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Abstract
Flavone apigenin has an anti-inflammatory effect. We assessed whether apigenin may reduce the inflammatory mediator pro-
duction, which is regulated by the Toll-like receptor-4-dependent activation of the Akt, mTOR, and NF-κB pathways, and
activation of JNK and p38-MAPK in HEK001 keratinocytes and primary keratinocytes. Apigenin, the Akt inhibitor, Bay 11-
7085, and N-acetylcysteine inhibited the lipopolysaccharide-stimulated production of cytokines IL-1β and IL-6 and chemokines
CCL17 and CCL27; the expression of cyclooxygenase-2; the increase in the levels of Toll-like receptor-4, phosphorylated Akt,
and mTOR; the activation of NF-κB; the activation of the JNK and p38-MAPK; and the production of reactive oxygen/nitrogen
species in keratinocytes. Inhibitors of the c-JNK (SP600125) and p38-MAPK (SB203580) reduced lipopolysaccharide-induced
production of inflammatory mediators and activation of the JNK and p38-MAPK in keratinocytes. These results show that
apigenin may inhibit the lipopolysaccharide-caused inflammatory mediator production in keratinocytes by reducing the Toll-like
receptor-4-dependent activation of Akt, mTOR, and NF-κB pathways, and activation of JNK and p38-MAPK. The suppressive
effect of apigenin may be achieved by the inhibition of reactive oxygen/nitrogen species production. Additionally, apigenin
appears to reduce the Akt, mTOR, and NF-κB pathway- and the JNK and p38-MAPK-mediated inflammatory skin diseases.
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Introduction

Keratinocytes respond to microbial products, such as lipo-
polysaccharide, through the expression of Toll-like receptors
(TLRs), thereby evoking immune and inflammatory re-
sponses (Baker 2006; Begon et al. 2007; Jin et al. 2015).
TLR-4, one of the Toll-like receptors, plays a critical role in
recognizing microbial lipopolysaccharide (Takeda and Akira
2005; Morris et al. 2015). Lipopolysaccharide binding to
keratinocyte CD14 and subsequent activation of TLR-4 re-
sults in the nuclear translocation of nuclear factor (NF)-κB,
leading to the production of cytokines and chemokines (Song
et al. 2002; Morris et al. 2015). Lipopolysaccharide activates

the phosphatidylinositol (PI) 3-kinase/Akt/mammalian target
of rapamycin (mTOR) pathways, which is followed by acti-
vation of NF-κB (Thomson et al. 2009; Zhong et al. 2012; Ma
et al. 2015). Further, lipopolysaccharide exhibits a proinflam-
matory effect on various tissues through activation of the c-
Jun N-terminal kinases (JNKs) and p38-mitogen-activated
protein kinases (MAPK) (Bi et al. 2016; Kim et al. 2016;
Wu et al. 2016; Zhu et al. 2016).

The flavone apigenin has been shown to exhibit an anti-
inflammatory effect and modulate an immune response (Lim
et al. 2013; Wang et al. 2014; Patil et al. 2016). Apigenin
reduces lipopolysaccharide-stimulated proinflammatory cyto-
kine production by reducing cyclooxygenase (COX) and
NF-κB activation (Lim et al. 2013; Wang et al. 2014).
Apigenin inhibits the lipopolysaccharide-induced expression
of inducible nitric oxide synthase, COX-2, and expression of
proinflammatory cytokines (Patil et al. 2016) in human lung
epi the l ia l ce l l s—A549 ce l l s . Apigen in reduces
lipopolysaccharide-stimulated expression of proinflammatory
cytokines and COX-2mRNA expression by inhibiting NF-κB
in placenta and fetal membranes (Lim et al. 2013). Apigenin
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blocks lipopolysaccharide-induced lethality in vivo and pro-
inflammatory cytokines expression by inactivating NF-κB
(Nicholas et al. 2007). Apigenin-7-glycoside not only inhibits
the lipopolysaccharide-enhanced inflammatory activity in
lung but also exhibits anti-inflammatory effect through inhi-
bition of the MAPK and NF-κB pathways. Apigenin reduces
lipopolysaccharide-stimulated IL-1β mRNA expression in
both normoxia and hypoxia in human periodontal ligament
ce l l s (Pumkl in e t a l . 2016) . Ap igen in reduces
lipopolysaccharide-induced expression of IL-6, IL-8, and
COX-2 mRNA in IPEC-J2 nontransformed intestinal epithe-
lial cells (Farkas et al. 2015).

In contrast, apigenin suppresses the lipopolysaccharide-
stimulated production of chemokines through the extracellular
signal-regulated kinase (ERK)/MAPK pathway without inhi-
bition of the NF-κB activation (Huang et al. 2010). Apigenin
inhibits the di-(2-ethylhexyl)phthalate-stimulated expression
of inflammatory mediators by activation of JNKs but not by
activation of NF-κB and ERK/MAPK pathways (Wang et al.
2012).

Apigenin is demonstrated to have an anti-inflammatory ef-
fect. However, whether apigenin reduces lipopolysaccharide-
stimulated production of inflammatory mediators in
keratinocytes remains uncertain. Furthermore, the apigenin ef-
fect on the lipopolysaccharide-caused activation of the Akt,
mTOR, and NF-κB signaling pathways and the JNK and
p38-MAPK in keratinocytes has not been studied. In this re-
spect, we assessed the apigenin effect on lipopolysaccharide-
stimulated inflammatory mediator production in HEK001
keratinocytes and primary keratinocytes.

