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Luteolin and Apigenin Attenuate LPS-Induced
Astrocyte Activation and Cytokine Production
by Targeting MAPK, STAT3, and NF-κB Signaling
Pathways

Denis Nchang Che,1,2 Byoung Ok Cho,1 Ji-su Kim,1 Jae Young Shin,1 Hyun Ju Kang,1 and
Seon Il Jang 1,3

Abstract— Astrocytes release biologically active substances that cause inflammation in
neurodegenerative diseases. The present study investigated the effects of two flavonoids (a-
pigenin and luteolin) on the production of IL-31 and IL-33 in lipopolysaccharide (LPS)-
activated astrocytes. Cell viability was investigated using EZ-Cytox assay, mRNA expres-
sions of IL-31 and IL-33 were analyzed by RT-PCR, protein expressions were analyzed by
western blot, and cytokine secretion was analyzed by ELISA. Apigenin and luteolin pre-
vented astrocyte activation and inhibited mRNA and protein expression and secretion of IL-
31 and IL-33 in the LPS-treated astrocytes. Apigenin’s suppression of ERK, NF-κB, and
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INTRODUCTION

Astrocytes constitute the most abundant cell pop-
ulation in the central nervous system (CNS) [1]. Like
other cells of the CNS, astrocytes can release several
biologically active substances capable of stimulating
other cells [1, 2]. Under inflammatory conditions,
astrocytes are said to be activated to produce pro-
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STAT3 activations was responsible for the inhibition of IL-31 and IL-33, while luteolin’ s
suppression of JNK, p38, ERK, NF-κB, and STAT3 activations was responsible for the
inhibition of IL-31 in the astrocytes. Also, luteolin’s suppression of ERK, NF-κB, and
STAT3 activations inhibited IL-33 production in the activated astrocytes. In addition,
apigenin and luteolin also prevented the translocation of activated STAT3 and NF-κB to
the nucleus of the activated astrocytes and subsequently affected their DNAbinding activities.
The results suggest that apigenin and luteolin may have potentials as neuroprotective agents
for the treatment of diseases involving astrocyte activation and detrimental production of IL-
31 and IL-33.
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inflammatory mediators like TNF-α and IL-1β [3]. In
neurological diseases such as multiple sclerosis, Alz-
heimer’s disease, Parkinson’s disease, and HIV-1-
associated dementia (HAD), activated astrocytes acti-
vate NF-κB and STAT3 pathways to release pro-
inflammatory cytokines and chemokines that induce
cellular damage in the brain [4, 5]. Recently, astrocytes
have been said to be new players in chronic itch in
atopic dermatitis but what biologically active substan-
ces they release to induce chronic itch in atopic der-
matitis is still unknown [6]. IL-31 is a recently discov-
ered cytokine with structural similarities with cytokines
of the IL-6 family. IL-31 is thought to be one of the
sole mediators of pruritus in atopic dermatitis [7].
Besides the role of IL-31 in pruritus, high levels of
IL-31 have also been detected in tissues and serum of
patients with Crohn’s disease, asthma, and rhinitis. [8,
9]. IL-33 is also a newly described cytokine that is
structurally similar to cytokines of the IL-1 family
[10]. Studies show that IL-33 is involved in the path-
ophysiology of the CNS as it is induced in astrocytes
to produce innate type 2 immune responses and pro-
inflammatory cytokines [11]. IL-33 also polarizes T
helper cells towards Th2 cell lineage and drives the
production of pro-inflammatory cytokines, chemo-
kines, and Th2-associated cytokines in mast cells, nat-
ural killer cells, and dendritic cells [12]. This thus
suggests that IL-33 might play a role in allergic in-
flammatory diseases including atopic dermatitis. Inter-
esting IL-33 receptors have been detected in the dorsal
root ganglion neurons and injection of IL-33 rapidly
induced pruritus (a symptom of atopic dermatitis) via
the ST2 receptor in a histamine-independent fashion.
This study thus suggests an important link between IL-
33 and pruritus in atopic dermatitis and makes IL-33 a
promising drug target [13]. Considering the fact that
activated astrocytes secrete IL-33 and play a role in the
pathophysiology of several diseases, it is worthy to
investigate further biologically active substances re-
leased by these activated astrocytes and to find agents
that will inhibit the release of these substances. Gluco-
corticoids are well-known robust anti-inflammatory
drugs used for the treatment of several chronic inflam-
matory and immune diseases as they decreased the
production of inflammatory cytokines [14]. Despite
these, treatment with glucocorticoids poses a variety
of side effects such as acne, Cushing’s syndrome, and
heart disease and has been shown to act as a pro-
inflammatory agent in the PNS and CNS [15, 16].
Thus, the need for alternative therapy for targeting

CNS-related inflammation cannot be outlooked. Cer-
tain naturally occurring flavonoids are capable of mod-
ulating the nervous system function through restoration
of the injured brain and improvement of cognitive
performance and behavior [17].

