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ABSTRACT: Aglycone- and glycoside-derived forms of flavo-
noids exist broadly in plants and foods such as fruits, vegetables,
and peanuts. However, most studies focus on the bioavailability of
flavonoid aglycone rather than its glycosylated form. Kaempferol-3-
O-β-D-glucuronate (K3G) is a natural flavonoid glycoside obtained
from various plants that have several biological activities, including
antioxidant and anti-inflammatory effects. However, the molecular
mechanism related to the antioxidant and antineuroinflammatory
activity of K3G has not yet been demonstrated. The present study
was designed to demonstrate the antioxidant and antineuroin-
flammatory effect of K3G against lipopolysaccharide (LPS)-
stimulated BV2 microglial cells and to evaluate the underlying
mechanism. Cell viability was determined by MTT assay. The
inhibition rate of reactive oxygen species (ROS) and the production of pro-inflammatory mediators and cytokines were measured by
DCF-DA assay, Griess assay, enzyme-linked immunosorbent assay (ELISA), and western blotting. K3G inhibited the LPS-induced
release of nitric oxide, interleukin (IL)-6, and tumor necrosis factor-α (TNF-α) as well as the expression of prostaglandin E synthase
2. Additionally, K3G reduced the expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and nuclear
factor-kappa B (NF-κB) related proteins. Mechanistic studies found that K3G downregulated phosphorylated mitogen-activated
protein kinases (MAPKs) and upregulated the Nrf2/HO-1 signaling cascade. In this study, we demonstrated the effects of K3G on
antineuroinflammation by inactivating phosphorylation of MPAKs and on antioxidants by upregulating the Nrf2/HO-1 signaling
pathway through decreasing ROS in LPS-stimulated BV2 cells.

■ INTRODUCTION
Microglia is the first line of immunological defense in the
central nervous system (CNS) against stimuli such as
infectious pathogens and debris.1,2 However, the overactivation
of microglia is also closely associated with the release of
neurotoxic pro-inflammatory cytokine or protein to initiate
neurodegenerative disease.3−5 BV2 murine microglial cells are
widely used as an experimental model because they possess
characteristics similar to primary microglia.6 During neuro-
inflammatory reactions, microglial cells produce pro-inflam-
matory mediators such as nitric oxide (NO), interleukin (IL)-
6, tumor necrosis factor-α (TNF-α), inducible nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), IL-1β, and
prostaglandin E2 (PGE2) and activate nuclear factor-kappa B
(NF-κB) and mitogen-activated protein kinases (MAPKs)
pathways.7,8 Because excessive induction of neurotoxic pro-
inflammatory cytokine or mediator can result in brain diseases,
the modulation of microglia activation is an important

therapeutic method to reduce neuronal injury and neuro-
inflammation.

Flavonoids found in various fruits, peanuts, and tea have
been shown to be effective in neurodegeneration and cognitive
decline as well as brain immune modulation.9 Kaempferol-3-O-
β-D-glucuronate (K3G) is a flavonoid glycoside, which has
various pharmacological effects. Originally, kaempferol sup-
pressed the levels of inflammatory mediators10 and increased
antioxidants,11 as well as attenuating neuroinflammation by
blocking oxidative stress and inflammatory response through
modulating reactive oxygen species (ROS)-dependent MAPKs
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and NF-κB pathways in microglia.12 Also, K3G exhibits anti-
inflammatory effects through the inhibition of pro-inflamma-
tory mediators, such as IL-6, IL-1β, NO, PGE2, and LTB4, as
well as phosphorylation of NF-κB in RAW 264.7 cells.13

Moreover, kaempferol and its glycosides, including kaempferol-
3-O-β-D-galactopyranoside, kaempferol-7-O-β-D-glucopyrano-
side, kaempferol-3-O-β-D-glucopyranoside, and kaempferol-3-
O-α-L-rhamnopyranosyl-(1 → 6)-β-D-glucopyranoside, proved
to be potent aldose reductase inhibitors.14 Active glucuronide
such as K3G sodium has anti-HIV-1 activity.15

Although it has been reported previously that K3G has
pharmacological effects that include antioxidant and anti-
inflammatory properties, the specific antineuroinflammatory
mechanism of K3G in lipopolysaccharide (LPS)-stimulated
BV2 cells has not been investigated. Moreover, most studies
focus on the effects of flavonoid aglycone rather than the
glycosylated form. This study aimed to concentrate on the
antineuroinflammatory effect of K3G via the inhibition of NO,
iNOS, PTGES2, COX-2, and pro-inflammatory cytokines (IL-
6 and TNF-α) and inactivating the phosphorylation of
MAPKs, the NF-κB pathway, and antioxidants by upregulating
the Nrf2/HO-1 signaling pathway through decreasing ROS in
LPS-stimulated BV2 cells.

■ RESULTS
Effects of K3G on BV2 Cell Viability. K3G was obtained

from the stamens of Nelumbo nucifera as described in our
published report.14 The chemical structure of K3G is shown in
Figure 1. Before demonstrating the antineuroinflammatory

activity of K3G, we investigated cell viability using an MTT
assay in BV2 microglial cells following treatment with K3G at
indicated concentrations from 1.56 to 50 μΜ for 24 h
incubation. The results showed that BV2 microglial cells
treated with K3G did not induce cytotoxic effects in the
presence or absence of LPS when compared with the control
(Figure 2). Therefore, up to 50 μΜ of K3G seemed to be
nontoxic to BV2 microglial cells, and these concentrations
were used for respective assays.
Effects of K3G on Intracellular ROS Production.