Materials and methods

Materials

Apigenin, Bay 11-7085 (an inhibitor of NF-κB activation and
p h o s p h o r y l a t i o n o f IκB -α , ( 2 E ) - 3 - [ [ 4 - ( 1 , 1 -
dimethylethyl)phenyl]sulfonyl]-2-propenenitrile), the Akt in-
hibitor (type II, SH-5)), rapamycin (a mTOR inhibitor),
SB203580 (a selective inhibitor of p38-MAPK), and horse-
radish peroxidase-conjugated anti-mouse IgG were purchased
from EMD-Calbiochem Co. (La Jolla, CA, USA). Enzyme-
linked immunosorbent assay (ELISA) kits for human
CXCL1/IL1β, human IL6, human thymus and activation-
regulated chemokine (TARC/CCL17), human cutaneous T
cell-attracting chemokine (CTACK/CCL27), human cycloox-
ygenase (COX)-2, and human/mouse/rat phosphorylated Akt
(Pan) were obtained from R&D Systems, Inc. (Minneapolis,
MN, USA). Antibodies (Toll-like receptor (TLR)-4, NF-κB
p65, NF-κB p50, phosphorylated IκB-α, Akt1, phosphorylat-
ed Akt1, mTOR, JNK, phosphorylated JNK, p38, phosphor-
ylated p38, and β-actin) were purchased from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA, USA). The
TransAM™ NF-κB p65 to DNA binding assay kit was pur-
chased from Active Motif® (Carlsbad, CA, USA).
Lipopolysaccharide (from Escherichia coli), SP600125 (a se-
lective inhibitor of c-JNK), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (carboxy-
PTIO), and NG-methyl-L-arginine acetate salt (L-NMMA)
were obtained from Sigma-Aldrich Inc. (St. Louis, MO,
USA).

Keratinocyte culture

Human keratinocytes (HEK001, tissue: skin; morphology: ep-
ithelial; cell type: human papillomavirus 16 E6/E7 trans-
formed) were obtained from American Type Culture
Collection (Manassas, VA, USA) and cultured in
keratinocyte-serum free media supplemented with bovine pi-
tuitary extract and recombinant epidermal growth factor
(GIBCO®, Invitrogen Co., Grand Island, NY, USA).

Normal human keratinocytes were provided from the
Department of Urology, Chung-Ang University Hospital
(Seoul, South Korea). Keratinocytes were prepared from neo-
natal foreskin discarded after circumcision (Kim et al. 2005)
in accordance with ethical guidelines. Neonatal foreskin was
chopped and split overnight in a sucrose-trypsin solution
(0.1% sucrose, 0.25% trypsin, and 1 mM EDTA) at 4 °C.
Keratinocyte suspension was cultured in EpiLife® medium
supplemented with growth factor (Cascade Biologics™,
Portland, OR, USA).

Cell numbers used in the ELISAwere based on manufac-
turers’ protocols and adjusted to measure the values under
suitable experimental conditions.

Immunoassays for IL-1β, IL-6, COX-2, CCL17,
and CCL27

Keratinocytes (1 × 106 cells/ml of medium for the cyto-
kine and COX assay, and 5 × 106 cells/ml of medium for
the chemokine assay) were grown in 24-well plate and
treated with 1 μg/ml lipopolysaccharide for 24 h. After
centrifugation at 412g for 10 min, the amounts of IL-1β,
IL-6, COX-2, CCL17, and CCL27 in the culture superna-
tants were analyzed using ELISA kits, according to the
manufacturer’s instructions. Absorbance of mixture was
measured at 450 nm using a microplate reader
(Magellan, Tecan, Salzburg, Austria).

Preparation of cytosolic and nuclear extracts

HEK001 keratinocytes (5 × 106 cells/ml of medium) were
treated with lipopolysaccharide for 30min at 37 °C. The levels
of TLR-4 in keratinocytes were measured after a 24-h
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incubation. Keratinocyte cytosolic and nuclear extracts were
prepared, as in previously described methods (Schreiber et al.
1989). Keratinocytes collected by centrifugation at 412g for
10 min were washed twice with phosphate buffered saline
(PBS). Keratinocytes were suspended in 100 μl lysis buffer
(10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride, 1 mM sodium orthovanadate, 2 μg/ml aprotinin,
2 μg/ml leupeptin, and 10 mM HEPES-KOH, pH 7.8) and
were made to swell on ice for 10 min. Next, 6 μl of a 10%
Nonidet NP-40 solution (final concentration of approximately
0.6%) was added to lysis buffer, and the mixtures were vigor-
ously vortexed for 10 s. The homogenates were centrifuged at
12,000g for 10 min at 4 °C. The supernatants were stored as
cytoplasmic extracts and kept at − 70 °C. The nuclear pellets
were resuspended in 75 μl of an ice-cold hypertonic solution
containing 5% glycerol and 0.4 M NaCl. The tubes were lo-
cated on ice for 30 min and then centrifuged at 12,000 g for
15 min at 4 °C. The supernatants as the nuclear extracts were
stored at − 70 °C. Protein concentrations were measured, ac-
cording to the manufacturer’s instructions (Bio-Rad
Laboratories, Hercules, CA, USA).

Western blot assays for the levels of signaling
proteins

The cytosolic and nuclear extracts for Western blot were treat-
ed with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer and then boiled.
Samples (45 μg protein/well) were loaded onto each lane of
a 10–12%SDS-polyacrylamide gel, electrophoresis was done,
and the proteins were transferred onto polyvinylidene
difluoride membranes (GE Healthcare Chalfont St. Giles,
Buckinghamshire, UK). The membranes were blocked for
2 h in TBST (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and
0.1% Tween 20). The membranes were labeled with the ap-
propriate antibody (TLR-4, NF-κB p65, NF-κB p50, phos-
phorylated IκB-α, Akt1, phosphorylated Akt, mTOR, JNK,
phosphorylated JNK, p38, phosphorylated p38, and β-actin)
overnight at 4 °C with gentle agitation. After 4 washes in
TBST (TBS containing 0.1%Tween 20), the membranes were
treated with horseradish peroxidase-conjugated anti-mouse
IgG. The membranes were then treated with SuperSignal®

West Pico chemiluminescence substrate, and the protein bands
which have enhanced chemiluminescence were visualized
using an image analyzer (ImageQuant™ LAS4000, GE
Healthcare Bio-Sciences AB, Bjӧrkgatan 30, 751 84
Uppsala, Sweden).