Luteolin and apigenin are naturally occurring fla-
vones in the class of flavonoids with potent antioxidant
and anti-inflammatory activities [18–20]. Luteolin
inhibited the release of histamine and prostaglandins in
human mast cells and also prevented vascular endothelial
growth factor release from mast cells and activated T cells
[21, 22]. Luteolin also protected blood-brain barrier func-
tion by preserving trans-endothelial electrical resistance
and relieving aggravated permeability in a human BBB
model [23]. Apigenin is a known inhibitor of CK2,
ERK1/2, and cyclooxygenase-2 (COX-2) expression and
has been shown to suppress the production of IL-1β, TNF-
α, IL-6, and IL-31 by downregulating NF-κB in vitro and
in vivo [24–28]. Apigenin has also demonstrated neuro-
protective potentials against AD pathogenesis in a human
disease model [29]. Interestingly, both apigenin and luteo-
lin cross the blood-brain barrier, thus stressing the impor-
tance of these compounds as promising novel therapeutics
for neuro-inflammation [30, 31].

Despite the promising therapeutic potentials of apigenin
and luteolin in brain diseases, no studies have investigated the
effects of these two compounds on astrocyte activation vis-à-
vis IL-31 and IL-33 production. In this study, we aimed to
investigate the effects of apigenin and luteolin in LPS-
stimulated astrocytes vis-à-vis IL-31 and IL-33 production,
and to reveal their molecular mechanism of action.

MATERIALS AND METHODS

Materials

Murine astrocytes (C8-D1A) were procured from
ATCC, Manassas, VA, USA. Dulbecco’s modified Eagle
medium (DMEM) with 110 mg/mL sodium pyruvate and
fetal bovine serum (FBS), horse serum (HS), and
penicillin/streptomycin were procured from Gibco, Grand
Island, NY, USA. Apigenin and luteolin (≥ 98%, HPLC)
were procured fromChemFaces,Wuhan, China. EZ-Cytox
reagent and EZ-western Lumi Pico Alpha were purchased
from DoGenBio, Seoul, South Korea. Ribospin II extrac-
tion kit was purchased from GeneAll Biotechnology,
Seoul, South Korea. ReverTra Ace® qPCR RT Master
Mix with gDNA Remover and SYBR Premix Ex Taq™
were procured from Toyobo, Osaka, Japan, and Takara
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Bio, Nojihigashi , Japan, respect ively. Radio-
immunoprecipitation assay buffer (RIPA buffer), NE-
PER™ nuclear/cytoplasmic extraction reagent, and
enzyme-linked immunosorbent assay (ELISA) kits for
IL-31 and IL-33 were purchased from Thermo Scientific,
Rockford, IL, USA. Bradford’s assay reagent was pur-
chased from Bio-Rad Laboratories, Hercules, CA, USA.

membrane was purchased fromMillipore, MA, USA. Lip-
opolysaccharides (LPS); dimethyl sulfoxide (DMSO); and
inhibitors of p65, p38, ERK, and JNK were purchased
from Sigma-Aldrich, St. Louis, MO, USA. Antibodies for
p-JNK, JNK, p-NF-κB, p65, p-IκB-α, IκB-α, p-ERK,
ERK p38, and p38 were purchased from Santa Cruz Bio-
technology, Santa Cruz, CA, USA. Antibodies for IL-31
and actin were purchased from Abcam, Cambridge, UK,
and Biosciences, Franklin Lakes, NJ, USA, respectively.
Antibodies for IL-33 and GFAP were purchased from
Invitrogen, Carlsbad, CA, USA. Anti-lamin B1, p-STAT3,
STAT3, and horseradish peroxidase (HRP)-IgG secondary
antibodies were purchased from Cell Signaling Technolo-
gy, Danvers, MA, USA. DNA binding ELISA kits for NF-
κB and STAT3 activation assays were purchased from
Active Motif, Carlsbad, CA, USA. All other reagents,
especially for western blot assay, were purchased from
Bio-Rad, Bioseseang, or Millipore.

Cell Culture and Treatment

Astrocytes (5 × 104 cells/mL) were cultured in
DMEM supplemented with 1% penicillin/streptomycin
antibiotics, 10% FBS, and 5% HS in 125 × 25 mm or
90 × 20 mm cell culture dishes in an incubator with a
temperature of 37 °C and a humidified atmosphere of 5%
CO2. The astrocytes were cultured to 80% confluence and
pretreated with 30 μM and 60 μM of apigenin or luteolin
for 1 h before the astrocytes were stimulated with 2 μg/mL
of LPS. After stimulation with LPS, the astrocytes were
incubated for either 24 h, 12 h, 3 h, or 30min depending on
the experiment to be carried out. Astrocytes without api-
genin or luteolin pretreatment and stimulation and astro-
cytes without apigenin or luteolin pretreatment but stimu-
lated with LPS were cultured in parallel as negative and
positive controls.

