013).
Meanwhile, ginsenoside-Rg1 has neuroprotective effects
on depression-associated disorder involved in
modulation of inflammatory response, synaptic deficits
and neuronal apoptosis. It is also noteworthy that
chronic administration with ginsenoside-Rg1 prior to
stress exposure significantly alleviated the
overexpression of proinflammatory cytokines and
activation of microglia and astrocytes. Moreover,
ginsenoside-Rg1 inhibited neuronal apoptosis and
attenuated dendritic spine and synaptic deficits induced
by chronic unpredictable mild stress exposure in the
ventral medial prefrontal cortex (Fan et al., 2018). Taken
together, it is safe to conclude that Rg1 is
neuroprotective because it has been widely shown to be
involved in antioxidant and anti-inflammatory process. 

The next thing needing consideration is the
underlying mechanism whereby Rg1 can exert its anti-
inflammatory role in the CNS, notably its effects on
regulation of the activated microglia who are the key
player cells in neuroinflammation (Aguzzi et al., 2013).
Studies have found that almost all forms of ginsenosides
can suppress TNF-α production but NO production in

microglia was inhibited by ginsenoside-Rg1 and -Re in
LPS activated N9 microglial cells (Wu et al., 2007).

In a previous study, we reported that Rg1 suppressed
cyclophosphamide-induced elevation of the
proinflammatory cytokines, TNF-α and IL-6;
meanwhile, it increased the levels of anti-inflammatory
cytokines IL-4 and IL-10 in sera and brain tissues (Shi et
al., 2019). Rg1 also modulated cytokine mediators and
inhibited cyclophosphamide-induced microglial
polarization from M2 to M1 phenotypes. In a model of
neuroinflammation induced by cyclophosphamide in
vitro, Rg1 co-treatment strikingly reduced
cyclophosphamide’s neurotoxic effects and
inflammatory response, not only in PC12 neuroblastic
cells but also in hyperactivation of BV-2 microglial cells.
These results indicate that Rg1 can exert its anti-
inflammatory effects by modulating cytokines and the
related upstream mediators in microglia to play a role in
protecting neuronal activity and promoting
neuroplasticity, in particular brain regions associated
with cognition processing (Shi et al., 2019).

We have also reported that ginsenoside Rg1
suppresses expression of iNOS, COX-2, IL-1β and TNF-
α not only at mRNA level but also at protein level in
LPS-stimulated BV2 microglia (Zong et al., 2012). Rg1
significantly suppressed LPS-induced iNOS promoter
activity by inhibiting DNA binding of transcription
factor NF-κB, and its upstream signaling molecules,
such as phosphorylation of IκB and CREB. A pivotal
role for three MAPK members in signaling transduction
of microglial cells was identified in LPS induced NF-κB
activation and subsequent iNOS and COX-2 production
(Ock et al., 2009). As expected, LPS increased activation
of MAPKs, including ERK1/2, c-Jun N-terminal kinases
(JNK) and p38 MAPK. Remarkably, Rg1 decreased the
LPS-induced activation of MAPKs along with reduced
expression of iNOS, COX-2 and proinflammatory
cytokines. Subsequent exploration confirmed that the
inhibitory process of Rg1 on microglia activation is
mediated by PLC-γ1. PLC-γ1 blockage abolished the
role of Rg1 on regulating the iNOS, COX-2, IL-1β and
TNF-a protein and mRNA expression. The findings
strengthened the notion that PLC-γ1 participates in anti-
inflammatory effects and modulates microglia activation
in the CNS (Zong et al., 2012).

