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Sesquiterpene lactone parthenolide attenuates production
of inflammatory mediators by suppressing the Toll-like
receptor-4-mediated activation of the Akt, mTOR,
and NF-κB pathways
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Abstract Microbial product lipopolysaccharide has been
shown to be involved in the pathogenesis of inflammatory
skin diseases. Parthenolide present in extracts of the herb fe-
verfew has demonstrated an anti-inflammatory effect.
However, the effect of parthenolide on the Akt/mTOR and
NF-κB pathway activation-induced productions of inflamma-
tory mediators in keratinocytes has not been studied. Using
human keratinocytes, we investigated the effect of
parthenolide on the inflammatory mediator production in re-
lation to the Toll-like receptor-4-mediated-Akt/mTOR and
NF-κB pathways, which regulate the transcription genes in-
volved in immune and inflammatory responses. Parthenolide,
Akt inhibitor, Bay 11–7085, and N-acetylcysteine each atten-
uated the lipopolysaccharide-induced production of IL-1β
and PGE2, increase in the levels of cyclooxygenase, formation
of reactive oxygen species, increase in the levels of Toll-like
receptor-4, and activation of the Akt/mTOR and NF-κB in
keratinocytes. The results show that parthenolide appears to
attenuate the lipopolysaccharide-stimulated production of in-
flammatory mediators in keratinocytes by suppressing the
Toll-like receptor-4-mediated activation of the Akt, mTOR,
andNF-κB pathways. The activation of signaling transduction
pathways appear to be regulated by reactive oxygen species.

Parthenolide appears to attenuate the microbial product-
mediated inflammatory skin diseases.
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Introduction

Keratinocytes are considered to be implicated in the inflam-
matory and immune responses in skin through the production
of proinflammatory cytokines and chemokines (Pastore et al.
2006; Tsuruta 2009). Keratinocytes respond to microbial
products, such as lipopolysaccharide, through the activation
of Toll-like receptors, thereby producing various cytokines
(Baker 2006; Begon et al. 2007; Kang et al. 2006).
Lipopolysaccharide induces immune and inflammatory re-
sponses by expressing Toll-like receptors (Takeda and Akira
2005; Thomson et al. 2009). Toll-like receptor 4, one of the
Toll-like receptors, plays a critical role in recognizing micro-
bial lipopolysaccharide (Takeda and Akira 2005).
Lipopolysaccharide binding to keratinocyte CD14 and subse-
quent activation of Toll-like receptor 4 causes an activation of
nuclear factor (NF)-κB and the secretion of proinflammatory
cytokines and chemokines (Song et al. 2002; Takeda and
Akira 2005). Lipopolysaccharide induces the activation of
the phosphatidylinositol (PI) 3-kinase/Akt (protein kinase
B)/mammalian target of rapamycin (mTOR) signaling path-
ways, which is followed by activation of transcription factors,
including activator protein-1 and NF-κB (Thomson et al.
2009; Zhong et al. 2012). NF-κB regulates genes responsible
for the innate and adaptive immune responses as well as in-
flammation (Ghosh and Hayden 2008). NF-κB activation is
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triggered by a variety of agents, including cytokine TNF-α,
oxidative stress, and DNA damage (Ghosh and Hayden 2008;
Gloire et al. 2006; Siomek 2012). Reactive oxygen species
play a critical role in the physiological regulation of cellular
functions and are involved in pathologic conditions, such as
inflammation and cell death (Marchi et al. 2012). They have
been shown to induce the activation of NF-κB (Gloire et al.
2006; Siomek 2012).