Activated microglial cells have been reported to increase
oxidative stress, including the production of ROS, and reduce
the antioxidant enzymes that prevent cell or tissue damage.
Therefore, we measured whether K3G could prevent ROS
production in LPS-stimulated BV2 cells using a DCFH-DA

assay. Cells were pretreated with indicated concentrations (25
and 50 μM) of K3G for 2 h and stimulated with LPS (1 μg/
mL) for 24 h. Figure 3 indicates that LPS-stimulated BV2 cells

exhibited a high ROS level. However, K3G effectively
attenuated ROS levels when compared with the LPS-treated
group. As a positive control drug, Trolox (50 μM) significantly
inhibited ROS release.
Effects of K3G on Expression of iNOS and COX-2. NO

is induced from L-arginine by iNOS in the brain, and this
activation is related to the progression of neurodegenerative
disease. COX-2 is an indicator of neuroinflammation. More-
over, iNOS and COX-2 are well-characterized indicators of
NF-κB-related inflammation.16 Therefore, the blocking of
iNOS and COX-2 can verify the antineuroinflammatory
potency. Cells were pretreated with K3G (25 and 50 μM)
for 2 h and stimulated with LPS (1 μg/mL) for 24 h. The
expression of iNOS, COX-2, and β-actin was detected by
western blotting. According to Figure 4A and B, LPS
significantly increased the levels of iNOS and COX-2 in cells
compared to the control group. However, K3G downregulated
the expression of iNOS and COX-2 in a dose-dependent
manner. Interestingly, 50 μM of K3G exhibited promising
downregulatory effects against iNOS and COX-2.
Effects of K3G on NO and PTGES2 Levels. LPS-

stimulated NO production is an important part of the
neuroinflammatory pathway. As an endotoxin material, LPS
is widely used in the stimulation of microglia and then activates
a neuroinflammatory response. Overproduction of NO by
microglia is related to the initiation of neuronal cell death.17

Figure 1. Chemical structure of kaempferol-3-O-β-D-glucuronate
(K3G).

Figure 2. Effects of K3G on viability in BV2 microglial cells. Data are
presented as the mean ± SD. One-way analysis of variance (ANOVA)
followed by Turkey’s multiple comparison test was used for
comparing differences between multiple groups. n.s., no significance.

Figure 3. Effects of K3G on the production of ROS in LPS-stimulated
BV2 cells. Data are the mean ± SD. Significance: ###P < 0.001 vs non
LPS treated cell values; ***P < 0.001 vs LPS-treated cell values.
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Therefore, the reduction of NO is regarded as an effective
method in the treatment of disease. In neuroinflammation,
activated microglia produce prostaglandin E2, which causes
neuronal cell death via the activation of the EP2 receptor.18

Prostaglandin E synthase 2 (PTGES2) catalyzes the con-
version of prostaglandin H2 to prostaglandin E2.

In this study, we evaluated whether K3G could attenuate the
production of NO and PTGES2 in LPS-stimulated BV2
microglial cells. Since NO and PGE2 are products of iNOS and
COX-2 enzymes, respectively, we analyzed the effect of K3G
treatment on the products of NO and PTGES2 in LPS-

stimulated BV2 cells (Figure 5). Cells were pretreated with
different concentrations of K3G for 2 h and then stimulated
with LPS (1 μg/mL) for 18 h. The culture media was used to
measure the amount of nitrite to determine NO production. As
shown in Figure 5A, the LPS-treated cells significantly induced
NO production compared to the control cells. However,
significant concentration-dependent suppression by K3G
(6.25, 12.5, 25, and 50 μM) in NO production was observed
in BV2 cells (Figure 5A). As a positive control drug, AMT
significantly inhibited LPS-stimulated NO release from BV2
cells. In addition, K3G concentration dependently diminished

Figure 4. Effects of K3G on the expression of iNOS (A) and COX-2 (B) in LPS-stimulated BV2 cells. Data are the mean ± SD. Significance: #P <
0.05 and ###P < 0.001 vs non LPS treated cell values; *P < 0.05 and ***P < 0.001 vs LPS-treated cell values.

Figure 5. Effects of K3G on the levels of NO (A) and PTGES2 (B) in LPS-stimulated BV2 cells. Data are the mean ± SD. Significance: ##P < 0.01
and ###P < 0.001 vs non LPS treated cell values; **P < 0.01 and ***P < 0.001 vs LPS-treated cell values. AMT is used as a positive control.

Figure 6. Effects of K3G on the levels of IL-6 (A) and TNF-α (B) in LPS-stimulated BV2 cells. Data are the mean ± SD. Significance: ##P < 0.01
and ###P < 0.001 vs non LPS treated cell values; *P < 0.05, **P < 0.01, and ***P < 0.001 vs LPS-treated cell values. AMT is used as a positive
control.
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the production of PTGES2 in cells treated with LPS (Figure
5B).
Effects of K3G on Pro-Inflammatory Cytokines. Pro-

inflammatory cytokines play a crucial role in the pathogenesis
of various inflammatory diseases.19 Therefore, the reduction of
pro-inflammatory cytokine is regarded as an effective method
to treat neuroinflammatory disease. K3G was examined for its
antineuroinflammatory activity on the level of pro-inflamma-
tory cytokines, such as IL-6 and TNF-α, in LPS-stimulated
BV2 cells using an enzyme-linked immunosorbent assay
(ELISA) kit. Cells were pretreated with K3G (25 and 50
μM) for 2 h and then stimulated with LPS (1 μg/mL) for 18 h.