Despite the above findings, it is clear that regulation
of Rg1 on activated microglia remains to be fully
explored in view of the complex process of microglia
activation. The involvement of GPER in the anti-
inflammatory effects of ginsenoside Rg1 against LPS-
induced microglia activation in BV2 microglia and
ventral mesencephalic primary microglial culture was
thus considered. The GPER mediates the non-genomic
effect of estrogen and plays an important role in the anti-
inflammatory and anti-apoptotic effects of estrogen.
Both Rg1 and GPER-specific agonist G1 treatment
significantly inhibited the LPS-induced activation of the
NF-κB and MAPK signaling pathways in microglial
cells. Interestingly, GPER antagonist G15 blocked the
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inhibitory effects of Rg1 and the GPER-specific agonist
G1 on LPS-induced microglia activation. Activation of
GPER can regulate the activation of NF-κB and MAPK
signaling pathways; hence, it may be the upstream of
NF-κB. Inhibition of GPER by pharmacological
blockade and lentivirus mediated siRNA knockdown of
GPER abrogated the anti-inflammatory effects of Rg1 on
regulation of NF-κB and MAPK signaling pathways and
proinflammatory cytokines, including iNOS, COX-2, IL-
1β and TNF-α. Taken together, the results indicate that
Rg1 exerts its anti-inflammatory effects via GPER in
LPS-induced microglia activation. These findings
provide a new biological target of Rg1 for the treatment
of neuroinflammatory disorders (Gao et al., 2019).
Gastrodin

In addition to ginsenosides, the search for other
herbal compounds has been the focus of many studies in
recent years with the aim of identifying potential
candidates that may help ameliorate microglia mediated
neuroinflammation under different neuropathological
conditions. Among the variety of potential herbal agents
is Gastrodin, the major bioactive constituent of the
traditional Chinese herb “Tian ma” (Gastrodia elata
Blume), which has been identified as a potential
candidate. Gastrodin has attracted much attention
because of its widespread application for centuries in the
local communities for treatment of various neurological
diseases, such as headaches, dizziness, vertigo and
convulsive illnesses such as epilepsy and tetanus (Yang
et al., 2007). Gastrodin (4-(hydroxymethyl) phenyl-β-D-
glucopyranoside), with a simple chemical structure, is a
water-soluble compound with a low molecular weight
(286.27) (Cai et al., 2008). After oral administration, the
peak concentration time (Tmax) of Gastrodin in plasma
occurs within 45 min and rapidly decays after 1h,
indicating that it is not stored in the body; it can be
readily absorbed in the intestinal tract and exerts a rapid
effect (Song et al., 2017). It has been reported that if
Gastrodin was co-administered with borneol, it may be
absorbed more readily from the gastrointestinal tract;
meanwhile, the Tmax of Gastrodin in the plasma became
shorter (5-15 vs. 30 min). Oral administration of
Gastrodin sustained-release tablets, 150 mg twice daily
for 28 days, significantly increased the rate of regulatory
T cells (Treg)/Th17 cells in peripheral blood in patients
with a high risk of transient ischemic attack, suggesting
its potential inhibitory effect on the autoimmune
inflammatory response in cerebral ischemia (Yang et al.,
2013). 

Gastrodin is rapidly metabolized into gastrodigenin
(p-hydroxybenzyl alcohol) which binds to
benzodiazepine receptor and plays a role in regulating
the CNS (Lin et al., 2008). The bioavailability of
gastrodigenin in the brain may increase substantially by
33.6-108.8% and exhibit brain-targeting effects (Cai et
al., 2008). There is mounting experimental evidence
indicating the multiple activities of Gastrodin, including