Cell Viability

For astrocyte viability studies, the astrocytes (3 ×
104 cells/mL) were cultured in a 6-well cell culture plate
for 16 h and then incubated in 0–100 μM of apigenin or

luteolin for 24 h. After 24 h, 0.01 mL of EZ-Cytox reagent
was added to each well and incubated for 4 h. The astrocyte
viability in each well was monitored by measuring the
absorbance in each well at 450 nmwith a microplate reader
(Tecan, Männedorf, Switzerland). The absorbance corre-
lated with the number of live astrocytes.

ELISA

For ELISA, the cell culture supernatants (0.05mL) from
astrocytes treated with or without luteolin or apigenin and
stimulated with LPS for 24 hwere used. The amount of IL-31
and IL-33 secreted from astrocytes was measured with the
ELISA kits according to the manufacturer’s instructions.

Whole-Cell Protein Extraction

Whole-cell protein extraction was performed on
astrocytes treated with or without luteolin or apigenin and
stimulated with or without LPS for 12 h or 30 min. The
extraction was done using RIPA buffer according to the
manufacturer’s instruction. In brief, astrocytes were rinsed
in ice-cold PBS and detach from the culture dish. The
astrocytes were pelleted by centrifugation at 2500×g for
5 min in 1.5-mL Eppendorf tubes. RIPA buffer (0.1 mL)
containing protease and phosphatase inhibitors was added
to the pelleted cells and mixed to suspend the cells. Next,
the tubes were kept on ice and vortexed at 5-min interval
for a total of 15 min. Then, the mixture was centrifuged at
14,000×g for 15 min to pellet the cell debris. The superna-
tant from each tube was transferred to new tubes and kept
at − 80 °C for analysis.

Nuclear Protein Extraction
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Nuclear protein extraction was performed on astro-
cytes treated with or without luteolin or apigenin and
stimulated with or without LPS for 30 min. The extraction
was done using NE-PER nuclear and cytoplasmic extrac-
tion kit according to the manufacturer’s instruction. In
brief, the astrocytes were rinsed in ice-cold PBS and har-
vested with trypsin-EDTA centrifugation at 500×g for
5 min in 1.5-mL Eppendorf tubes. The astrocytes were
washed in PBS and pelleted by centrifugation at 500×g
for 5 min. CER I solution (0.1 mL) containing protease and
phosphatase inhibitors was added to the pelleted astrocytes
and the tubes were vortexed vigorously and kept on ice for
10 min. Then, CER II (0.011 mL) solution was added to
the tubes, vortexed, and incubated for a minute on ice.
Next, the tubes were vortexed and centrifuged for 5 min
at 14,000×g. After centrifugation, the supernatant in the

5× SDS-PAGE loading buffer was purchased from Bio-
sesang, Seongnam, South Korea. Polyvinylidene fluoride



Western Blot

Whole-cell-extracted proteins and nuclear extracts from
each sample were subjected to western blot analysis. The
protein concentrationwasmeasured using Bradford’s reagent.
Thirtymicrograms of protein from each samplewas diluted in
5× SDS-PAGE loading buffer and resolved on a 12% or 20%
SDS-PAGE. The resolved proteins were transferred onto a
polyvinylidene fluoride membranes at 100 V for 1 h. Follow-
ing the transfer, themembranes were incubated in 5%BSA to
block non-specific binding during subsequent immunostain-
ing. Then, the membranes were incubated overnight at 4 °C
with either antibody for p-JNK, p-STAT3, p-NF-κB, p-IκB-
α, p-ERK, p-p38, GFAP, IL-33, or IL-31. After washing of
the membranes, they were incubated with corresponding
HRP-conjugated secondary antibodies for 2 h at room tem-
perature. After washing, themembranes were then exposed to
the EZ-western Lumi Pico Alpha chemiluminescence reagent
and visualized on an ultraviolet detection imaging system
(Alliance version 15.11; UVITEC, Cambridge, UK). After
detection, the antibodies on the membranes were stripped in
stripping buffer and incubated with either antibody for JNK,
NF-κB, STAT3, IκB-α, ERK, p38, tubulin, actin, or lamin
B1. The immunostaining procedure was repeated as de-
scribed. The band densities were determined using ImageJ
analysis software program.