Parthenolide is a major sesquiterpene lactone present in
extracts of the herb feverfew Tanacetum parthenium and is
found in highest concentration in the flowers and fruit
(Kwok et al. 2001; Nam 2006; Yuan et al. 2006).
Parthenolide has been shown to exhibit anti-inflammatory ef-
fects by suppressing NF-κB activation (Juliana et al. 2010;
Kwok et al. 20001; Magni et al. 2012; Nam 2006).
Parthenolide blocks the hyperalgesic response and attenuates
the edema response in the rat carrageenan inflammationmodel
(Feltenstein et al. 2004). Parthenolide inhibits the activity of
multiple inflammasomes, which process the inactive pro-IL-
1β and pro-IL-18 into the active proinflammatory cytokines
IL-1β and IL-18, in macrophages by directly inhibiting the
protease activity of caspase-1 (Juliana et al. 2010).
Parthenolide suppresses the IL-4 protein levels in anti-CD3/
CD28-stimulated peripheral blood T cells from allergic and
normal donors (Li-Weber et al. 2002). Unlike this report, in
the spleens of mice treated with lipopolysaccharide, the induc-
tion of IL-6 messenger RNA (mRNA) only decreased, while
mRNAs of TNF-alpha and COX-2 are not changed, and IL-
1beta mRNA increased (Smolinski and Pestka 2005).

Parthenolide is demonstrated to have an anti-inflammatory
effect. Keratinocytes are known to be involved in the skin
inflammatory and immune responses. However, the effect of
parthenolide on the Akt/mTOR and NF-κB pathway
activation-induced productions of inflammatory mediators in
keratinocytes has not been studied. Using human
keratinocytes, we investigated the effect of parthenolide on
lipopolysaccharide-induced inflammatory mediator produc-
tion in relation to the Toll-like receptor 4 expression-
mediated activations of the Akt, mTOR, and NF-κB path-
ways. Then, we assessed the effect and action of parthenolide
as a preventative compound to treat microbial product-
mediated inflammatory skin diseases.

Materials and methods

Materials

Parthenolide, rapamycin, Bay 11–7085 ((2E)-3-[[4-(1,1-
dimethylethyl)phenyl]sulfonyl]-2-propenenitrile), Akt inhibi-
tor (type II, SH-5) and horseradish peroxidase-conjugated an-
ti-mouse IgG were purchased from EMD-Calbiochem. Co.
(La Jolla, CA, USA). Enzyme-linked immunosorbent assay

(ELISA) kits for human CXCL1/IL1β, human cyclooxygen-
ase-2, human/mouse/rat phospho-Akt (Pan), and a parameter
assay kit for prostaglandin E2 were purchased from R&D
systems, Inc. (Minneapolis, MN, USA). Antibodies (Toll-like
receptor (TLR)-4, NF-κB p65, NF-κB p50, phospho-IκB-α,
phospho-Akt1, Akt1, mTOR, and β-actin) were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). The TransAMTM NF-κB assay kit was purchased from
Active Motif® (Carlsbad, CA, USA). Lipopolysaccharide
(from Escherichia coli), cell counting kit-8, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), N-
acetylcysteine and other chemicals were purchased 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 purchased from American Type Culture
Collection (Manassas, VA, USA) and cultured in keratinocyte
serum-free media supplemented with bovine pituitary extract,
recombinant epidermal growth factor, 100 units/ml penicillin
and 100 μg/ml streptomycin (GIBCO®, Invitrogen Co.,
Grand Island, NY, USA).

Immunoassays for IL-1β, PGE2, and cyclooxygenase-2

Keratinocytes (1×105 cells/300 μl for the cytokine assay or 4
x 104 cells/400 μl for the cyclooxygenase-2 assay) were
grown in a 24-well plate and treated with 1 μg/ml lipopoly-
saccharide for 24 h. After centrifugation at 412g for 10 min,
the amounts of IL-1β and PGE2 in the culture supernatants
were analyzed using the ELISA and parameter kits, according
to the manufacturer’s instructions. The cytosolic levels of
cyclooxygenase-2 in cell lysates were analyzed using the
ELISA kit, according to the manufacturer’s instruction.
Absorbancewas measured at 450 nm using amicroplate reader
(Magellan, TECAN, Salzburg, Austria).