anti-oxidant (Ha et al., 2001), anti-inflammatory (Kim et
al., 2012), anti-epileptic (Hsieh et al., 2007), anti-obesity
(Park et al., 2011), anti-anxiety (Jung et al., 2006) and
improvement of learning and memory (Niu et al., 2004).
Previous studies have demonstrated that, after systemic
administration, Gastrodin can pass through the BBB and
gain access to different areas of the brain tissues to play
a protective role in different pathological conditions (Lin
et al., 2007a, 2008). It has been demonstrated that
Gastrodin acts as an analgesia in diabetes-related
neuropathic pain (Sun et al., 2012a) and inflammatory
pain (Xiao et al., 2016). The role of Gastrodin in
decreasing the level of lipid peroxidation (Yong et al.,
2009) and increasing the expression of antioxidant
proteins genes depends on its activities of scavenging
free radicals and antioxidant activity (Yu et al., 2005).
When administered via the abdominal aorta, Gastrodin
can alleviate spinal cord ischemia reperfusion injury by
promoting mitochondrial anti-oxidant capacity,
increasing the release of brain-derived neurotrophic
factor and inhibition of the proinflammatory mediators
(Fang et al., 2016). Gastrodin can dilate the cerebral
blood vessels, increase cerebral blood flow, alleviate
oxidative stress, improve learning ability and consolidate
the memory condition in chronic cerebral hypo-
perfusion (Li and Zhang, 2015). Gastrodin can
significantly improve neurological function, effectively
reduce the infarct size and brain water contents and has
significant protective effects against cerebral I/R injury
(Liu et al., 2016). In 6-hydroxydopamine-hemi-
parkinsonian animals, Gastrodin pre-treatment improved
motor function. Additionally, Gastrodin reversed the
production of malondialdehyde and NO to abolish
oxidative/nitrosative stress by increasing the level of
total antioxidant capacity in the SNpc (Haddadi et al.,
2018). Therefore, Gastrodin possesses a therapeutic
effect in 6-hydroxydopamine induced PD rat model by
improving behavioral abnormalities, decreasing the loss
of nigral tyrosine hydroxylase-positive cells and
inhibiting nigral TNF-α expression under oxidative
stress conditions. The loss of substantia nigral
dopaminergic neurons and microglial activation is
simultaneous in PD rats induced by rotenone. The
inflammatory mediators e.g. TNF-α and IL-1β, are
involved in the substantia nigral damage. Gastrodin
could suppress the expression of IL-1β and
neuroinflammatory response for protecting
dopaminergic neurons in the substantia nigra.

Despite the ample studies on Gastrodin using
different experimental cell and animal models and
approaches, it is surprising that there is a paucity of
information on the effects of Gastrodin on activated
microglia (Dai et al., 2011); indeed, this issue has
remained elusive. It is clearly desirable to gain a better
understanding of the underlying mechanism of Gastrodin
on activated microglia, especially since the latter are
now implicated virtually in all major neurological
diseases. We first reported that Gastrodin significantly
inhibited the protein and mRNA expression of iNOS,
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COX-2, TNF-α, and IL-1β in a dose-dependent manner
in LPS-stimulated BV-2 microglia (Dai et al., 2011),
suggesting possible beneficial effects of Gastrodin by
attenuating the activation of microglial cells. 

The underlying molecular mechanisms of the anti-
inflammatory effect of Gastrodin were further studied by
us (Dai et al., 2011). We reported that Gastrodin
inhibited the expression of NF-κB/RelA protein induced
by LPS. Gastrodin suppressed the LPS induced
phosphorylation of IκB-α and CREB. These results
strongly indicate that the inhibition of Gastrodin on the
expression of iNOS, COX-2 and proinflammatory
cytokines is partially through regulating the expression
of NF-κB/RelA and the phosphorylation of IκB-α and
CREB in LPS-stimulated BV-2 cells. 

Additionally, the effect of Gastrodin on activation
(phosphorylation) of three MAPKs induced by LPS in
BV-2 microglia was further confirmed. The results first
indicated that Gastrodin exerts its anti-inflammatory
actions by regulating the NF-κB signaling pathway and
phosphorylation of MAPKs. The inhibitory effects of
Gastrodin on the inflammatory response in different
signaling routes are therefore unequivocal, but the actual
mechanistic link between them remains to be fully
elucidated. 