Real-time RT-PCR

Astrocytes treated with or without luteolin and apige-
nin and stimulated with or without LPS for 3 h were used
for real-time PCR analysis. The Ribospin II extraction kit
was used to extract and purify total RNA from the astro-
cytes according to the manufacturer’s instructions. The
RNA extract was stored at − 20 °C for analysis. One
microgram of the total RNA from each sample was utilized

manufacturer’s instructions. The thermal cycler use for
the cDNA synthesis was a T100TM Bio-Rad thermal
cycler. Real-time PCR was performed using the Thermal
Cycler Dice Real-Time System III and lite (Takara). The
reaction mixture consisted of 0.0125 mL of TB Green
Premix Ex Taq, 0.002 mL of forward and reverse primers,
0.002 mL of cDNA, and 0.0085 mL of distilled water.
Amplification was done using the following primers:
GAPDH forward: 5′GGC TAC ACT GAG GAC CAG
GT3′, reverse: 5′TCC ACC ACC CTG TTG CTG TA3′;
IL-31 forward: 5′CCT ACC CTG GTG CGT CTT TG3′,
reverse: 5′CTG ACATCC CAG ATG CCT GC3′; and IL-
33 forward: 5′TTG GCT TAC GAT GTT G GA3′, reverse:
5′ACT GTG GTG CCT GCT CTT CT3′. The thermal
profile consisted of an initial denaturation at 95 °C for
5 min, followed by 40 cycles of 95 °C for 30 s. This was
followed by annealing at 62 °C for 30 s. All samples were
run in triplicate and the expression levels were normalized
with GAPDH using a 2− ΔΔCt comparative method.

NF-κB and STAT Transcriptional Activity Assay

The NF-κB activation assay kit and STAT3 activation
kit were used to perform the NF-κB DNA and STAT3
DNA binding activity according to the manufacturer’s
guidelines with little modification.

The aforementioned nuclear extract was used for this
experiment. Briefly, 0.02 mL of 10 μg of nuclear extract
was mixed with 0.03 mL of complete binding buffer in the
well plates containing NF-κB and STAT3 DNA targets.
The plate was incubated for 1 h at room temperature with
mild agitation. After the washing step, 0.1 mL of diluted
NF-κB or STAT3 antibodies that recognize only epitopes
of p65 and STAT3 (respectively) that are bound to DNA in
the wells was added to each well. Following incubation for
1 h at room temperature, the wells werewashed and 0.1 mL
of diluted HRP–conjugated antibodies was added to each
well. The plates were subsequently incubated for 1 h at
room temperature and washed, and 0.1 mL of developing
solution was put into the wells for 10min. The reactionwas
stopped by adding 0.1 mL of stop solution. The absorbance
was read at 450 nm and this absorbance corresponded with
the DNA binding activities.

Statistical Analysis

All data were obtained from three independent experi-
ments unless stated otherwise. Data analysis was done
using SPSS statistics program (version 22 SPSS Inc., Chi-
cago, IL, USA). The data are presented as mean ± SD.
Differences between the variables were analyzed using a
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tube containing cytoplasmic proteins was immediately
transferred to new pre-chilled tubes and stored at − 80 °C.
Insoluble pellets of each tube containing the nuclei were
suspended in ice-cold NER solution (0.05 mL) containing
protease and phosphatase inhibitors. The tubes were kept
on ice and vortexed at 10-min interval for 40 min. After
that, the tubes were centrifuged for 10 min at 14,000×g.
The supernatant containing the nuclear protein fractions
was immediately transferred to new pre-chilled tubes and
stored at − 80 °C for analysis. The purity of the nuclear
extract was demonstrated by the absence of actin in the
nuclear extract upon western blot analysis.

to prepare cDNA using a ReverTra Ace® qPCR RT Mas-
ter Mix with gDNA remover kit according to the



one-way analysis of variance with Duncan’s post hoc tests.
Statistical significance was set at a p value of less than 0.05.

RESULTS

Cell Viability of Astrocytes

Changes in the cell viability of astrocytes following
treatment with apigenin and luteolin were investigated
using the EZ cell viability assay. As shown in Fig. 1a, we
found that astrocytes treated with up to 100 μM of luteolin
were still 100% viable at the end of the incubation period
while astrocytes treated with apigenin retained their viabil-
ity with up to 60μMof apigenin treatment. Treatment with
apigenin greater than 60 μM appeared to have significant
toxicity to the astrocytes. In addition, the DMSO concen-
trations used to dissolve apigenin and luteolin were lower
than 0.2% v/v and did not interfere with the viability of the
astrocytes (data not shown). Based on these results, a
concentration of 30 μM and 60 μM of apigenin or luteolin
was used in all subsequent experiments.