Preparation of cytosolic and nuclear extracts

Keratinocytes (5×106 cells/ml) were treated with lipopolysac-
charide for 30 min at 37 °C. Exceptionally, to assay the levels
of TLR-4, keratinocytes were treated with lipoteichoic acid
24 h. Keratinocyte cytosolic and nuclear extracts were pre-
pared, as a previously described (Schreiber et al. 1989).
Keratinocytes were harvested by centrifugation at 412g for
10 min and washed twice with phosphate buffered saline
(PBS). The cells were suspended in 400-μl lysis buffer
(10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM dithiothreitol, 0.5 mM PMSF, 1 mM sodium
orthovanadate, 2 μg/ml aprotinin, 2 μg/ml leupeptin, and
10 mM HEPES-KOH, pH 7.8) and were allowed to swell on

922 Naunyn-Schmiedeberg's Arch Pharmacol (2015) 388:921–930



ice for 15 min. Next, 25 μl of a 10 % Nonidet NP-40 solution
(final concentration approximately 0.6 %) was added, and the
tubes were vigorously vortexed for 10 s. The homogenates
were centrifuged at 12,000g for 10 min at 4 °C. The superna-
tants were stored as cytoplasmic extracts and kept at −70 °C.
The nuclear pellets were resuspended in 50 μl of an ice-cold
hypertonic solution containing 5 % glycerol and 0.4 M NaCl
lysis buffer. The tubes were incubated on ice for 30 min and
then centrifuged at 12,000g for 15 min at 4 °C. The superna-
tants were collected as the nuclear extracts and stored at
−70 °C. Protein concentrations were determined using the
Bradford method according to the manufacturer’s instructions
(Bio-Rad Laboratories, Hercules, CA, USA).

Western blot for phospho-IκB and NF-κB levels

The cytosolic fraction for the TLR-4 assay and the cytosolic
and nuclear extracts for the NF-κB assay were mixed with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer and boiled for 5 min. Samples
(30 μg protein/well) were loaded onto each lane of a 10–
12 % SDS-polyacrylamide gel and transferred onto
polyvinylidene difluoride membranes (GE Healthcare
Chalfont St. Giles, Buckinghamshire, UK). Membranes were
blocked for 2 h in Tris-buffered saline (TBS) (50 mM Tris–
HCl, pH 7.5 and 150 mM NaCl) containing 0.1 % Tween 20
and 5 % non-fat dried milk. Each membrane was labeled with
the appropriate antibody (TLR-4, NF-κB p65, NF-κB p50,
phospho-IκB-α, Akt1, mTOR, or β-actin) overnight at 4 °C
with gentle agitation. After four washes in TBS containing
0.1 % Tween 20, the membranes were incubated with horse-
radish peroxidase-conjugated anti-mouse IgG for 2 h at room
temperature. Membranes were treated with SuperSignal®
West Pico chemiluminescence substrate and protein bands
were visualized by detecting the enhanced chemilumines-
cence in an appropriate image analyzer (Lite for Las-1000
plus version 1.1; Fuji Photo Film Co., Tokyo, Japan).

Assay for DNA binding activity of NF-κB

The biding of NF-κB p65 to DNAwas determined according
to the user’s manual for the TransAMTM NF-κB kit.
Keratinocytes (2×106 cells/ml) were treated with lipopolysac-
charide for 30 min. Nuclear extracts were prepared according
to the procedure described in the Active Motif® protocol and
added to a 96-well plate to which oligonucleotides containing
an NF-κB consensus binding site (5 -GGGACTTTCC-3 )
were immobilized. The active NF-κB p65 bound to DNA
was exposed to a primary antibody specific for NF-κB p65,
which was reacted with anti-rabbit horseradish peroxidase-
conjugated IgG. Next, the color developer and stop solutions
were added to the plate. The absorbance of samples was

measured at 450 nm with a reference wavelength of 655 nm
in a microplate reader.