Another signaling to be considered is RAS which
has been reported to regulate microglia activation
(Labandeira-Garcia et al., 2017). RAS, including renin,
angiotensinogen, angiotensin and its receptors has been
reported to be present in the fetal and neonatal brain for
more than 30 years (Millan et al., 1991; Tsutsumi et al.,
1991). It is apparent that AngII has diverse functions in
regulating a variety of processes such as cell growth,
brain and cardiac function, atherothrombosis,
inflammation and programmed cell death (Stoll and
Unger, 2001) through two different receptor subtypes,
namely, AT1 and/or AT2. Experimental evidence
indicates that RAS can exert an important role in
hypoxic/ischemic or hemorrhagic brain injury (Liu et al.,
2018). Thus, blocking AT1 inhibited the release of TNF-
α and reduced the infarct volume in an experimental
cerebral ischemia model (Nishimura et al., 2000;
Danielyan et al., 2007). Previous studies reported the
involvement of AngII and receptors in microglia
activation that may contribute to the neuropathological
development (Zawada et al., 2015). Expression of ACE,
AT1, NADPH oxidase-2, iNOS and TNF-α was
markedly attenuated by Gastrodin in hypoxic-ischemia
brain damage in postnatal rats and in cultured BV-2
microglia challenged with LPS (Liu et al., 2018). Of
note, Gastrodin enhanced the protein expression of AT2
and SIRT3. Evidence that Gastrodin can exert its anti-
inflammatory effects against the hypoxic-ischemia brain
damage by regulating the expression of the RAS system
(except for AT2 and SIRT3) in microglia has added a
new perspective to its therapeutic potential. 

Moreover, recent studies have suggested the
involvement of Wnt/β-catenin signaling in generating
inflammatory responses in the CNS through glial cell

modifications (Marchetti and Pluchino, 2013). As the
core regulator of Wnt signaling, β-catenin accumulates
in microglia in AD and in an age-dependent way. Studies
have shown that β-catenin was stabilized and enhanced
in the cytosol in activated microglia in the inflamed
brain; its nuclear import in proinflammatory microglia
transformation is implicated under conditions of chronic
neuroinflammation (Halleskog et al., 2011). GSK-3β is
also involved in a variety of biological functions,
including regulation of cell division, differentiation, cell
migration and apoptosis. Recently, GSK-3β was
identified as a crucial regulator of the inflammatory
response (Beurel et al., 2010). We have shown that in
LPS-induced microglia activation, the expression level
of β-catenin and p-GSK-3β was drastically increased,
which can be effectively inhibited by Gastrodin (Yao et
al., 2019). It was suggested that Gastrodin can mediate
microglia activation through its inhibition of Wnt/β-
catenin signaling pathway. 

Taken together, it is safe to conclude that Gastrodin
can provide protective effects against brain damage
caused by the neuroinflammatory response. However, it
remains to be ascertained whether Gastrodin would exert
its effects directly on the signaling regulatory proteins or
otherwise in activated microglia. There remains a lacuna
of knowledge whether a specific or cognate “Gastrodin
receptor” exists in microglia. This remains a conundrum
given the fact that microglial activation is regulated by
multiple signaling pathways (Cao et al., 2017) as well as
a myriad of microRNAs (Karthikeyan et al., 2018)
which may serve as the targets of Gastrodin.
Scutellarin 

Scutellarin, a flavone glucuronide (4, 5, 6-
trihydroxyflavone-7-glucuronide), is the major active
component extracted from the traditional Chinese
medicine plant Erigeron breviscapus (Vant.) Hand -
Mazz (Zhang et al., 2009). It has been widely used in
different pathological conditions in China, in particular
cerebrovascular diseases (Liu et al., 2005; Wang et al.,
2011b). Scutellarin is mainly absorbed in the intestine
through the hydrolysis by β-glucuronidases of the
intestinal microflora (Gao et al., 2011; Wang et al.,
2011c). It is described to be absorbed in the form of
scutellarein which can diffuse through the intestinal
epithelial membrane effectively. 