The level of cytokines in the culture media was measured. As
indicated in Figure 6A and B, LPS stimulation led to a
significant increase in cytokine production. Pretreatment with
K3G mildly inhibited the LPS-induced cytokine production in
a dose-dependent manner. As a positive control drug, AMT
inhibited pro-inflammatory cytokine release.
Effects of K3G on MAPKs Pathway. MAPKs are a family

of serine/threonine protein kinases that play an important role
in the inflammatory process, as well as in neuroinflammation,20

to produce inflammatory mediators, including iNOS, COX-2,
and NF-κB.21 Moreover, the phosphorylation of MAPKs is
related to the regulation of the NF-κB pathway. Inhibition of

Figure 7. Effects of K3G on the MAPKs expressions in LPS-stimulated BV2 cells. Total ERK MAPK and phosphorylated ERK MAPK (A), total
JNK MAPK and phosphorylated JNK MAPK (B), and total p38 MAPK and phosphorylated p38 MAPK (C). Data are presented as the mean ±
SD. Significance: ##P < 0.01 and ###P < 0.001 vs non LPS treated cell values; *P < 0.05 and **P < 0.01 vs LPS-treated cell values.

Figure 8. Effects of K3G on the NF-κB related proteins in LPS-stimulated BV2 cells. IκBα (A), phosphorylated IκBα (B), cytosol NF-κB p65 (C),
and nucleus NF-κB p65 (D). Data are the mean ± SD. Significance: #P < 0.05 vs non treated cell values; *P < 0.05 and **P < 0.01 vs LPS-treated
cell values.
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the MAPK pathway is involved in the control of neuro-
degenerative diseases. The MAPK pathway is known to play an
important role in the transcriptional regulation of LPS-induced
iNOS and COX-2 expression. Cells were pretreated with the
indicated concentrations of K3G for 2 h and stimulated with
LPS (1 μg/mL) for 18 h. The expression of MAPKs was
detected by western blotting. As shown in Figure 7A−C, K3G
(25 and 50 μM) strongly inhibited LPS-induced activation of
p-JNK, p-ERK, and p-p38 MAPK in the BV2 cells. The
inhibition rate of the p-p38 MAPK by K3G is higher than that
of p-ERK and p-JNK.
Effects of K3G on the NF-κB Pathway. The trans-

location of NF-κB from the cytosol to the nucleus is regarded
as an essential condition for the activation of inflammatory
gene transcription. The activated NF-κB pathway is based on
the degradation of IκBα, which activates nuclear translocation.
The expression of inflammatory mediators in microglia is
activated by the NF-κB pathway. Therefore, the inhibition of
NF-κB transcriptional activity is a potential strategy in the
treatment of neuroinflammatory disease.22 We investigated
whether K3G would contribute to the attenuation of the NF-
κB pathway in LPS-stimulated BV2 microglial cells. Cells were
pretreated with the indicated concentrations of K3G for 4 h
and stimulated with LPS (1 μg/mL) for 0.5 h. The expression
of NF-κB related proteins was detected by western blotting. As
shown in Figure 8A,B, the phosphorylation of IκBα is
increased, while IκBα is decreased in LPS treatment group.

However, phosphorylation of IκBα is decreased in a dose-
dependent manner after K3G treatment.

As shown in Figure 8C,D, the level of NF-κB p65 in the
cytosol was decreased, whereas in the nucleus, it was increased
after LPS treatment. However, the changes induced by LPS
were inhibited by K3G pretreatment, and the nuclear
translocation of NF-κB p65 decreased in a dose-dependent
manner in LPS-stimulated BV2 microglial cells. This result
suggests that K3G could inhibit NF-κB activation in BV2
microglial cells by blocking IκBα degradation and the nuclear
translocation of NF-κB.
Effects of K3G on Regulation of the Nrf2/HO-1

Pathway. It is widely accepted that the induction of HO-1
expression can execute an antineuroinflammatory response by
protecting neurons against neurotoxins. HO-1 is an important
antioxidant against oxidative stress such as ROS. HO-1 was
reported to be modulated by Nrf2, which is an antioxidant
transcription factor. Furthermore, Nrf2 has antineuroinflam-
matory activity by the direct inhibition of the NF-κB
pathway.23,24 In this study, we examined the effects of K3G

on HO-1 and Nrf2 expression in LPS-stimulated BV2
microglia. Cells were pretreated with the indicated concen-
trations (25 and 50 μM) of K3G for 2 h and stimulated with
LPS (1 μg/mL) for 18 h. The expression of HO-1 and Nrf2
was detected by western blotting (Figure 9). As shown in
Figure 9A,B, pretreatment with up to 25 and 50 μM of K3G
increased HO-1 expression. As expected, the expression of
Nrf2 in microglia was dose-dependently increased when
treated with K3G. It was indicated that the protective effect
of K3G against ROS was related to an increase in Nrf2/HO-1
protein expression.