Enzyme-linked immunosorbent assays
for phosphorylated Akt

Keratinocytes (1×106 cells/ml) were treated with lipopolysac-
charide for 4 h. Cells were harvested by centrifugation at 412g
for 10min, washed twice with PBS, and suspended in the lysis
buffer provided by R&D systems for whole cell lysates. The
homogenates were centrifuged at 2000g for 5 min and the
supernatant was used for the ELISA. The amounts of phos-
phorylated Akt were determined according to the manufac-
turer’s instructions for the immunoassays. The supernatants
were exposed first to the antibodies for the phosphorylated
forms of the kinases, next to the biotinylated detection anti-
bodies, and finally to streptavidin-horseradish-peroxidase.
The absorbance was measured at 405 nm.

Measurement of intracellular reactive oxygen species
formation

The dye DCFH2-DA, which is oxidized to fluorescent
dichlorofluorescein (DCF) by hydroperoxides, was used to
measure relative levels of cellular peroxides (Fu et al. 1998).
Keratinocytes (1×105 cells/400μl in 24-well plate) were treat-
ed with lipopolysaccharide 24 h at 37 °C. The cells were
washed, suspended in fetal bovine serum-free RPMI-1640,
incubated with 50 μM dye for 30 min at 37 °C and washed
with phosphate buffered saline. The cell suspensions were
centrifuged at 412g for 10 min and medium was removed.
The cells were dissolved with 1 % Triton X-100 and fluores-
cence was measured at an excitation wavelength of 485 nm
and an emission wavelength of 530 nm using a fluorescence
microplate reader (SpectraFluor, TECAN, Salzburg, Austria).

Measurement of cell viability

Cell viability was measured using an MTT reduction assay,
which is based on the conversion ofMTT to formazan crystals
by mitochondrial dehydrogenases (Mosmann 1983). Cells
(3×104) were treated with parthenolide for 24 h at 37 °C.
The medium (200 μl) was incubated with 10 μl of a
10 mg/ml MTT solution for 2 h at 37 °C. After centrifugation
at 412g for 10 min, the culture medium was removed and
100 μl of dimethyl sulfoxide was added to each well to dis-
solve the formazan. The absorbance was measured at 570 nm
using a microplate reader (Magellan, TECAN, Salzburg,
Austria). Cell viability was expressed as a percentage of the
valuemeasured from the control cultures in which the cells did
not receive any treatments.

Cell viability was also measured by monitoring the reduc-
tion of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,
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4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8)
to a water-soluble formazan dye (Ishiyama et al. 1997).
Cells (3×104) were treated with parthenolide for 24 h at
37 °C. The medium (200 μl) was incubated with 10 μl of cell
counting kit-8 (Sigma-Aldrich Inc.) for 2 h at 37 °C. After
incubation, the reaction was stopped by the addition of 1 %
(wt/vol) sodium dodecylsulfate to each well. The absorbance
was measured at 450 nm using a microplate reader with a
reference wavelength at 650 nm.

Statistical analysis

The data are expressed as the mean±SEM. Statistical analyses
were performed by one-way analysis of variance (ANOVA).
When significance was detected, the post hoc comparisons
between the different groups were made using Duncan’s test
for multiple comparisons. A probability value of p<0.05 was
considered statistically significant.

Results

The effect of parthenolide on the production and levels
of inflammatory mediators

The effect of parthenolide on the production and changes in
the levels of inflammatory mediators in keratinocytes ex-
posed to lipopolysaccharide was examined. Keratinocytes
treated with parthenolide exhibited a concentration-
dependent reduction in lipopolysaccharide-induced pro-
duction of IL-1β and PGE2 (Fig. 1). Parthenolide also
inhibited lipopolysaccharide-induced increase in the levels
of an inducible enzyme cyclooxygens-2, which plays a crit-
ical role in inflammation. Treatment with parthenolide
alone, up to 10 μM, did not significantly induce cytokine
production in cells not treated with lipopolysaccharide. We
examined whether the lipopolysaccharide-induced produc-
tion of inflammatory mediators was mediated by the NF-
kB, Akt, and mTOR signaling pathways. Treatment with
2.5 μM Bay 11–7085 (an irreversible inhibitor of IkB-α
phosphorylation), 0.5 μM Akt inhibitor or 0.5 μM mTOR
inhibitor rapamycin reduced the lipopolysaccharide-
induced production and changes in the levels of IL-1β,
PGE2, and cyclooxygens-2 (Fig. 2). Alone, the inhibitors
did not induce production and changes in the levels of IL-
1β, PGE2, and cyclooxygens-2. We examined whether
lipopolysaccharide-induced production of inflammatory
mediators was mediated by reactive oxygen species. One
millimeter Thiol compound N-acetylcysteine reduced the
lipopolysaccharide-induced production and changes in the
levels of IL-1β, PGE2, and cyclooxygens-2 (Fig. 2).