Accumulating evidence in the past three decades has
shown the pharmacological effects of scutellarin in many
pathological conditions, especially in regard to its
therapeutic effects in cerebral ischemic stroke,
neurodegeneration, coronary heart disease, and diabetic
complications in animal models (Lin et al., 2007b; Guo
et al., 2011; Li et al., 2015; Long et al., 2015).
Scutellarin and breviscapine are commonly used in the
clinical treatment of angina pectoris, myocardial
infarction, hypertension, arrhythmia, hyperlipidemia,
chronic heart failure and other coronary heart diseases or
ischemic heart diseases. Studies have shown that
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scutellarin can improve endothelium dysfunction of
coronary artery against myocardial ischemia reperfusion
injury (Li et al., 2015). Moreover, scutellarin increased
the serum superoxide dismutase, NO and high-density
lipoprotein cholesterol, while it decreased the serum
malondialdehyde, triglycerides and total cholesterol in a
rat atherosclerotic model induced by high fatty diet
combined with immunologic injury. These findings
indicate that scutellarin has antioxidant activities and can
improve dyslipidemia and suppress the aggravation of
aorta atherosclerosis in rats (Gao et al., 2011). In a type
II diabetes rat model, scutellarin treatment significantly
inhibited hyperglycemia-induced testicular cell apoptosis
and morphologic impairments (Long et al., 2015).
During the development of diabetic retinopathy,
scutellarin alleviated BBB oxidative stress injury elicited
by activated microglia (Mei et al., 2019).

In neurodegenerative diseases such as in
amyotrophic lateral sclerosis mouse model induced by
cuprizone-a copper chelator, a demyelination inducer, it
was found that scutellarin can improve motor
dysfunction, alleviate behavioral deficits, inhibit
apoptosis of lateral ventricles subventricular zone neuro
stem cells and other deteriorating parameters (Wang et
al., 2016). In an AD rat model, scutellarin decreased
lipid peroxidation, and free radicals, as well as
pathological alterations, such as nuclear shrinking,
cellular edema, and the irregular arrangement of the
pyramidal layer in the hippocampal CA (1) region. (Guo
et al., 2011, 2013). It also ameliorated learning and
memory deficit via suppressing Aβ formation and
microglia activation in rats with chronic cerebral
hypoperfusion (Shin et al., 2018).

In addition to the protective effects on
neurodegeneration, scutellarin also exerts protection
against cerebrovascular ischemic injury. Several studies
have demonstrated the efficacy of scutellarin in
protecting against cerebral ischemic injury in rats
induced by MCAO. In MCAO, pretreatment of the rats
with scutellarin by intragastric administration or
intravenous administration significantly reduced the
infarction volume and ameliorated neurologic deficits
and cell apoptosis induced by ischemia with or without
reperfusion. Scutellarin pretreatment decreased BBB
permeability in ischemia injury (Lin et al., 2007b; Wang
et al., 2016). Both scutellarin and scutellarein effectively
attenuated neural cell damage, cerebral water content and
a number of biochemical markers after oral
administration in bilateral common carotid artery
occlusion, a global ischemia animal model; however
scutellarein has been found to show a better protective
effect than scutellarin (Tang et al., 2014). In a separate
study, scutellarin was more effective than edaravone in
reducing the infarct area after ipsilateral MCAO. In this
connection, the combination of scutellarin and edaravone
produced a synergistic anti-ischemic to the effect that one
plus one is greater than two (Yuan et al., 2014).

An I/R injury is the tissue damage caused when
blood supply returns to the tissue after a period of

ischemia. This process of reperfusion can itself induce
cell and tissue injury, known as reperfusion injury, for
which there is no effective therapy (Hausenloy and
Yellon, 2013). The pathophysiology of I/R injury is
complex (Kalogeris et al., 2012) and is associated with
the decrease of intracellular ATP level, pH value,
anaerobic metabolism, and lactate accumulation induced
by hypoxia. Upon reperfusion, the oxygen level is
restored, causing a massive generation of reactive
oxygen species (ROS), infiltration of inflammatory cells,
and endothelial and vascular dysfunction among others.
All this would lead to cell death. Scutellarin has been
shown to be effective or beneficial for the treatment of
ischemic stroke and myocardial injury, attributable to its
anti-inflammatory, anti-oxidant and anti-apoptosis
activities.