The densities of the protein bands were determined using
TINA 2.10g software licensed for Seoul National University
(SNU and SNUMD, Seoul, South Korea) and expressed as a
fold increase compared to the control density.

Assay for the DNA binding activity of NF-κB p65

The biding of NF-κB p65 to DNAwas measured, according to
the TransAM™ NF-κB kit user’s manual. Keratinocytes
(2 × 106 cells/ml of medium) were treated with lipopolysac-
charide for 30 min. Nuclear extracts were prepared, according
to the procedure described in the user’s manual, and added to a
96-well plate to which oligonucleotides containing an NF-κB
p65 consensus binding site (5′-GGGACTTTCC-3′) were
immobilized. The amount of nuclear extract in the sample
was determined to be 5 μg/20 μl. The DNA-binding active
NF-κB p65 was treated with a primary antibody specific for
NF-κB p65 and then with anti-rabbit horseradish peroxidase-
conjugated IgG. Next, the color developer and stop solutions
were sequentially added to the well plates. The absorbance of
mixture was measured at 450 nm with a reference wavelength
of 655 nm in a microplate reader.

Enzyme-linked immunosorbent assay
for phosphorylated Akt

Keratinocytes (1 × 106 cells/ml of medium) were treated with
lipopolysaccharide for 4 h. Keratinocytes were collected by
centrifugation at 412g for 10 min, washed twice with PBS,
and suspended in the lysis buffer provided from R&D
Systems for whole cell lysates. The homogenates were centri-
fuged at 2000g for 5 min and the supernatants were used for
the ELISA. The amount of protein in the sample was deter-
mined to be 60 μg/100 μl. The amounts of phosphorylated
Akt were measured, according to the manufacturer’s instruc-
tions for the immunoassays. The supernatants were treated
with the antibodies for the phosphorylated forms of the ki-
nases, next with the biotinylated detection antibodies, and
finally with streptavidin-horseradish-peroxidase. The absor-
bance was measured at 405 nm.

Measurement of intracellular reactive oxygen species
production

The dye 2′,7′-dichlorofluorescin-diacetate (DCFH2-DA),
which is oxidized to fluorescent 2′,7′-dichlorofluorescein
(DCF) by hydroperoxides, was used to determine relative
levels of cellular peroxides (Fu et al. 1998). Keratinocytes
(1 × 106 cells/ml of medium in 24-well plate) were treated
with lipopolysaccharide 24 h at 37 °C. The cells were washed,
suspended in keratinocyte-serum free media, treated with
50 μM dye for 30 min at 37 °C, and washed with PBS. The
cell suspensions were centrifuged at 412g for 10 min and the
medium was removed. The cells were lysed with 100 μl of
dimethyl sulfoxide, and the fluorescence was measured at an
excitation wavelength 485 nm and an emission wavelength
530 nm using a f luorescence micropla te reader
(SPECTRAFluor, Tecan, Salzburg, Austria).
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Measurement of nitrite/nitrate production

The nitric oxide liberated from keratinocytes was assayed by
measuring nitric oxide metabolites, nitrite, and nitrate (NOx).
Keratinocytes (1 × 105 cells/400 μl in 24-well plate) were
treated with lipopolysaccharide for 24 h at 37 °C. The nitrate
in the mixture was reduced to nitrite by being treated with
500 mU/ml nitrate reductase, 160 μM NADPH, and 4 μM
flavin adenine dinucleotide at room temperature for 2 h. The
mixture was treated with an equal amount of Griess reagent
(Sigma-Aldrich Inc.). The absorbance of mixture was mea-
sured at 540 nm, and the amount of nitrite was assayed using
sodium nitrite as the standard. The results were expressed as
total nitrite equivalents (NOx).

Measurement of cell viability

Cell viability was measured using an MTT reduction assay,
which is based on the conversion ofMTT to formazan crystals
bymitochondrial dehydrogenases (Mosmann 1983). HEK001
keratinocytes (3 × 104 cells/200 μl) were treated with apigenin
for 24 h at 37 °C. The mixture (200 μl) was treated with 10 μl
of a 10 mg/ml MTT solution for 2 h at 37 °C. After centrifu-
gation at 412g for 10 min, the mixture was removed and
100 μl of dimethyl sulfoxide was added to well plates to
dissolve the formazan. The absorbance of mixture was mea-
sured at 570 nm using a microplate reader (Magellan, Tecan,
Salzburg, Austria). Cell viability was expressed as a percent-
age of the value in untreated control cells.

Statistical analysis

The data are expressed as the mean ± SEM. The data from
these experiments were analyzed using a randomized block
design analysis of variance (ANOVA) with Tukey’s post hoc
test. A probability value of p < 0.05 was considered statistical-
ly significant.