The effect of parthenolide on NF-κB activation

The effect of parthenolide on lipopolysaccharide-induced ac-
tivation of Toll-like receptor 4, which results in the stimulated
response of keratinocytes, was examined. Lipopolysaccharide
increased the Toll-like receptor 4 levels, which was inhibited
by the addition of 5 μM parthenolide or 1 mM N-
acetylcysteine (Fig. 3a). Next, we examinedwhether the effect
of parthenolide on the lipopolysaccharide-induced production
of inflammatory mediators in keratinocytes resulted from al-
tered NF-κB activation. Treatment with lipopolysaccharide
produced an increase in NF-κB p65, NF-κB p50, and

Fig. 1 Effect of parthenolide on the production and changes in the levels
of inflammatory mediators. HEK001 keratinocytes were pre-treated with
0.5–10 μM parthenolide for 20 min and exposed to 1 μg/ml lipopolysac-
charide (LPS) in combinationwith parthenolide for 24 h. The levels of IL-
1β, PGE2, and cyclooxygenase-2 (COX-2) were measured using ELISA
or parametric kits. Data represent the mean±SEM (n=6). +p<0.05 com-
pared to the control; *p<0.05 compared to lipopolysaccharide alone
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phospho-IκB levels in keratinocytes (Fig. 3b). Treatment with
5 μM parthenolide, 2.5 μMBay 11–7085, 0.5 μMAkt inhib-
itor, or 0.5 μM rapamycin prevented the lipopolysaccharide-
induced IkB-α phosphorylation and NF-κB activation.

T h e i n h i b i t o r y e f f e c t o f p a r t h e n o l i d e o n
lipopolysaccharide-induced activation of NF-κB was con-
firmed by monitoring the binding of NF-κB to DNA. Non-
stimulated cells exhibited a small increase in NF-κB-DNA
binding activity. Treatment with lipopolysaccharide produced
a marked increase in the NF-κB-DNA binding activity, which
was reduced by the addition of parthenolide, Bay 11–7085,
Akt inhibitor rapamycin, or N-acetylcysteine (Fig. 3c).

The effect of parthenolide on Akt activation

The involvement of the Akt/mTOR pathways in the
lipopolysaccharide-induced production of inflammatory

mediators was examined. Treatment with lipopolysaccharide
increased the levels of phospho-Akt and mTOR in
keratinocytes. The levels of phospho-Akt increased over time
and reached a peak value after 4 h of treatment, after which the
levels slightly declined (data not shown). To explore, we
assessed the effect on phospho-Akt levels with a 4-h exposure
to lipopolysaccharide. The lipopolysaccharide-induced acti-
vation of Akt was confirmed by the preventive effect of the
specific Akt inhibitor. The addition of parthenolide or N-
acetylcysteine inhibited the lipopolysaccharide-induced in-
crease in the phospho-Akt levels (Fig. 4a). Akt inhibitor,
parthenolide, or N-acetylcysteine alone did not induce phos-
phorylation of Akt. We further examined the inhibitory effect
of parthenolide on changes in the levels of mTOR byWestern
blot analysis. Parthenolide, Akt inhibitor, or rapamycin
inhibited the lipopolysaccharide-induced increase in the levels
of mTOR (Fig. 4b). Akt inhibitor, parthenolide, or rapamycin
alone did not induce changes in the levels of mTOR (data not
shown).