■ DISCUSSION
Inflammation is a host’s defense system against harmful
stimuli, which leads to the induction of cytokine and
chemokine to promote an inflammatory response.25 Although
inflammation has a beneficial effect in the defense of the host,
prolonged inflammation can induce the pathogenesis of many
diseases, including chronic disorders, multiple sclerosis,
arthritis, and neurodegenerative disease.26 In recent years,
chronic inflammation has been related to several types of
progressive diseases such as cancer, aging, neurological
problems, and diabetes.27 Among the diseases, neurodegener-
ative disease is characterized by inflammation in the brain
during the aging process.28 In particular, aging contributes to
neurodegenerative disease by the induction of oxidative stress,
loss of endogenous antioxidant defense, and production of free
radicals. Degradation of the antioxidant system with increased
ROS and production of reactive nitrogen species activates
transcription factors such as NF-κB and other genes involved
in neurodegeneration.29

LPS, which is the major outer surface membrane component
of Gram-negative bacteria, could initiate major cellular
responses such as the pathogenesis of inflammatory
responses.30 LPS has been used to investigate an inflammatory
model since it stimulates the production of cytokines,
including IL-8, IL-6, TNF-α, and IL-1β.31,32 Microglial cells
can be overactivated with LPS, resulting in a neuro-
inflammation response.33 Also, LPS induces inflammation by
binding to the toll-like 4 receptor on the microglia, which can
provoke transduction pathways, including JNK and NF-κB.

The CNS consists of neurons and glial cells. Glial cells are
divided into oligodendrocytes, astrocytes, and microglial
cells.34 Microglia constitute up to 20% of the cell population
in regions of the brain.35 Homeostasis of microglia in the brain
is important because moderate levels of microglia activation
are related to immune defense. However, activated microglial

Figure 9. Effects of K3G on the expression of HO-1 (A) and Nrf2 (B) in LPS-stimulated BV2 cells. Data are the mean ± SD. Significance: #P <
0.05 vs non treated cell values; *P < 0.05 and **P < 0.01 vs LPS-treated cell values.
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cells have an important role in inflammation within the CNS
because they can cause neuroinflammation and neurodegen-
eration. LPS-induced microglial cells are considered to be
useful cellular and molecular models of neuroinflammation.
Specifically, BV2 cells are a well-characterized model system
for microglia. BV2 cells are a valid substitute for primary
microglia in many experimental systems36 and are activated
with LPS to establish a cellular model of neuroinflammation.

LPS induces an increase in the levels of pro-inflammatory
cytokine in BV2 cells. COX-2 and iNOS are increased after
LPS stimulation in microglia.37 LPS rapidly phosphorylates
ERK, JNK, and p38 MAPK,7 leading to NF-κB activation in
glial cells.20 This activation of glial cells leads to an increase in
the production of pro-inflammatory mediators such as NO and
PGE2,

38 resulting in neuroinflammation.
Abnormally activated microglia can produce enzymes,

including COX-2 and iNOS, which are responsible for
neuroinflammation. Because COX-2 and iNOS are correlated
with the pathophysiological condition of neuroinflammation,39

inhibition of these proteins is a crucial therapeutic method in
the prevention of neurodegenerative disease. Neuroinflamma-
tion is characterized by an imbalance of the antioxidant system
in the brain. Eventually, homeostatic imbalance leads to disease
pathogenesis in brain immune cells which produce pro-
inflammatory cytokines40 such as IL-1β, IL-6, TNF-α, and
interferon (IFN)-γ. These mediators provoke neuronal
dysfunction, loss of neurons, and cell death. If progress is
more severe and ongoing, neurodegenerative disease occurs.41

Therefore, inhibition of overactivated microglia is an important
strategy for the treatment of neuronal disease.42

Flavonoids have antioxidant43,7 and anti-inflammatory
effects9,44 by controlling mediators involved in inflammation.
They possess neuroprotective effects related to their ability to
modulate neurodegenerative diseases. Various pure flavonoids,
including quercetin, genistein, epigallocatechin-3-gallate, or
total extracts, can decrease pro-inflammatory cytokines,
prevent neuronal damage, and upregulate antioxidant ability.
For example, flavonol glucuronide significantly inhibits ROS
levels and elastase production, which may result in anti-
inflammatory activity.45 Also, a previous study demonstrated
that flavonoids isolated from N. nucifera exhibit both excellent
metal chelating and radical scavenging properties in DPPH,
ROS, and ONOO− model systems.46 The variety of flavonoids
is dependent on their structure as well as the arrangement of
the functional groups, including hydroxyl, methoxyl, and
glycosidic units. The differences in the structures of flavonoids
affect antioxidant activity. For example, a hydroxyl group at the
C-3 positions is a structural requirement for the antioxidant
ability of the flavonoids.