CNS injury is characterized by immune cell
activation and production of inflammatory mediators. In
this connection, microglial cells which are considered to
be the resident innate immune cells are responsible for
the immune surveillance in the CNS (Aguzzi et al.,
2013). Upon exposure to stimulus, microglia responded
swiftly to mediate many of the pathologic processes, and
release excessive amounts of proinflammatory cytokines
and cytotoxic agents (Yuan et al., 2016). Scutellarin
inhibits the microglia-mediated inflammatory response.
In a separate study, scutellarin was shown to attenuate
LPS-induced production of proinflammatory mediators,
including NO, TNF-α, IL-1β and reactive oxygen
species (ROS) in cultured primary rat microglia or the
BV-2 mouse microglial cell line (Wang et al., 2011a), as
well as in activated microglia of rats subjected to MCAO
(Yuan et al., 2014). Furthermore, scutellarin enhanced
the expression of nerve growth factors, brain-derived
neurotrophic factor, and the glial cell-derived
neurotrophic factor in astrocytes under
hypoxia/reoxygenation (Chai et al., 2013). Scutellarin
increased the ability of adhesion, inhibited migration in
vitro and in vivo and promoted the formation of flattened
and microspike projections by promoting the
reorganization and stabilization of cytoskeletal dynamics
in activated microglial cells (Yuan et al., 2015). In
MCAO rats, scutellarin increased the expression of the
glial fibrillary acidic protein and nestin as well as
proinflammatory mediators in reactive astrocytes during
ischemic injury. Scutellarin promotes astrogliosis via
activated microglia, which suggests a cross-talk between
microglia and astrocytes during ischemic injury (Fang et
al., 2015).

The pathways whereby scutellarin can inhibit
microglia-mediated neuroinflammation during I/R injury
remain to be fully clarified. It is well documented that
scutellarin can effectively decrease the expression of
NF-κB, a key transcription factor that regulates the
proinflammatory gene expression such as TNF-α, IL-1β,
IL-6, IL-8, iNOS, and COX-2 (D’Acquisto et al., 2002;
Wang et al., 2011b; Chen et al., 2013). We have found
that scutellarin can inhibit the expression of NF-κB in
activated BV-2 microglia and activated microglia in
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Fig. 1. A schematic diagram depicting the regulation of microglia activation by different signaling pathways and natural compound intervention. When
challenged by various stimuli, including brain injuries, microglia are activated and undergo swift morphological transformation from the ramified- into the
amoeboid phenotype. The activated microglia, preferentially the amoeboid phenotype, secrete an array of proinflammatory mediators such as IL-1β
and TNF-α. Multiple signaling pathways are involved in regulating microglia activation and in some instances extend over a prolonged duration. Of the
many signaling pathways driving the process and which have been featured prominently include the Notch-1, PLC-γ, mTOR, MAPK and NF-κB
signaling pathways. Several natural compounds, including some well-known herbal extracts that possess anti-inflammatory properties, have shown
great potential for amelioration of microglia activation and, hence, are neuroprotective. Among the various natural compounds, gastrodin has been
shown unequivocally to decrease the microglia activation induced by LPS and hypoxia injury by targeting the GSK-3β and the RAS system. Scutellarin
is highly potent in its anti-inflammatory effects in activated microglia, as demonstrated in I/R injury through Notch-1 signaling. Resveratrol not only
regulates the mTOR signal but also acts on the miR-146. Ginsenoside Rg1 plays a central role in regulating microglia activation through PLC-γ and
GPER. All in all, therefore, the above-mentioned compounds can suppress microglia activation and mitigate the microglia mediated neuroinflammation
that is implicated in different neuropathological conditions. The specific target proteins of the respective compounds, however, remain to be identified.



MCAO rats (Yuan et al., 2015). Recently, it has been
reported that scutellarin exerts its anti inflammatory
effects in activated microglia/brain macrophages in
cerebral ischemia and in activated BV-2 microglia
through regulation of the MAPKs signaling pathway. In
this regard, scutellarin markedly attenuated the
phosphorylation of p38 and JNK in activated
microglia/brain macrophages in MCAO rats. As opposed
to this, the phosphorylation of ERK1/2 was significantly
increased by scutellarin. The results suggest that
scutellarin down-regulates the expression of
proinflammatory mediators in activated microglia/brain
macrophages by suppressing the phosphorylation of JNK
and p38 MAPK. Of note, the anti-inflammatory effect of
p38 MAPK inhibitor and scutellarin is comparable.
Besides, p38 MAPK activator reverses the effect of
scutellarin on inhibition of the JNK, p38 MAPK and the
inflammatory process (Chen et al., 2020). Thus, the
underlying mechanism of scutellarin in regulating
microglia activation remains complex as it may exert its
effects on multiple signaling pathways or targets.