Luteolin and Apigenin Suppressed the Activation of
Astrocytes by LPS

The suppression of astrocyte activation by apigenin
and luteolin was investigated. As shown in Fig. 1 b and c,
GFAP, a marker of astrocyte activation, was significantly
expressed when astrocytes were incubated with LPS for
30 min. However, the expression of the GFAP was signif-
icantly decreased in a concentration-dependent manner
when the cells were pretreated with apigenin or luteolin
before stimulation with LPS. Luteolin prevented astrocyte
activation more than apigenin. Collectively, the results
show that apigenin and luteolin significantly prevented
the activation of astrocytes by LPS.

Luteolin and Apigenin Prevented IL-31 and IL-33
mRNA Expression in Astrocytes

The suppression of IL-31 and IL-33 mRNA expres-
sions in astrocytes by apigenin and luteolin was investigat-
ed. As shown in Fig. 2, when astrocytes were incubated
with LPS for 3 h, there was a significant increase in IL-31

Fig. 1. Effects of apigenin and luteolin on astrocyte cell viability and activation. a Astrocytes (3 × 104 cells/mL) were cultured and treated with apigenin or
luteolin (0 to 100 μM) for 24 h before cell viability studies were performed. Results are shown as mean ± SD of four different experiments. bAstrocytes (3 ×
104 cells/mL) were cultured and treated with apigenin or luteolin (30 and 60 μM) before the cells were stimulated with LPS for 30 min. The expression level
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of glial fibrillary acidic protein (GFAP) was investigated via western blot assay. c ImageJ analysis software was used to analyze the densities of each band
with respect to actin. Results are shown as mean ± SD of three different experiments. a Asterisk (*) indicates a significant difference compared to the non-
treated samples for bars with the same color: p < 0.05. cAsterisk (*) indicates a significant difference at *p < 0.05 compared to the LPS-only treated cells for
bars with the same color. Hash (#) indicates a significant difference at #p < 0.05 for bars with different colors within the same treatment concentration.



mRNA (Fig. 2a) and IL-33 mRNA (Fig. 2b) expressions.
However, when the cells were pretreated with apigenin or
luteolin, the expression of IL-31 and IL-33 mRNAs was
significantly suppressed. No significant difference between
apigenin and luteolin treatment was observed at 30-
μM concentration, but at 60-μM concentration, luteo-
lin significantly suppressed IL-31 mRNA expression
more than apigenin. Similar results were obtained for
IL-33 mRNA expression at 30-μM concentration, but
at 60-μM concentration, apigenin significantly sup-
pressed IL-33 mRNA expression more than luteolin.
These results collectively demonstrate that luteolin
and apigenin also affected IL-31 and IL-33 mRNA
expression in astrocytes.

Luteolin and Apigenin Prevented IL-31 and IL-33
Protein Expression in Astrocytes

The suppression of IL-31 and IL-33 mRNA by
apigenin and luteolin pushed us to investigate whether
apigenin and luteolin could also affect the expression
of IL-31 and IL-33 proteins in the astrocytes. The
astrocytes were cultured and pretreated with apigenin
or luteolin before stimulation with LPS for 12 h. The

expression status of IL-31 and IL-33 was measured by
western blot. The results, as shown in Fig. 3, revealed
that LPS significantly increased the expression state
of IL-31 (Fig. 3a) and IL-33 (Fig. 3b). Pretreatment
with apigenin or luteolin significantly decreased IL-
31 and IL-33 expression in a dose-dependent manner.
Luteolin suppressed the expression of IL-31 more
than apigenin at both concentrations (Fig. 3c). On
the other hand, no difference was found between
the suppression of IL-33 by apigenin and luteolin at
30 μM but at 60 μM, luteolin was found to suppress
IL-33 expression more than apigenin (Fig. 3d). Col-
lectively, these results demonstrate that luteolin and
apigenin also affected IL-31 and IL-33 expression at
the protein levels.

Luteolin and Apigenin Inhibited the Secretion of IL-31
and IL-33 in Astrocytes

The fact that apigenin and luteolin inhibited the ex-
pression of IL-31 and IL-33 proteins in the astrocytes
motivated us to investigate the secretion of IL-31 and IL-
33 by astrocytes stimulated with LPS. To achieve this, the
astrocytes were cultured and pretreated with apigenin or

Fig. 2. Effects of apigenin and luteolin on IL-31 (a) and IL-33 (b) mRNA expressions. Astrocytes (5 × 104 cells/mL) were cultured and treated with apigenin
or luteolin (30 and 60 μM) before the cells were stimulated with LPS for 3 h. The mRNA expression levels of IL-31 and IL-33 were investigated via
quantitative real-time PCR analysis. Results are shown as mean ± SD (n 0 3). Asterisk (*) indicates a significant difference at *p < 0.05 compared to the LPS-
only treated cells for bars with the same color. Hash (#) indicates a significant difference at #p < 0.05 for bars with different colors within the same treatment
concentration.
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luteolin before stimulation with LPS for 24 h. The concen-
trations of IL-31 and IL-33 in the cell culture media were
measured by the ELISA technique. The results revealed
that LPS stimulation significantly increased the secre-
tion of IL-31 and IL-33 by the astrocytes (Fig. 4).
However, when the cells were pretreated with apige-
nin or luteolin, before stimulation, the secretion of
IL-31 (Fig. 4a) and IL-33 (Fig. 4b) was significantly
suppressed in a concentration-dependent fashion.
Luteolin significantly inhibited IL-31 and IL-33 se-
cretion more than apigenin at both concentrations.
This result collectively indicates that luteolin and
apigenin affected the secretion of IL-31 and IL-33
in LPS-stimulated astrocytes.