Among the flavonoids, kaempferol possesses good activity in
all three antioxidant model systems. The major biological
activities of kaempferol-3-O-β-D-glucuronide reported so far
include antioxidant,47,48 rat lens aldose inhibition,14 anti-
inflammatory,13 and antiHIV15 activities. K3G has been
reported to exhibit anti-inflammatory effects in LPS-stimulated
RAW264.7 cells and mice models.13 In addition, kaempferol
glycosides have an antineuroprotective effect against neuro-
inflammation by inhibiting NF-κB and STAT3.47 Other
flavonoids such as quercetin and catechin possess neuro-
protective potential by ameliorating redox stress and
modulating antiapoptotic pathways.48 Spinasterol was shown
to produce HO-1 in mouse hippocampal HT22 and BV2
microglial cells.49 Quercetin-3-rutinoside exhibits the attenu-

ation of neuroinflammation and oxidative stress in the spinal
cord.50 Flavonoid-rich extracts, including quercetin-3-rhamno-
side and isorhamnetin-3-O-β-rutinoside, have the potential for
treating stroke because of their anti-inflammatory and
antioxidant properties.51 However, most studies concentrate
on the effects of flavonoid aglycone rather than its glycosylated
form.

In this study, we demonstrated the effects of K3G on
antineuroinflammation by inactivating the phosphorylation of
MPAKs and upregulating the Nrf2/HO-1 signaling pathway
through decreasing ROS in LPS-stimulated BV2 cells.

ROS production is important in the development of several
inflammatory diseases. Excessive ROS-derived oxidative stress
may induce the progression of the inflammatory, neuro-
inflammatory, and neurodegenerative response52,53 even
though ROS have some biological benefits. Oxidative stress
is a main factor in various neurodegenerative diseases.
Alzheimer’s disease (AD), Huntington’s disease, and amyo-
trophic lateral sclerosis show increased levels of ROS in the
brain.54,55 ROS can act as a stimulator of pro-inflammatory
gene expression by activating MAPKs.12 Inhibition of ROS
production regulates the activation of microglia by decreasing
the phosphorylation of MAPKs. Similarly, LPS-induced ROS
generation can affect the LPS-stimulated activation of
MAPKs.30 It is well known that ROS have an important
influence on the activation of Nrf2. ROS production is related
to the activation of the Nrf2/HO-1 signaling pathway56

because Nrf2/HO-1 signaling acts as an antioxidant to reduce
the level of ROS.57 Therefore, the blocking of ROS generation
may have potential as a therapeutic target to reduce neuronal
degeneration.

In the present study, we demonstrated that pretreatment
with K3G significantly scavenged LPS-stimulated ROS
production in BV2 cells. The level of ROS was decreased in
a dose-dependent manner (Figure 3). This result indicated that
K3G induced an antioxidative effect by scavenging ROS.

NO is the product of inducible nitric oxide synthase, which
has an important role in neuroinflammation. A high level of
NO, which is produced from L-arginine by iNOS, can lead to
an inflammatory reaction, neurodegenerative disorder,58 and
activates microglial cells. During the inflammatory processes in
the CNS, pro-inflammatory mediators such as NO can recruit
microglial cells at the inflammatory site.59 It is well known that
activated microglia induce NO, which contributes to neuro-
degenerative diseases such as AD. In addition, PGE2 is derived
from arachidonic acid by COX-2. COX-2 inhibition could be
the reason for the downregulation of PGE2 in microglial cells.
Our study showed that iNOS and COX-2 are downregulated
in cells after up to 50 μΜ of K3G treatment (Figure 4) without
showing any signs of toxicity (Figure 2). The iNOS and COX-
2 inhibition could be the reason for the downregulation of NO
and PTGES2 production in the activated microglial cells
(Figure 5A,B). From these results, we revealed that the
inhibitory effects of K3G on NO and PTGES2 production
were mediated by the inhibition of iNOS and COX-2 protein
expression, respectively.

ROS are recognized as mediators in neuronal damage
because of the production of pro-inflammatory cytokines. The
increase in the level of pro-inflammatory cytokines follows a
similar pattern to the production of ROS.60 Moreover, pro-
inflammatory cytokines such as IL-6, IL-1β, and TNF-α play
an important role in inducing neurodegeneration in the
CNS.61,62 IL-6 and TNF-α are pro-inflammatory cytokines
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that are produced at an early stage, and their raised levels can
be found in a variety of inflammatory diseases.63 Over-
expression of pro-inflammatory cytokines can be regarded as
an indicator of neurological disease in the brain.64,65 Using a
natural product such as K3G is a promising therapy in
neuroinflammation because it could block pro-inflammatory
cytokines. Our results suggest that in LPS-stimulated BV2
microglial cells, K3G has a mildly decreasing effect in the
suppression of pro-inflammatory cytokines, including IL-6 and
TNF-α (Figure 6A,B).

MAPKs play an important role in the regulation of cell
growth, differentiation, and the control of cellular responses as
well as the modulation of inflammatory processes. As protein
kinases, MAPKs, which include ERK, JNK, and p38 MAPK,
have received attention due to their role in the phosphor-
ylation of transcription factors, activation of inflammatory
response,43,66 and neuroinflammation.20

Microglia are resident immune cells in the brain and
important regulators in a variety of neurodegenerative
diseases.67 Activation of microglia produces pro-inflammatory
mediators, including cytokines, chemokines, and NO.68 Above
all, ERK signaling is an important regulator of pro-
inflammatory cytokine production in microglia69 and a critical
regulator of IFNγ-mediated pro-inflammatory activation of
microglia.70 In addition, ERK signaling is related to the
promotion of neural cell death and can be involved in
neurodegeneration because the phosphorylation of ERK is
related to neuronal disease-associated microglial gene
expression and neurotoxic molecules. The inhibition of ERK
signaling decreases brain injuries, including cerebral ischemia
trauma, since chronic activation of ERK can contribute to the
pathogenesis of neural disease. Phosphorylated ERK was found
in aggregates in the substantia nigra in the brain of patients
with Parkinson’s disease.71 Also, the relationship between β-
amyloid (Aβ) and ERK activation is involved in AD. Increased
phosphorylation of ERK was found in brain extracts from
patients with AD.72 Therefore, the blocking of ERK signaling
in microglia could be a critical target in the treatment of
neurodegenerative disease.