Results

Apigenin suppressed the production
of the inflammatory mediators

The apigenin effect on the cytokine production in
keratinocytes treated with lipopolysaccharide was examined.
Apigenin reduced the lipopolysaccharide-stimulated cytokine
IL-1β and IL-6 production in HEK001 keratinocytes
(Fig. 1a). It had a maximal inhibition of approximately 68–
74% at 10 μM; beyond this concentration, the effect some-
what declined. Apigenin alone less than 15 μM did not sig-
nificantly induce cytokine production in cells not treated with
lipopolysaccharide. Apigenin at 15 μM alone increased the

levels of cytokines, which was not statistically significant,
compared to control values. Apigenin also inhibited the
lipopolysaccharide-caused increase in the levels of an induc-
ible enzyme COX-2, which plays a critical role in inflamma-
tion (Fig. 1c). We examined whether the lipopolysaccharide-
stimulated inflammatory mediator production was regulated
by the NF-κB, Akt, and mTOR pathways. Bay 11-7085
(2.5 μM), 0.5 μMAkt inhibitor, and 0.5 μMmTOR inhibitor
rapamycin reduced the lipopolysaccharide-caused increase in
the levels of IL-1β, IL-6, and COX-2 (Fig. 1b, c). We exam-
ined the combined effect of Bay 11-7085, Akt inhibitor, and
rapamycin on the production of cytokines and COX. The in-
hibitors alone reduced lipopolysaccharide-stimulated produc-
tion of cytokines and COX by 50–62, 50–64, and 53–63%,
respectively, in HEK001 keratinocytes and primary
keratinocytes. However, the combination reduced
lipopolysaccharide-stimulated production of cytokines and
C O X b y 8 8 – 9 0 % . We e x a m i n e d w h e t h e r
lipopolysaccharide-stimulated cytokine production was medi-
ated by reactive oxygen species. One millimolar thiol antiox-
idant N-acetylcysteine reduced the lipopolysaccharide-caused
increase in the levels of inflammatory mediators (Fig. 1b, c).
Signaling inhibitors and N-acetylcysteine alone did not induce
the production of inflammatory mediators in HEK001
keratinocytes.

We examined whether the lipopolysaccharide-stimulated
inflammatory mediator production was mediated by activa-
tion of the JNK and p38-MAPK. Twenty micromolars JNK
inhibitor SP600125 and 10 μM p38-MAPK inhibitor
SB203580 reduced the IL-1β production (Fig. 1d). Alone,
the inhibitors did not affect IL-1β production. We examined
the combined effect of JNK inhibitor and p38 inhibitor on IL-
1β p r oduc t i on . The i nh i b i t o r s a l on e r edu ced
lipopolysaccharide-stimulated IL-1β production by 32–33
and 37–38%, respectively, in HEK001 keratinocytes and pri-
mary keratinocytes. However, the combination reduced
lipopolysaccharide-stimulated IL-1β production by 61–63%.

In primary keratinocytes treated with lipopolysaccharide,
the apigenin effect on the IL-1β production was investigated.
Apigenin reduced the lipopolysaccharide-stimulated IL-1β
production (Fig. 2a). In primary keratinocytes, apigenin had
a maximal inhibition at 10 μM; beyond this concentration, the
effect declined. We examined whether the lipopolysaccharide-
stimulated cytokine production was mediated by the NF-κB,
Akt, and mTOR signaling pathways and by reactive oxygen
species. Bay 11-7085 (2.5 μM), 0.5 μMAkt inhibitor, 0.5 μM
rapamycin, and 1 mM N-acetylcysteine reduced the
lipopolysaccharide-stimulated IL-1β production (Fig. 2b).
Alone, the inhibitors and N-acetylcysteine did not affect the
IL-1β levels. Lastly, we examined the involvement of JNK
and p38 in IL-1β production. SP600125 (20 μM) and 10 μM
SB203580 reduced the IL-1β production (Fig. 2b). Alone, the
inhibitors did not induce the IL-1β production.
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The apigenin effect on the lipopolysaccharide-stimulated
chemokine production in keratinocytes was examined.
Apigenin reduced the lipopolysaccharide-stimulated production
of chemokines CCL27 and CCL17 in HEK001 keratinocytes
(Fig. 3a). It had a maximal inhibition at 10 μM; beyond this
concentration, the effect somewhat declined. Apigenin at 15μM
alone increased the levels of chemokines, which was not statis-
tically significant, compared to control values. We examined
whether the lipopolysaccharide-stimulated chemokine produc-
tionwas regulated by theNF-κB,Akt, andmTORpathways and
by reactive oxygen species. Bay 11-7085 (2.5μM), 0.5 μMAkt
inhibitor, 0.5 μM rapamycin, and 1 mM N-acetylcysteine re-
duced the lipopolysaccharide-stimulated production of CCL17
and CCL27 (Fig. 3b). Alone, the inhibitors did not alter the
chemokine production. Lastly, we examined the involvement
of JNK and p38 in CCL17 production. SP600125 (20 μM)
and 10 μM SB203580 reduced the CCL17 production (Fig.
3c). Alone, the inhibitors did not affect CCL17 production.
We examined the combined effect of Bay 11-7085, Akt inhibi-
tor, and rapamycin on chemokine production. The inhibitors
alone reduced lipopolysaccharide-stimulated chemokine pro-
duction by 56–57, 51–52, and 61–62%, respectively, in
HEK001 keratinocytes. However, the combination reduced

lipopolysaccharide-stimulated chemokine production by 89–
90%. Next, we examined the combined effect of JNK inhibitor
and p38 inhibitor on CCL17 production. The inhibitors alone
reduced lipopolysaccharide-stimulated IL-1β production by 37
and 41%, respectively, in HEK001 keratinocytes. However, the
combination reduced lipopolysaccharide-stimulated IL-1β pro-
duction by 68%.