The effect of parthenolide on formation of reactive oxygen
species

The effect of parthenolide on the formation of reactive oxygen
species as the responses of stimulated keratinocytes was ex-
amined. The formation of reactive oxygen species within cells
was determined by monitoring a conversion of DCFH2-DA to
fluorescent DCF. Keratinocytes treated with lipopolysaccha-
ride for 24 h showed a significant increase in DCF fluores-
cence, which was inhibited by the addition of 1 mM N-
acetylcysteine or 40 μM trolox (a scavenger of hydroxyl rad-
icals and peroxynitrite) (Fig. 5). Treatment with 2.5–5 μM
parthenolide attenuated the lipopolysaccharide-induced in-
crease in DCF fluorescence.

The effect of parthenolide on cell viability

To examine whether the inhibitory effect of parthenolide on
the stimulated keratinocyte response can be attributed to an
effect on cell viability, we assessed the cytotoxic effect of
parthenolide by using an MTT assay, which provides rapid
and precise results for cellular growth and survival. When
the keratinocytes were treated with parthenolide for 24 h, cell
viability decreased with concentration. At 5 μM, parthenolide
showed an approximately 4 % loss in cell viability (Fig. 6). At
7.5 and 10 μM, treatment with parthenolide resulted in ap-
proximately 14 and 24 % cell viability loss, respectively.

We further examined the effect of parthenolide on cell vi-
ability by monitoring a WST-8 reduction using cell counting
kit-8. When the keratinocytes were treated with parthenolide
for 24 h, cell viability decreased with concentration. At 5 μM,
parthenolide showed an approximately 4 % loss in cell viabil-
ity (Fig. 6). At 7.5 and 10 μM, treatment with parthenolide

Fig. 2 Effect of signaling inhibitors and N-acetylcysteine on the
production and changes in the levels of inflammatory mediators.
Keratinocytes were treated with lipopolysaccharide in the presence of
2.5 μM Bay 11–7085, 0.5 μM Akt inhibitor, 0.5 μM rapamycin, or
1 mM N-acetylcysteine for 24 h. The levels of IL-1β, PGE2, and
cyclooxygenase-2 (COX-2) were measured using ELISA or parametric
kits. Data represent the mean±SEM (n=6). +p<0.05 compared to the
control; *p<0.05 compared to lipopolysaccharide alone
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resulted in approximately 16 and 27 % cell viability loss,
respectively

Discussion

Keratinocytes treated with lipopolysaccharide produced a sig-
nificant amount of cytokine IL-1β and proinflammatory me-
diator PGE2, and increased the levels of an inducible inflam-
matory enzyme cyclooxygenase-2. Parthenolide has been
shown to have an anti-inflammatory effect (Feltenstein et al.
2004; Juliana et al. 2010; Kwok et al. 2001). Nevertheless, the

effect of parthenolide on the production and changes in the
levels of inflammatory mediators in kerstinocytes exposed to
lipopolysaccharide has not been studied. In the present study,
parthenolide significantly inhibited the lipopolysaccharide-
induced production of proinflammatory mediators in
keratinocytes. Proinflammatory cytokines elicit the ampli-
fication and persistence of inflammatory and immune re-
sponses in skin (Pastore et al. 2006). Cyclooxygenase-2 is
upregulated during inflammatory states and produces
prostanoids responsible for the generation of pain and in-
flammation (Vane and Botting 1998). Thus, parthenolide ap-
pears to reduce inflammatory reaction and immune cell func-
tion by suppressing the productions of cytokine and