Luteolin and Apigenin Inhibited MAPK, NF-κB, and
STAT3 Signal Pathways in Stimulated Astrocytes

The effects of luteolin and apigenin revealed above
on the expression and production of IL-31 and IL-33
in stimulated astrocytes pushed us to investigate the
effects of these two compounds on cell signaling
proteins responsible for transcription of most

cytokines in cells. We cultured the astrocytes and
pretreated the cells with apigenin or luteolin before
stimulation of the cells with LPS for 30 min. The
phosphorylation statuses of key kinases in the NF-
κB, STAT3, and MAPK signal pathways were inves-
tigated using western blot. In the MAPK pathway,
stimulation of the astrocytes with LPS resulted in an
increased ratio of phosphorylated versus non-
phosphorylated forms of ERK, JNK, and p38. Api-
genin significantly inhibited phosphorylation of ERK
at doses of 30 μM and 60 μM, but did not affect
phosphorylation levels of JNK and p38. Luteolin
significantly inhibited phosphorylation of ERK,
JNK, and p38 at doses of 30 μM and 60 μM
(Fig. 5a, b). As concerning NF-κB-related signaling
proteins, stimulation of the astrocytes with LPS
resulted in an increased ratio of phosphorylated ver-
sus non-phosphorylated forms of IκB and p65. Api-
genin and luteolin significantly inhibited phosphory-
lation of IκB and p65 at doses of 30 μM and 60 μM
(Fig. 5c, d). For the JAK/STAT3 pathway, stimula-
tion of the astrocytes with LPS resulted in an

Fig. 3. Effects of apigenin and luteolin on IL-31 (a) and IL-33 (b) protein expression in astrocytes. Astrocytes (5 × 104 cells/mL) were cultured and treated
with apigenin or luteolin (30 and 60 μM) before the cells were stimulated with LPS for 12 h. The protein expression levels of IL-31 and IL-33 were
investigated viawestern blot assay. ImageJ analysis software was used to analyze the densities of each band with respect to actin (c, d). Results are shown as
mean ± SD of three different experiments. The asterisk (*) indicates a significant difference at *p < 0.05 compared to the LPS-only treated cells for bars with
the same color. The hash (#) indicates a significant difference at #p < 0.05 for bars with different colors within the same treatment concentration.
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Signaling Pathways Associated with the Effects of
Apigenin and Luteolin on LPS-Induced IL-31 and IL-
33 Expressions in Astrocytes

To further examine the mechanisms involved in the
regulation of LPS-stimulated production of IL-31 and IL-
33 in astrocytes, we added potent pharmacological inhib-
itors of JNK, ERK, p38, p65, and STAT3 to cultured
astrocytes at non-cytotoxic concentrations and stimulated
the astrocytes with LPS for 3 h to examine the mRNA
expression of IL-31 and IL-33. According to the results
reported in Fig. 6, the known inhibitors of ERK, p38, JNK,
and p65 significantly suppressed the IL-31 mRNA while
the known inhibitors of ERK, p65, and STAT3 significant-
ly suppressed the IL-33 mRNA expression in the astro-
cytes. The findings indicate that ERK, p38, JNK, and p65,

but not STAT3, might mediate the production of IL-31
while ERK, p65, and STAT3 might mediate the expression
of IL-33 in astrocytes. Also, the suppression of ERK, p65,
and STAT3 by apigenin and the suppression of ERK, JNK,
p38, p65, and STAT3 by luteolin may be responsible for
the inhibition of IL-31 and IL-33 in LPS-stimulated
astrocytes.