Apigenin suppressed the increase in TLR-4 levels
and activation of NF-κB

We examined the apigenin effect on the activation of the sig-
naling pathway at the concentration 7.5 μM, which did not
affect cell viability. Lipopolysaccharide increased the TLR-4
levels, which was inhibited by the addition of 5–10 μM
apigenin and 1 mM N-acetylcysteine (Fig. 4a). Next, we in-
ve s t i ga t ed whe the r the ap igen in e f f ec t on the
lipopolysaccharide-stimulated inflammatory mediator pro-
duction in keratinocytes was achieved by reducing NF-κB
activation. Lipopolysaccharide caused an increase in the
levels of NF-κB p65, NF-κB p50, and phosphorylated IκB
inHEK001 keratinocytes, which was inhibited by the addition

Fig. 1 Apigenin suppressed the
production of cytokines and
increases in the levels of COX-2.
In a, HEK001 keratinocytes were
pretreated with 1–15 μM
apigenin for 20 min and then
treated with lipopolysaccharide
(LPS) in combination with
apigenin for 24 h. In b–d,
HEK001 keratinocytes were
pretreated with 2.5 μM Bay 11-
7085, 0.5 μM Akt inhibitor,
0.5 μM rapamycin, 1 mM N-
acetylcysteine (NAC), 20 μM
SP600125, or 10 μM SB203580
for 20 min and then treated with
lipopolysaccharide (LPS) in
combination with compounds for
24 h. The amounts of IL-1β and
IL-6 and the levels of COX-2
were measured using ELISA kits.
Data indicate the mean ± SEM,
n = 6. +p < 0.05 compared to the
control; *p < 0.05 compared to
lipopolysaccharide alone. BAR
indicates combination of Bay 11-
7085, Akt inhibitor, and
rapamycin, and Ji-p38i indicates
combination of JNK inhibitor and
p38 inhibitor
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of 7.5 μM apigenin, 2.5 μMBay 11-7085, 0.5 μMAkt inhib-
itor, and 0.5 μM rapamycin (Fig. 4b).

Fig. 2 Apigenin, signaling inhibitors, and N-acetylcysteine suppressed
IL-1β production in primary keratinocytes. In a, primary keratinocytes
were pretreated with 1–15 μM apigenin for 20 min and then treated with
lipopolysaccharide (LPS) in combination with apigenin for 24 h. In b,
primary keratinocytes were pretreated with 2.5 μMBay 11-7085, 0.5 μM
Akt inhibitor, 0.5 μM rapamycin, 1 mM N-acetylcysteine (NAC), 20 μM
SP600125, or 10 μM SB203580 for 20 min and then treated with
lipopolysaccharide (LPS) in combination with compounds for 24 h. The
amounts of IL-1β were measured using ELISA kit. Data indicate the
mean ± SEM, n = 6. +p < 0.05 compared to the control; *p < 0.05
compared to lipopolysaccharide alone. BAR indicates combination of
Bay 11-7085, Akt inhibitor, and rapamycin, and Ji-p38i indicates
combination of JNK inhibitor and p38 inhibitor

�Fig. 3 Apigenin suppressed the chemokine production. In a, HEK001
keratinocytes were pretreated with 1–15μMapigenin for 20min and then
treated with 1 μg/ml lipopolysaccharide (LPS) in combination with
apigenin for 24 h. In b and c, HEK001 keratinocytes were pretreated
with 2.5 μM Bay 11-7085, 0.5 μM Akt inhibitor, 0.5 μM rapamycin,
1 mM N-acetylcysteine (NAC), 20 μM SP600125, or 10 μM SB203580
for 20min and then treated with lipopolysaccharide (LPS) in combination
with compounds for 24 h. The amounts of CCL17 and CCL27 were
measured using ELISA kits. Data indicate the mean ± SEM, n = 6.
+p < 0.05 compared to the control; *p < 0.05 compared to
lipopolysaccharide alone. BAR indicates combination of Bay 11-7085,
Akt inhibitor, and rapamycin, and Ji-p38i indicates combination of JNK
inhibitor and p38 inhibitor
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The s upp r e s s i v e e f f e c t o f a p i g e n i n on t h e
lipopolysaccharide-caused NF-κB activation was confirmed
by measuring the binding of NF-κB p65 to DNA.
Nonstimulated cells showed a small increase in the NF-κB
p65 to DNA binding. Lipopolysaccharide increased the
NF-κB p65-DNA binding activity. Apigenin, Bay 11-7085,
the Akt inhibitor, rapamycin, and N-acetylcysteine inhibited
the lipopolysaccharide-caused increase in the NF-κB p65 to

DNA binding activity (Fig. 4c). Alone, the compounds did not
increase the binding of NF-κB p65 to DNA.

We examined the combined effect of Bay 11-7085, Akt in-
hibitor, and rapamycin on the NF-κB p65 to DNA binding
activity. The inhibitors alone reduced lipopolysaccharide-
caused increase in the NF-κB p65 to DNA binding activity by
51, 77, and 62%, respectively, in HEK001 keratinocytes.
However, the combination reduced lipopolysaccharide-caused

Fig. 4 Apigenin suppressed the
increases in the TLR-4 levels and
activation of NF-κB. HEK001
keratinocytes were pretreated
with 5–10 μM apigenin, 2.5 μM
Bay 11-7085, 0.5 μM Akt
inhibitor, 0.5 μM rapamycin, or
1 mM N-acetylcysteine (NAC)
for 20 min and treated with
1 μg/ml lipopolysaccharide in
combination with compounds for
30 min (for NF-κB assay) or 24 h
(for TLR-4 assay). In a and b, the
levels of TLR-4, NF-κB p65, NF-
κB p50, and phosphorylated IκB-
α were detected by Western
blotting with specific antibodies.
Data indicate representative of
three to four independent
experiments. The densities of
protein bands were determined
using TINA 2.10g software, and
data indicate a fold increase from
the control density. In c, the NF-
κB p65 to DNA binding activity
was measured using an assay kit.
Data indicate the mean ± SEM,
n = 5. +p < 0.05 compared to the
control; *p < 0.05 compared
lipopolysaccharide alone. BAR
indicates combination of Bay 11-
7085, Akt inhibitor, and
rapamycin, and Ji-p38i indicates
combination of JNK inhibitor and
p38 inhibitor
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increase in the NF-κB p65 to DNA binding activity by 91%.
Next, we examined the combined effect of the JNK inhibitor and
p38 inhibitor on the NF-κB p65 to DNA binding activity. The
inhibitors alone reduced lipopolysaccharide-caused increase in
the NF-κB p65 to DNA binding activity by 32 and 37%, respec-
tively, in HEK001 keratinocytes. However, the combination re-
duced lipopolysaccharide-caused increase in the NF-κB p65 to
DNA binding activity by 57%.