Fig. 3 Effect of parthenolide on
Toll-like receptor 4 levels and
NF-κB activation. Keratinocytes
were pre-treated with compounds
(5 μM parthenolide, 2.5 μM Bay
11–7085, 0.5 μMAkt inhibitor or
0.5 μM rapamycin, or 1 mM N-
acetylcysteine (NAC)) for 20 min
and exposed to 1 μg/ml lipopoly-
saccharide in combination with
compounds for 30 min (for NF-
κB) or 24 h (for Toll-like receptor
4). In A and B, the levels of Toll-
like receptor 4, NF-κB p65, NF-
κB p50, phospho-IκB-α, and β-
actin were analyzed by Western
blotting with specific antibodies.
Data are representative of three
different experiments. The densi-
ties of protein bands were deter-
mined by densitometry and the
data represent a fold increase from
the control density. In C, the NF-
κB to DNA binding activity was
measured using an assay kit. Data
represent the mean±SEM (n=5).
+p<0.05 compared to the control;
*p<0.05 compared lipopolysac-
charide alone
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proinflammatory mediator and the expression of an inducible
inflammatory enzyme.

Lipopolysaccharide induces the production of cytokines by
activating the Toll-like receptor 4-mediated NF-κB pathway
(Takeda and Akira 2005; Thomson et al. 2009). NF-κB is
required for cell survival and immunity, but the abnormal
expression or activation of NF-κB leads to the chronic and
acute inflammation (Kwak et al. 2011; Sun and Zhang 2007).
The aberrant activation of NF-κB in both keratinocytes and
lymphocytes may be involved in the development of inflam-
matory skin diseases (Rebholz et al. 2007). The basal NF-κB-
DNA binding activity in peripheral blood mononuclear cells
was found to be significantly higher in atopic eczema patients
than healthy age-matched control patients (Angelini et al.
2007). Lipopolysaccharide induces the production of cyto-
kines in keratinocytes through the activation of NF-κB (Ge
et al. 2012; Lee et al. 2010). The phosphorylation and proteo-
lytic degradation of IκB induce the release of NF-κB dimers
(Napetschnig and Wu 2013). The translocation of active
NF-κB dimers to the nucleus elicits the activation of target
genes responsible for the synthesis of cytokines and
chemokines (Ghosh and Hayden 2008; Vestergaard et al.
2005). In the present study, lipopolysaccharide increased the
levels of the Toll-like receptor 4, the levels of phospho-IκB
and NF-κB p65/50, and the binding of NF-κB to DNA in
keratinocytes. The lipopolysaccharide-induced activation of
Toll-like receptor 4 elicits a nuclear translocation of NF-κB
and the secretion of proinflammatory cytokines and
chemokines (Song et al. 2002). Changes in the levels of
Toll-like receptor 4 and activation of NF-κB suggest that li-
popolysaccharides stimulate production of inflammatory me-
diators by activating the Toll-like receptor 4-mediated NF-κB

Fig. 4 Effect of parthenolide on activation of Akt. a keratinocytes were
treated with 1 μg/ml lipopolysaccharide in the presence of compounds
(5 μM parthenolide, 0.5 μM Akt inhibitor, or 1 mM N-acetylcysteine
(NAC)) for 4 h, and then the level of phospho-Akt was measured by
ELISA. Data represent the mean±SEM (n=6). +p<0.05 compared to
the control; *p<0.05 compared to lipopolysaccharide treatment alone. b
HEK001 keratinocytes were treated with 1 μg/ml lipopolysaccharide in
the presence of compounds (5 μM parthenolide, 0.5 μM Akt inhibitor,
0.5 μM rapamycin or 1 mM N-acetylcysteine (NAC)) for 4 h, and the
levels of mTOR were analyzed by Western blotting and data are repre-
sentative of three to four different experiments. The densities of protein
bands were determined by densitometry and the data represent a fold
increase from the control density

Fig. 5 Effect of parthenolide on formation of reactive oxygen species.
Keratinocytes were treated with treated with 1 μg/ml lipopolysaccharide
in the presence of compounds (2.5–5 μM parthenolide, 1 mM N-
acetylcysteine (NAC) or 40 μM trolox) for 24 h. Then, the changes in
DCF fluorescence, which indicates formation of reactive oxygen species
formation, were measured and data are expressed as arbitrary units (a.u.)
of fluorescence. Data represent mean±SEM (n=6). +p<0.05 compared to
control; *p<0.05 compared to lipopolysaccharide alone