JNKs are involved in regulatory physiological processes,
including brain development, memory repair, and function.73

They are activated by stress such as pro-inflammatory
mediators.74 JNK is an important indicator of inflammation
and stress responses in the pathogenesis of Parkinson’s disease,
AD, and stroke75,76 because increased JNK phosphorylation
may be related to the mechanism of neuroinflammation.
Neurodegeneration could be induced by JNK phosphorylation
followed by activator protein 1 (AP-1) and inflammatory
mediators, including NO, iNOS, COX-2, and PGE2, and pro-
inflammatory cytokines, such as IL-6, IL-1β, and TNF-α,
leading to subsequent neurotoxicity.33,77−79 The JNK pathway,
which is activated by cellular stimuli, is related to an increased
level of Aβ plaques and neurofibrillary tangles as well as neuron
cell death in AD patients.80 JNKs include JNK1, JNK2 (which
is expressed in many tissues), and JNK3, which is abundant in
the brain. Among the JNKs, JNK3 and pro-inflammatory
cytokines, such as IL-6, IL-1β, and TNF-α, are elevated in
chronic social defeat stressed mice.81 Therefore, the inhibition
of JNK3 may alleviate symptoms of neuroinflammation and
neurodegeneration. Among JNK inhibitors, the development
of a JNK3 inhibitor may have the potential in preventing
neuroinflammation because JNK3 is expressed in the brain.82

SP600125, which is a JNK inhibitor, blocks the production of
IL-6, IL-8, and IL-1β.83

P38 MAPK is activated by LPS stimulation and may play an
important role in the increase of iNOS and TNF-α gene
expression.84 As a member of the MAPK family, p38 MAPK
participates in inflammation and other physiological re-
sponses.85 For example, p38 MAPK plays an important role
in neuronal diseases, including Parkinson’s disease and AD,
because it can induce neuroinflammation and degeneration. In
addition, p38 MAPK has a central role in modulating chronic
pain, microglial activation, rheumatoid arthritis, and cardio-
vascular disease.85−88 Moreover, p38 MAPK could regulate the
induction of endothelial vascular cell adhesion molecule-1
(VCAM-1), which is involved in cell proliferation and
differentiation of the immune reaction.89 The p38 MAPK is
rapidly phosphorylated at a tyrosine residue in response to LPS
and other stimulants, including inflammatory cytokines,
ultraviolet irradiation, toxicants, and ROS. The phosphor-
ylation of p38 MAPK leads to an increase in pro-inflammatory
mediators such as COX-2 and PGE2.

90 However, the blocking
of p38 MAPK induces suppression of pro-inflammatory
cytokines, such as TNF-α, IL-6 and IL-1β, iNOS, COX-2,
and PGE2 in RAW 264.7 cells treated with LPS.91 Because p38
MAPK is involved in glial activation and neuroinflammation,
inhibition of p38 MAPK leads to the alleviation of neuro-
toxicity.92 Anti-inflammatory drugs, such as GSK-681323 to
treat rheumatoid arthritis, SCIO-469 to treat multiple
myeloma, and RWJ67657 to treat inflammatory diseases, are
designed to inhibit p38 MAPK activity.93 Also, natural plant
extracts or plant-derived compounds that can block p38
MAPK activity and exhibit strong anti-inflammatory properties
are potential therapeutic drug candidates. It has been reported
that p38 MAPK inhibitors have been used as a potential
therapy for neurodegenerative disease.94

In this study, we found that K3G could attenuate
neuroinflammation by inhibiting the MAPK and NF-κB
signaling pathways (Figures 7 and 8). These findings
demonstrate that K3G has a fundamental role in the
antineuroinflammation effect of MAPK because it can scavenge
ROS, which can activate MAPKs to trigger neuroinflammation.

Recent studies have demonstrated that LPS-induced
inflammation is related to complicated cellular signaling
pathways, including NF-κB and MAPKs.22,25 The activation
of NF-κB is necessary for the release of iNOS, COX-2, pro-
inflammatory cytokines in the inflammatory response,95 and
related MAPKs.8,96 Specifically, the phosphorylation of the IκB
protein is an important step in the activation of NF-κB. It is
well known that the activity of NF-κB is inhibited in the
cytoplasm while combined with an IκB protein.97 The
phosphorylation or degradation of the IκB protein by IκB
kinase results in the activation of NF-κB and the transcription
of inflammatory mediators, including IL-1β, TNF-α, and IL-
6.98 Because the expression of inflammatory mediators in
microglia is increased through the phosphorylation of NF-κB,99
it is an important target for the treatment of neuro-
inflammatory disease. In our study, we demonstrated that
K3G decreased the phosphorylation of IκBα (Figure 8A,B).
Furthermore, western blot analysis confirmed that K3G
suppressed the translocation of NF-κB p65. NF-κB p65,
which is translocated from the cytosol to the nucleus after LPS
treatment, was also blocked (Figure 8C,D). Consistent with
these findings, the MPAK and NF-κB signaling pathway was
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shown to be related to the K3G mediated inhibitory effect on
neuroinflammation in microglial BV2 cells.