Apigenin suppressed the activation of JNK
and p38-MAPK

Lipopolysaccharide-caused activation of the JNK and p38-
MAPK was investigated by monitoring Western blot finding.
Lipopolysaccharide increased the levels of phosphorylated
JNK and phosphorylated p38 in HEK001 keratinocytes
(Fig. 5a). Apigenin, 2.5 μM Bay 11-7085, 20 μM SP600125,
and 10 μM SB203580 reduced the lipopolysaccharide-caused
phosphorylation of the JNK and p38 in HEK001 keratinocytes
(Fig. 5a). Next, we examined whether the lipopolysaccharide-
caused increase in the binding of NF-κB p65 to DNAwas reg-
ulated by JNK and p38. Twenty micromolars SP600125 and
10 μM SB203580 reduced the lipopolysaccharide-caused in-
crease in the NF-κB p65 to DNA binding in HEK001
keratinocytes (Fig. 5b). Alone, the inhibitors did not affect the
NF-κB p65-DNA binding activity.

Apigenin suppressed Akt activation and increase
in mTOR levels

We examined whether the lipopolysaccharide-stimulated in-
flammatory mediator production was regulated by the Akt/
mTOR pathway. To define the inhibitory effect of apigenin,
we examined the apigenin effect on the changes in the levels
of phosphorylated Akt at a 4-h exposure to lipopolysaccha-
ride. Apigenin, the Akt inhibitor, and N-acetylcysteine
inhibited the lipopolysaccharide-caused activation of Akt,
i.e., increase in the phosphorylated Akt1 levels, while lipo-
polysaccharide did not affect the levels of Akt1 (upper part
in Fig. 6a).We further examinedwhether the apigenin reduced
Akt phosphorylation. Apigenin, the Akt inhibitor, and N-
acetylcysteine inhibited the lipopolysaccharide-caused phos-
phorylation of Akt (lower part in Fig. 6a). Alone, apigenin, the
Akt inhibitor, and N-acetylcysteine did not cause phosphory-
lation of Akt.

We examined whether the lipopolysaccharide-stimulated
inflammatory mediator production was regulated by mTOR
signaling. HEK001 keratinocytes treated with lipopolysaccha-
ride exhibited an increase in the levels of mTOR. Apigenin,
the Akt inhibitor, rapamycin, and N-acetylcysteine inhibited
the increase in the levels of mTOR (Fig. 6b).

Apigenin reduced the production of reactive oxygen
species and nitric oxide

The production of reactive oxygen species within
keratinocytes treated with lipopolysaccharide cells was mea-
sured bymeasuring a conversion of DCFH2-DA to fluorescent

Fig. 5 Apigenin suppressed the activation of JNK and p38. In a, HEK001
keratinocytes were pretreated with 20 μM SP600125 or 10 μM
SB203580 for 20 min and then treated with 1 μg/ml lipopolysaccharide
in combination with SP600125 or SB203580 for 4 h. The levels of JNK,
phosphorylated JNK, p38, and phosphorylated p38 were detected by
Western blotting with specific antibodies. The densities of protein bands
were determined using TINA 2.10g software, and data indicate a fold
increase from the control density. Data indicate representative of three
to four different experiments. In b, the NF-κB p65 to DNA binding
activity was measured using an assay kit. Data indicate the mean ±
SEM, n = 6. +p < 0.05 compared to the control; *p < 0.05 compared to
lipopolysaccharide alone
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DCF. HEK001 keratinocytes treated with lipopolysaccharide
showed an increase in DCF fluorescence. Apigenin and the
oxidant scavengers (N-acetylcysteine and 40 μM trolox (a
cell-permeable, water-soluble analog of vitamin E with
quenching effect on free radicals) inhibi ted the
lipopolysaccharide-caused increase in DCF fluorescence
(Fig. 7a). Alone, the oxidant scavengers did not induce chang-
es in DCF fluorescence.

The production of nitric oxide in keratinocytes treated with
lipopolysaccharide was examined. HEK001 keratinocytes
treated with lipopolysaccharide for 24 h liberated 4.50 ±
0.10 μM NOx, the nitric oxide metabolites nitrite and nitrate
(mean ± SEM, n = 6). Apigenin, N-acetylcysteine, 50 μM ru-
tin (nitric oxide synthase inhibitor), 50 μM carboxy-PTIO

(nitric oxide scavenger), and 500 μM L-NMMA (nitric oxide
synthase inhibitor) inhibited the lipopolysaccharide-caused
NOx production (Fig. 7b). The compounds alone did not in-
duce changes in the NOx levels.

Apigenin (up to 10 μM) did not cause cell death

To assess whether the inhibitory effect of apigenin on the
stimulated keratinocyte responses can be affected by changes
in cell viability, we examined the cytotoxicity of apigenin
using the MTT assay, which provides rapid and precise data
for cellular growth and survival. When the keratinocytes were
treated with apigenin for 24 h, approximately 5 and 9% of cell
death at 10 and 15 μM were detected, respectively (Fig. 8).