Luteolin Suppressed NF-κB DNA Binding Activity in
IL-33-Stimulated HMC-1

Finally, we investigated if apigenin and luteolin affected
the binding of NF-κB and STAT3 to their respective
consensus-binding sites on a DNAmolecule. To achieve this,
astrocytes were cultured and pretreated with apigenin or
luteolin before stimulation with LPS for 30 min to measure
the DNA binding activities of activated NF-κB and STAT3 in
the nuclear extract by ELISA technique. As reported in Fig.
7c, stimulation of the astrocytes resulted in a significant

Fig. 4. Effects of apigenin and luteolin on IL-31 (a) and IL-33 (b) secretion from astrocytes. Astrocytes (5 × 104 cells/mL) were cultured and treated with
apigenin or luteolin (30 and 60 μM) before the cells were stimulated with LPS for 24 h. The cell media was collected for IL-31 and IL-33 measurements by
the ELISA kits. Results are shown asmean ± SD of three different experiments. The asterisk (*) indicates a significant difference at *p < 0.05 compared to the
LPS-only treated cells for bars with the same color. The hash (#) indicates a significant difference at #p < 0.05 for bars with different colors within the same
treatment concentration.
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increased ratio of phosphorylated versus non-
phosphorylated STAT3. Apigenin and luteolin also
significantly inhibited phosphorylated STAT3 at
doses of 30 μM and 60 μM (Fig. 5c, d). Further
analysis of nuclear extracts revealed that apigenin
and luteolin also dose-dependently blocked the trans-
location of phosphorylated p65 and phosphorylated
STAT3 to the nucleus (Fig. 7a, b). The data suggest
that apigenin and luteolin effectively suppressed the
activation of MAPK, NF-κB, and STAT3 signaling
in response to LPS.

increase in the NF-κB and STAT3 binding to the immobi-
lized NF-κB and STAT3 consensus-binding site in the wells.
Apigenin and luteolin at a concentration of 60μMsuppressed
the NF-κB and STAT3 activation by decreasing the binding
of activatedNF-κB and STAT3 to their respective consensus-
binding site. These results thus demonstrate that apigenin and
luteolin prevented the activation of NF-κB and STAT3 in
activated astrocytes.



DISCUSSION

Previous studies have reported on the anti-
inflammatory and neuroprotective effects of apigenin and
luteolin [29, 32]. However, whether apigenin and luteolin
inhibit the production of IL-31 and IL-33 in LPS-activated
astrocytes is not known. In the present study, we reported
on the production of IL-31 in astrocytes and the effects of
apigenin and luteolin on IL-31 and IL-33 production in

astrocytes stimulated by LPS. We provided evidence that
apigenin and luteolin also inhibit the expression of IL-31
and IL-33 in astrocytes.

Firstly, we investigated the activation of astrocytes by

Fig. 5. Effects of apigenin and luteolin onMAPK, NF-κB, and STAT3 signal pathways in stimulated astrocytes. Astrocytes (5 × 104 cells/mL) were cultured
and treated with apigenin or luteolin (a–d) before the cells were stimulated with LPS for 30 min. The protein expression levels of cell signaling kinases were
investigated via western blot assay (a, c). ImageJ analysis software was used to analyze the densities of each band with respect to actin (b, d). Results are
shown as mean ± SD of three different experiments. The asterisk (*) indicates a significant difference at *p < 0.05 compared to the LPS-only treated cells for
bars with the same color.
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LPS and studied the effects of apigenin and luteolin treat-
ment on astrocyte activation. We found that LPS stimulat-
ed the activation of astrocytes as upregulated GFAP ex-
pression was found in the LPS-treated astrocytes more than
in the normal cells. We also found that both apigenin and



luteolin suppressed the expression of the GFAP, thus im-
plying an inhibition of astrocyte activation. While some
activated astrocytes can promote neuronal survival, repair
tissue, and reconstruct damaged blood-brain barriers, some
activated astrocytes can cause adverse effects such as neu-
ronal deaths and chronic pains by releasing signaling mol-
ecules [33]. Spinal cord reactive astrocytes have also been
suggested as new players in chronic itch but what biolog-
ically active substances they release to mediate itch is still
largely unknown although TLR4 receptors and STAT3
have been reported to be widely activated in reactive
astrocytes [6]. Thus, inhibiting astrocyte activation in the
diseased state is necessary for the treatment of several brain
diseases including itch, spinal cord injury, Parkinson’s
disease, and other neuro-inflammatory diseases [6, 34,
35]. Our data provide important clues of the inhibition of
astrocyte activation by apigenin and luteolin that can be
considered as therapeutic options for the regulation of
astrocyte activations in diseases involving the CNS.