The Nrf2/HO-1 signaling pathway is believed to have
neuroprotective potential by activating antioxidant enzymes
and decreasing oxidative stress. It has a cytoprotective reaction
in the brain because it can activate the expression of
neuroprotective genes that code for antioxidant and anti-
inflammation proteins.100 However, the inactivation of HO-1
and dysfunction of Nrf2 increased the production of ROS and
neurological problems.101,102 In addition, the downregulation
of Nrf2/HO-1 decreases antioxidant enzymes and results in
the degeneration of 5-hydroxytryptamine (5-HT),103 dop-
amine (DA), and acetylcholinesterase (AchE) in neurons.
Finally, it can provoke neurological problems such as cognitive
dysfunction and neuropsychological disturbances. Nrf2 pro-
motes the expression of HO-1 and can protect against
oxidative stress by blocking apoptosis and inflammation in
the brain.101 When HO-1 is deficient, the risk of neuro-
inflammation rises and the level of ROS is increased.
Activation of HO-1 and Nrf2 decreased LPS-induced pro-
inflammatory mediator NO and pro-inflammatory related
genes and lowered JNK, whereas anti-inflammatory cytokines
such as IL-10 and IL-4 are increased in BV2 microglial cells.33

HO-1 expression is closely mediated by Nrf2 in inhibiting the
inflammatory response. To demonstrate the antioxidative
potential of K3G, the expression of HO-1 and Nrf2 has been
demonstrated and results showed strong antioxidative effects of
K3G at the indicated concentrations. Both HO-1 and Nrf2
were upregulated in response to K3G in LPS-stimulated BV2
cells (Figure 9A,B). Our results suggest that K3G induced the
activation of Nrf2/HO-1 via a ROS-dependent MAPK
signaling pathway.

■ CONCLUSIONS
The present study is the first to report the inhibitory effects of
K3G on neuroinflammation by suppressing inflammatory
mediators, including iNOS and COX-2, and pro-inflammatory
cytokines, such as IL-6, PGE2, and TNF-α, in LPS-stimulated
BV2 cells. These beneficial effects could be linked to the
MAPKs and NF-κB pathway to inhibit neuroinflammation. We
also found that K3G suppresses ROS generation through the
inhibition of MAPK phosphorylation in BV2 cells. K3G
effectively suppressed ROS production by increasing the Nrf2/
HO-1 signaling pathway. Although K3G exhibited potent
antineuroinflammatory effects in vitro, its function in vivo has
yet to be clarified. Verification of the antineuroinflammatory
effects of K3G and demonstration of relative mechanism in
vivo models will be useful for the application of K3G as a
therapeutic agent for neuroinflammatory diseases.

■ MATERIALS AND METHODS
Chemicals and Reagents. Dulbecco’s modified Eagle’s

medium (DMEM) was purchased from Welgene (Gyeongsan,
Korea). Fetal bovine serum (FBS) and antibiotics were
obtained from Gibco BRL (Rockville, MD, USA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), 2-amino-5,6-dihydro-6-
methyl-4H-1,3-thiazine hydrochloride (AMT), 2′,7′-dichloro-
fluorescein diacetate (DCFH-DA), and (±)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox) were acquired
from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies
(iNOS, COX-2, phospho-NF-κB p65, NF-κB p65, phospho-

IκBα, IκBα, phospho-ERK, ERK, phospho-JNK, JNK,
phospho-p38 MAPK, p38 MAPK, HO-1, Nrf2, PTGES2,
Lamin B1, and β-actin) and secondary antibodies were
obtained from Cell Signaling Technology Inc. (Beverly, MA,
USA) and Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). Polyvinylchloride fluoride (PVDF) membrane was
obtained from Millipore (Billerica, MA, USA), and Super-
Signal West Pico Chemiluminescent Substrate was purchased
from Pierce Biotechnology (Rockford, IL, USA). Total protein
of the cell was extracted using PRO-PREP solution (iNtRON
Biotechnology, Seongnam, Korea). NE-PER nuclear and
cytoplasmic extraction reagents were purchased from Thermo
Scientific (Carlsbad, CA, USA). ELISA for cytokine detection
was purchased from BD Biosciences (San Jose, CA, USA). All
other chemicals and solvents were purchased from Sigma-
Aldrich unless otherwise stated.
Cell Culture and LPS Stimulation. The BV2 immortal-

ized murine microglial cells were obtained from Prof. Yung
Hyun Choi (Department of Biochemistry, College of Oriental
Medicine, Dong-Eui University, Busan, Korea). The BV2
microglial cells were cultured in DMEM supplemented with
10% FBS, penicillin (100 units/mL), and streptomycin (100
μg/mL) at 37 °C in a humidified incubator containing 5%
CO2. K3G dissolved in DMSO as a 50 mM stock solution, and
dilutions were made in DMEM. To stimulate cells, the
medium was replaced with fresh DMEM and 1 μg/mL LPS
was added in the presence or absence of K3G for the indicated
time periods.
Cell Viability. Cell viability was assessed using the MTT