Fig. 6 Apigenin suppressed
changes in the levels of
phosphorylated Akt and mTOR.
In a, keratinocytes were treated
with 1 μg/ml lipopolysaccharide
in combination with compounds
(7.5 μM apigenin, 0.5 μM Akt
inhibitor, and 1 mM N-
acetylcysteine (NAC)) for 4 h.
Next, the levels of
phosphorylated Akt1 and the
phosphorylation of Akt were
detected by Western blotting and
ELISA kit. In Western blotting,
the densities of protein bands
were determined using TINA
2.10g software, and data represent
a fold increase from the control
density. Data indicate
representative of three to four
independent experiments. Data
represent the mean ± SEM, n = 6.
+p < 0.05 compared to the
control; *p < 0.05 compared to
lipopolysaccharide alone. In b,
HEK001 keratinocytes were
treated with 1 μg/ml
lipopolysaccharide in
combination with compounds
(7.5 μM apigenin 0.5 μM Akt
inhibitor, 0.5 μM rapamycin, and
1 mM N-acetylcysteine (NAC))
for 4 h, and the levels of mTOR
were detected byWestern blotting
and data indicate representative of
three to four independent
experiments
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Discussion

Apigenin has been shown to exhibit anti-inflammatory and
regulatory effect on immune responses. However, the
apigenin effect on the lipopolysaccharide-stimulated inflam-
matory mediator production in keratinocytes has not been
studied. Apigenin inhibited the lipopolysaccharide-
stimulated production of cytokines IL-1β and IL-6 and
chemokines CCL17 and CCL27 and the increase in the levels

of an inducible inflammatory enzyme COX-2 in HEK001
keratinocytes and primary keratinocytes. Proinflammatory cy-
tokines and chemokines are involved in skin inflammation
and immune reaction (Schaerli and Moser 2005; Pastore
et al. 2006). COX-2 upregulated during inflammatory states
produces the prostanoids responsible for the generation of
pain and inflammation (Vane and Botting 1998). These results
indicate that apigenin may reduce the inflammatory and im-
mune reactions in skin by reducing the production of cyto-
kines and chemokines and the expression of COX-2.

Lipopolysaccharide stimulates the production of proin-
flammatory mediators through the TLR-4-mediated NF-κB
activation (Song et al. 2002; Lee et al. 2010; Ge et al. 2012).
The phosphorylation and proteolytic degradation of IκB and,
subsequently, the translocation of NF-κB dimers to the nucle-
us trigger the activation of target genes responsible for the
synthesis of cytokines and chemokines (Ghosh and Hayden
2008; Napetschnig and Wu 2013). In the present study, lipo-
polysaccharide increased the levels of the TLR-4, the levels of
phosphorylated IκB and NF-κB p65/50, and the binding of
NF-κB p65 to DNA in HEK001 keratinocytes. These results
show that lipopolysaccharide stimulates the production of in-
flammatory mediators by causing the TLR-4-dependent
NF-κB pathway activation, i.e., the nuclear translocation and
binding of activated NF-κB dimers to DNA at specific sites.
Connectively, apigenin may inhibit the lipopolysaccharide-
stimulated inflammatory mediator production by reducing
the TLR-4-mediated NF-κB activation.

The PI3K, Akt, and mTOR pathways regulate NF-κB ac-
tivation (Lee et al. 2008; Thomson et al. 2009; Zhong et al.
2012). Lipopolysaccharide has been shown to cause NF-κB
activation by activating the PI3K/Akt/mTOR pathways
(Thomson et al. 2009; Zhong et al. 2012; Ma et al. 2015).
We examined whether the lipopolysaccharide-caused NF-κB

Fig. 7 Apigenin suppressed the production of reactive oxygen species
and nitric oxide. In a, HEK001 keratinocytes were treated with 1 μg/ml
lipopolysaccharide in combination with compounds (7.5 μM apigenin,
1 mM N-acetylcysteine (NAC), and 40 μM trolox) for 24 h. The increase
in DCF fluorescence, which indicates production of reactive oxygen
species production, was measured and data indicate arbitrary units (a.u.)
of fluorescence. In b, HEK001 keratinocytes were treated with 1 μg/ml
lipopolysaccharide in combination with compounds (7.5 μM apigenin,
1 mM N-acetylcysteine (NAC), 50 μM rutin (nitric oxide synthase
inhibitor), 50 μM carboxy-PTIO, and 500 μM L-NMMA (nonselective
inhibitor of all nitric oxide synthase isoforms) for 24 h. The amounts of
NOx, the nitric oxide metabolites nitrite and nitrate, were measured and
data indicate mean ± SEM, n = 6. +p < 0.05 compared to control;
*p < 0.05 compared to lipopolysaccharide alone

Fig. 8 Apigenin (up to 10 μM) did not cause cell death. Keratinocytes
were treated with 1–15μMof apigenin for 24 h and then cell viability was
measured using the MTT reduction assay. Data indicate mean ± SEM,
n = 6. +p < 0.05 compared to the control (percentage of control)

280 Naunyn-Schmiedeberg's Arch Pharmacol (2018) 391:271–283



activation-mediated inflammatory mediator production was
regulated by the Akt and mTOR signaling in keratinocytes.
Apigenin, the Akt inhibitor, and rapamycin inhibited the
lipopolysaccharide-caused increases in the levels of phosphor-
ylated Akt and mTOR, activation of NF-κB, and production
of inflammatory mediators. These results suggest that
apigenin may inhibit the lipopolysaccharide-stimulated in-
flammatory mediator production by reducing the activation
of the Akt, mTOR, and NF-κB pathways.