Next, we investigated if the activated astrocyte pro-
duces IL-31 and IL-33, two important cytokines implicated
in the pathology of some diseases in the CNS. Although no
study has reported on the production of IL-31 in the CNS,
IL-31 receptors have widely been detected in the spinal
cord and brain tissues and are thought to be responsible for
the itch in atopic dermatitis. IL-33, on the other hand, has
been widely studied to be produced by glial cells and is
involved in the pathogenesis of neurodegenerative dis-
eases. Thus, inhibiting the production of these cytokines
in the CNS can be beneficial for the treatment or prevention
of CNS-related diseases. Our study reviewed for the first
time the mRNA expression and production of IL-31 in
astrocytes and suggests that the production of IL-31 in
the CNS might directly play a role in stimulating other
cells of the CNS to induce itch as widely reported. This
hypothesis needs to be considered as a major issue for
future investigation. We also revealed that the two
flavonoids—apigenin and luteolin—inhibited the

Fig. 6. Effects of ERK, p38, JNK, and NF-κB inhibitors on MAPK, NF-κB, and STAT3 signal pathways in stimulated astrocytes. Astrocytes (5 × 104 cells/
mL) were cultured and treated with potent inhibitors of ERK, p38, JNK, NF-κB, or STAT3 before the cells were stimulated with LPS for 3 h. The mRNA
expression levels of IL-31 and IL-33 were investigated via quantitative real-time PCR analysis. Results are shown as mean ± SD of three different
experiments. The asterisk (*) indicates a significant difference at *p < 0.05 compared to the LPS-only treated cells for bars with the same color.
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production of IL-31 and IL-33 in activated astrocytes, an
effect that started at least with the inhibition of their gene
expression that subsequently affected their protein expres-
sions and secretion from the astrocytes. The suppression of
these cytokines by apigenin and luteolin may contribute to
the prevention and treatment of CNS-related diseases in-
volving IL-31 and IL-33. The data also addsmore evidence
about the neuroprotective action of apigenin and luteolin
reported in other studies [25, 32, 36, 37].

Finally, we investigated the effects of apigenin and
luteolin on some signaling pathways responsible for the
production of several cytokines and inflammatory media-
tors in an attempt to understand the molecular mechanism
of action these two flavonoids have in inhibiting IL-31 and
IL-33 production in LPS-activated astrocytes. We reported

that apigenin inhibited the phosphorylation activation of
ERK while luteolin inhibited the activation of JNK, ERK,
and p38 in the MAPK signaling pathways. In the NF-κB
and STAT3 signaling pathways, we reported that both
flavonoids inhibited the activation of IκB, NF-κB, and
STAT3 in activated astrocytes. Further findings using po-
tent inhibitors of the MAPK, NF-κB, and STAT3 signaling
pathways revealed that ERK, p38, NF-κB, and STAT3
activations were responsible for the production of IL-31
in the LPS-stimulated astrocytes while ERK, NF-κB, and
STAT3 activations signaled for the production of IL-33 in
the activated astrocytes. The report implies that apigenin’s
suppression of ERK, NF-κB, and STAT3 activations was
responsible for the inhibition of IL-31 and IL-33 while
luteolin’s suppression of JNK, p38, ERK, NF-κB, and

Fig. 7. Effects of apigenin and luteolin on NF-κB, and STAT3 nuclear translocation and DNA binding. Astrocytes (5 × 104 cells/mL) were cultured and treated
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with apigenin or luteolin before the cells were stimulated with LPS for 30 min. The protein expression levels of activated NF-κB and STAT3 were investigated
viawestern blot assay (a). ImageJ analysis software was used to analyze the densities of each band with respect to lamin B1 (b). The DNA binding activities of
activated NF-κB and STAT3 were evaluated in the nuclear extracts using the ELISA-based method (c). Results are shown as mean ± SD of three different
experiments. The asterisk (*) indicates a significant difference at *p< 0.05 compared to the LPS-only treated cells for bars with the same color.



STAT3 activations was responsible for the inhibition of IL-
31 in the astrocytes. Also, luteolin’s suppression of ERK,
NF-κB, and STAT3 activations inhibited IL-33 production
in the activated astrocytes. Further investigation also
revealed that both apigenin and luteolin suppressed the
nuclear translocation and subsequent DNA binding activ-
ities of activated NF-κB and STAT3. The data offer
insights into the potential mechanisms of action of the
two flavonoids in inhibiting the production of IL-31 and
IL-33 in LPS-stimulated astrocytes, tracing their action
right down to the DNA level where transcription factors
bind to the promoter regions of DNA to regulate the
transcription of related genes. However, this may not be
the initial site of action of the two flavonoids as the inhi-
bition of the activations of upstream signaling kinases
could have initiated the effects seen at the DNA binding
activity levels. This could be true, as several studies have
reported that flavonoids inhibit the activation of other
upstream kinases in the MAPK, NF-κB, and STAT3 sig-
naling pathways [38, 39].

In conclusion, by interfering with MAPK, NF-κB, and
STAT3 signaling pathways, apigenin and luteolin suppressed
the production of IL-31 and IL-33 in LPS-activated astro-
cytes, suggesting possibilities of the two flavonoids being
exploited as neuroprotective agents for the treatment of dis-
eases involving astrocyte activation and detrimental produc-
tion of IL-31 and IL-33. Further investigations will be re-
quired to ascertain these facts in vivo in animal models.
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