Remarkably, scutellarin can exert its effects on
Notch-1 signaling. To this end, scutellarin has been
shown to markedly attenuate the expression of Notch- 1,
NICD, recombining binding protein suppressor of
hairless and hairy and enhancer of split-1 (Hes-1) in
activated BV-2 microglia and activated microglia in
MCAO rats. Scutellarin can also decrease NF-κB
expression in the same cells (Yuan et al., 2015). These
results indicated that scutellarin plays an anti-
inflammatory role by targeting the Notch pathway,
which lies upstream of NF-κB (Schwarzer et al. 2012).

As discussed above, RAS signaling plays multiple
roles in cerebral vascular functions, including
neuroinflammation and brain ischemic injury. AutoDock
software (version 4.2, http://autodock.scripps.edu/)-
based analysis indicates that scutellarin selectivity binds
to ACE with high affinity. It has been reported that
scutellarin reduces the expression of ACE and AT1R, as
well as that of AngII, TNF-α, IL-6, and IL-1β in
ischemic brains. These findings indicate that scutellarin
can protect the brain from acute ischemic injury via
regulation of the ACE/AngII/AT1 axis in activated
microglia through inhibition of production of
proinflammatory cytokine (Wang et al., 2016).
Conclusion

It is well documented that microglia-mediated
neuroinflammation contributes to the progression of
different brain pathologies. In this connection, activated
microglia, the key players of the inflammatory process,
release excess amounts of pro-inflammatory mediators
that can exacerbate the tissue injuries. It is therefore
justified to suggest that suppression of microglial
activation would be an effective therapeutic strategy to
quell neuroinflammation for optimal tissue repair and
ultimately restoration of neurological function. In view
of this, it is not surprising that great efforts have been

undertaken by many in recent years aiming to decipher
the molecular mechanisms that drive microglia
activation. Among the various signaling pathways that
regulate microglia activation as demonstrated in our own
studies are NF-κB, mTOR, MAPKs, Notch-1, RAS
pathways etc. and as discussed in this review and
depicted in Fig 1. Undoubtedly microglia activation is a
complex process; indeed, its complexity and the
interlinking of multiple signaling pathways involved
have greatly hampered progress to design an optimal
therapeutic strategy for mitigation of microglia mediated
neuroinflammation. Search for therapeutic agents from
natural compounds, notably some traditional Chinese
herbal medicines, has become a promising direction for
treatment of a wide range of neuropathological
conditions. The main advantage of herbal and natural
products is that they are relatively safe, inexpensive, and
readily available. Natural compounds or herbal extracts
such as resveratrol, gastrodin, scutellarin and
ginsenoside Rg1 have been extensively studied in recent
years. All experimental evidence seems to converge that
they are endowed with anti-inflammatory and anti-
oxidant properties. While extensive work has been done
on gastrodin as well as the other three common herbal
extracts as discussed in this review on their anti-
inflammatory and antioxidant effects in activated
microglia, the underlying molecular mechanisms have
remained obscure. Already we have shown that they can
decrease the NF-κB, Notch-1, RAS and MAPKs
pathways, but the underlying mechanism by which they
act on suppression of microglial activation remains
uncertain. The target proteins of the respective
compounds remain elusive. This is compounded by
many recent findings on regulation of microglia
activation by additional epigenetic mechanisms. For
instance, resveratrol targets miR-146 against the
activation of microglia in vitro. It also remains to be
ascertained whether the therapeutic effects as shown by
the experimental settings may be applied to humans and
in a clinical setting. A recent description of the so-called
M1/M2 microglia phenotypes has added a new
perspective on the roles of activated microglia in brain
pathologies (Yuan et al., 2019). Whether the natural
compounds here reviewed would help M2 polarization,
deemed to be neuroprotective by many, should be the
scope of future study.
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