Reactive oxygen and nitrogen species, including nitric ox-
ide, have been shown to be engaged in the physiological regu-
lation of cellular functions and also in pathologic conditions
such as chronic inflammatory diseases (Gloire et al. 2006;
Sharma et al. 2007; Sun and Zhang 2007; Siomek 2012).
Lipopolysaccharide stimulates the production of reactive oxy-
gen and nitrogen species (Hsu and Wen 2002; Lee et al. 2003;
Sharma et al. 2007). The thiol antioxidant N-acetylcysteine in-
hibits lipopolysaccharide-stimulated cytokine production by re-
ducing reactive oxygen species production (Hsu and Wen
2002). In the present study, N-acetylcysteine inhibited the
lipopolysaccharide-caused increases in the levels and activity
of TLR-4, phosphorylated Akt, and mTOR; NF-κB activation;
and production of reactive oxygen/nitrogen species. It has been
shown that reactive oxygen species activate NF-κB through
PI3K/Akt signaling pathways (Korbecki et al. 2013). Thus,
the present study suggests that the lipopolysaccharide-caused
activation of the Akt, mTOR, and NF-κB pathways may be
achieved by the production of reactive oxygen species and ni-
trogen species. Apigenin attenuates the lipopolysaccharide-
stimulated release of 8-isoprostane, a marker of oxidative stress
(Lim et al. 2013). Unlike this report, apigenin at 25 μM in-
creases the proinflammatory cytokine-caused production of
peroxides and nitric oxide (Crespo et al. 2008). Thus, it is un-
clear whether the inhibitory effect of apigenin on the NF-κB-
mediated inflammatory responses is associated with inhibition
of reactive oxygen species production. In the present study,
apigenin and the oxidant scavengers inhibited the
lipopolysaccharide-caused activation of Akt, mTOR, and
NF-κB pathways and the production of reactive oxygen species
and nitric oxide. These results suggest that apigenin may inhibit
the Akt, mTOR, and NF-κB activation-stimulated inflammato-
ry mediator production by reducing the reactive oxygen species
and nitric oxide production.

In the present study, the combination of Bay 11-7085, Akt
inhibitor, and rapamycin did not completely inhibit the
lipopolysaccharide-caused production of cytokines, COX,
and chemokines and the binding of NF-κB p65 to DNA.
These findings suggest that in addition to the Akt, mTOR,
and NF-κB pathways, other regulatory processes appear to
be involved in the lipopolysaccharide-caused inflammatory
production.

We examined whether the apigenin effect on the inflamma-
tory mediator production may be attributed to cytotoxic effect.

Apigenin caused cell death by approximately 3 and 5% at 7.5
and 10 μM in HEK001 keratinocytes, respectively. Apigenin
caused cell death by approximately 9% at 15 μM in
keratinocytes. Thus, apigenin (up to 10 μM) may reduce the
production of inflammatory mediators, production of reactive
oxygen species, and activation of signaling pathways without
influence on cell viability. However, the apigenin effect at
higher concentrations appears to be affected by cell viability
changes.

The MAPK subfamilies JNK and p38-MAPK play a criti-
cal role in the maintenance of inflammation and innate immu-
nity (Kim and Choi 2015; Kim et al. 2016; Liu et al. 2016).
Lipopolysaccharide stimulates the expression of inducible ni-
tric oxide synthase (iNOS), COX-2, and proinflammatory cy-
tokines in microglial cells through the activation of NF-κB
and JNK/p38-MAPKs/Akt pathways (Kim et al. 2016; Liu
et al. 2016). Lipopolysaccharide induces the production of
proinflammatory mediators and expressions of iNOS and
COX-2 in RAW264.7 cell lines through activation of JNK
and p38-MAPK (Park et al. 2016). Lipopolysaccharide in-
duces the cytokine expression in RAW264.7 cells by activat-
ing the NF-κB, p38-MAPK, JNK, and ERK (Wu et al. 2016).

In this respect, we examined whether apigenin can inhibit
lipopolysaccharide-stimulated inflammatory mediator produc-
tion by affecting JNK and p38-MAPK activation. HEK001
keratinocytes treated with lipopolysaccharide showed an in-
crease in the cytosolic levels of phosphorylated JNK and phos-
phorylated p38. Apigenin, N-acetylcysteine, the JNK inhibitor
(SP600125), and the p38-MAPK inhibitor (SB203580) re-
duced the lipopolysaccharide-stimulated production of the cy-
tokines and chemokines and the increase in the cytosolic and
nuclear levels of NF-κB p65, NF-κB p50, phosphorylated IκB,
phosphorylated JNK, and phosphorylated p38. These results
suggest that apigenin may reduce the lipopolysaccharide-
stimulated inflammatory mediator production in keratinocytes
by reducing JNK and p38-MAPK activation. Further, the in-
hibitory effect of N-acetylcysteine on JNK and p38-MAPK
activation indicates that the lipopolysaccharide-caused activa-
tion of JNK and p38-MAPK appears to be achieved by reactive
oxygen species production in keratinocytes. Thus, the suppres-
sive effect of apigenin on JNK and p38-MAPK activation may
be achieved by the inhibition of reactive oxygen/nitrogen spe-
cies production.

In the present study, the combination of JNK inhibitor and
p38 inhibitor did not completely inhibit lipopolysaccharide-
caused production of IL-1β and CCL17 and the binding of
NF-κB p65 to DNA. These finding suggests that along with
the JNK and p38-MAPK signaling, other regulatory processes
appear to be involved in the lipopolysaccharide-caused in-
flammatory production.

Apigenin has been shown to suppress lipopolysaccharide-
stimulated IL-1β mRNA expression in human periodontal
ligament cells (Pumklin et al. 2016). Apigenin attenuates
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lipopolysaccharide-induced expression of cytokine, chemo-
kine, and COX-2 mRNA in IPEC-J2 nontransformed intesti-
nal epithelial cells (Farkas et al. 2015). These reports suggest
that apigenin may interfere with lipopolysaccharide-caused
inflammatory production at a very early step in the
lipopolysaccharide-acting pathway.

Overall, the results show that apigenin may reduce the
lipopolysaccharide-caused proinflammatory mediator produc-
tion in keratinocytes by reducing the TLR-4-dependent acti-
vation of the Akt, mTOR, and NF-κB pathways, and activa-
tion of the JNK and p38-MAPK. The suppressive effect of
apigenin on the activation of signaling transduction pathways
and production of inflammatory mediators appears to be
achieved by the inhibition of reactive oxygen/nitrogen species
production. Additionally, apigenin appears to reduce the Akt,
mTOR, and NF-κB pathway- and the JNK and p38-MAPK-
mediated inflammatory skin diseases.
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