assay. Briefly, BV2 cells were seeded into 96-well plates at a
density of 5 × 103 cells/well and incubated at 37 °C for 24 h.
The cells were then treated with K3G at various concentrations
(1.56, 3.12, 6.25, 12.5, 25, and 50 μM) in the presence or
absence of LPS. After incubation for an additional 24 h at 37
°C, 100 μL of MTT solution (0.5 mg/mL in PBS) was added
to each well and the incubation continued for another 3 h.
Then, the supernatant was removed and crystal formazan was
dissolved in 100% DMSO. The resulting color was measured at
540 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA, USA).
Measurement of Intracellular ROS. The intracellular

ROS scavenging activity was measured using a ROS-sensitive
fluorescence indicator DCFH-DA.104 In the presence of ROS,
DCFH is oxidized to fluorescent 2′,7′-dichlorofluorescein
(DCF), which is detected using a fluorescent spectropho-
tometer. BV2 cells were incubated with the indicated
concentrations (25 and 50 μM) of K3G for 2 h and stimulated
with LPS (1 μg/mL) for another 24 h. The DCF fluorescence
intensity was measured at an excitation wavelength of 485 nm
and an emission wavelength of 528 nm using a VICTOR X
multilabel reader (Perkin-Elmer, Wellesley, MA, USA). The
ROS inhibitor Trolox was used as a positive control.
Western Blot Analysis. To detect the level of protein, a

western blot technique was used. BV2 cells were cultured in 6-
well plates and pretreated with K3G in the presence or absence
of LPS. Afterward, the cells were washed twice with cold PBS
and lysed using PRO-PREP solution. The concentration of
protein in the supernatants was determined using a BCA
protein assay kit (Thermo Fisher Scientific, Rockford, IL,
USA). After quantification, the protein of the cell was
denatured by boiling at 94 °C for 5 min and it was separated
using 8−15% gels. After gel electrophoresis, the protein was
transferred to PVDF membranes. The PVDF membrane was

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06916
ACS Omega 2023, 8, 6538−6549

6545

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


soaked in 5% skim milk or 3% bovine serum albumin solution
to block nonspecific responses at room temperature for 1 h.
Next, the membrane was incubated with each specific primary
antibody at 4 °C overnight incubation. After washing with
TBST buffer, the membrane was incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies at room
temperature for 1 h. After another washing step, the protein
was visualized with a Super-Signal West Pico Chemilumines-
cent Substrate according to the manufacturer’s instructions.
Densitometric analysis of the bands was performed using
GeneGnome 5 image analysis (Synoptics, Cambridge, U.K.)
software.
NO Production. The NO concentration in the medium

was measured using Griess reagent as a marker of NO
production. Briefly, BV2 cells (10 × 104 cells/well) in a 24-well
plate with 500 μL culture medium were pretreated with various
concentrations (6.25, 12.5, 25, and 50 μM) of K3G for 2 h and
incubated for 18 h with LPS (1 μg/mL). After incubation, the
supernatant was collected and stored at −80 °C until use. The
absorbance values of the mixture were determined using a
microplate spectrophotometer (Molecular Devices Sunnyvale,
CA, USA) at 540 nm. The NO inhibitor AMT was used as a
positive control.
Measurement of Cytokine. Following the manufacturer’s

instructions, the levels of cytokines, TNF-α and IL-6, were
measured using ELISA kits (BD Biosciences, San Jose, CA,
USA). Absorbance was determined at 450 nm using a
microplate spectrophotometer (Molecular Devices Sunnyvale,
CA, USA).
Extraction of Nuclear and Cytosol Protein. Nuclear and

cytosolic proteins were separated using a NE-PER nuclear and
cytoplasmic extraction kit. Cytoplasmic extraction reagents I
and II and nuclear extraction reagent were prepared
immediately before separating the proteins in the nucleus
and cytosol. Briefly, BV2 microglial cells were harvested with
trypsin−EDTA and then centrifuged at 500 × g for 5 min. The
cells were washed with PBS. After removal of the supernatant,
leaving the cell pellet as dry as possible, ice-cold cytoplasmic
extraction reagent I was added to the cell pellet to lyse the
cells. After incubation on ice for 10 min, ice-cold cytoplasmic
extraction reagent II was added to the tube. The cells were
again centrifuged at 16,000 × g for 5 min at 4 °C. Cytosolic
protein extract was obtained by collecting the supernatant and
storing it at −80 °C until use. The remaining cell pellets were
resuspended in a nuclear extraction reagent for nuclear protein
extract. After incubation on ice for 40 min, the cells were
centrifuged at 16,000 × g at 4 °C for 10 min. The nuclear
protein extract was obtained by collecting the supernatant.
Statistics Analysis. Data were expressed as the means ±

standard deviations (SD) of at least three independent
experiments unless otherwise indicated. Data were compared
using one-way ANOVA. Data analysis was carried out using
GraphPad Prism version 5 program. P values <0.05, 0.01, and
0.001 were considered significant. All analyses were performed
using GraphPad Prism version 5.
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