Fig. 6 Effect of parthenolide on cell viability. Keratinocytes were treated
with 0.5–10 μM of parthenolide for 24 h and then cell viability was
determined using an MTT reduction assay or a WST-8 reduction assay.
Data represent mean±SEM (n=6). +cpr<0.05 compared to the control
(percentage of control)
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pathway, i.e., the nuclear translocation and specific DNA
binding of activated NF-κB dimers. Then, we measured
whether the preventive effect of parthenolide on the
lipopolysaccharide-induced production of inflammatory me-
diators in keratinocytes was mediated by its inhibitory effect
on the Toll-like receptor 4-mediated activation of NF-κB.
Parthenolide has been shown to inhibit NF-κB activation
(Juliana et al. 2010; López-Franco et al. 2006; Nam 2006).
In the present s tudy, par thenol ide inhibi ted the
lipopolysaccharide-induced changes in the levels of Toll-like
receptor 4 and activation of NF-κB in keratinocytes.
Accordingly, these results suggest that parthenolide may in-
hibit the lipopolysaccharide-induced production of inflamma-
tory mediators by suppressing the Toll-like receptor 4-
mediated activation of NF-κB. The NF-κB regulates the tran-
scription genes involved in the inflammatory response (Ghosh
and Hayden 2008). Based on this report, parthenolide appears
to reduce the lipopolysaccharide-induced production of in-
flammatory mediators by suppressing the production of
mRNAs responsible for producing cytokines.

Toll-like receptor-4 has been established as the receptor for
lipopolysaccharide (Pålsson-McDermott and O'Neill 2004;
Takeda and Akira 2005). Circulating lipopolysaccharide-
binding protein recognizes lipopolysaccharide in the plasma
and brings it to CD14. This aids the loading of lipopolysac-
charide onto the lipopolysaccharide receptor complex, which
is composed of dimerized Toll-like receptor 4 receptors and
two molecules of the extracellular adapter MD-2. The binding
of lipopolysaccharide onto the lipopolysaccharide receptor
complex is followed by binding of the adapter’s myeloid dif-
ferentiation primary response protein 88 (MyD88) and
MyD88-adapter-like (Mal) or not. The lipopolysaccharide sig-
naling leads to the early activation of NF-κB, interferon reg-
ulatory factor-3, and MAPK kinase pathways, which is medi-
ated by the adapters MyD88 and Mal (Pålsson-McDermott
and O'Neill 2004). Parthenolide has been shown to inhibit
the MyD88-dependent pathway by inhibiting the activity of
inhibitor-κB kinase in RAW264.7 macrophages (Park et al.
2011). Parthenolide inhibits NF-κB and interferon regulatory
factor 3 activation induced by lipopolysaccharide in macro-
phage cell lines. Thus, parthenolide appears to attenuate the
MyD88-dependent-NF-κB and/or interferon regulatory factor
3 pathways. Parthenolide has been demonstrated to inhibit the
lipopolysaccharide-induced expression of toll-like receptor
4 at both protein and mRNA levels in human leukemia mono-
cytic THP-1 cells (Li et al. 2015). Parthenolide appears to
reduce the levels of Toll-like receptor 4 by suppressing the
synthesis of Toll-like receptor 4 in keratinocytes treated with
lipopolysaccharide.

Lipopolysaccharide induces NF-κB activation by activat-
ing the phosphatidylinositol (PI) 3-kinase/Akt/mTOR path-
way (Lee et al. 2008; Thomson et al. 2009; Zhong et al.
2012). We examined whether lipopolysaccharide-induced

NF-κB activation and subsequent production of inflammatory
mediators in keratinocytes was mediated by Akt/mTOR sig-
naling. In the present study, Akt inhibitor and rapamycin re-
duced the lipopolysaccharide-induced activation of NF-κB
and production of inflammatory mediators. Keratinocytes ex-
posed to lipopolysaccharide had activated (phosphorylated)
Akt and increased the levels of mTOR, which was inhibited
by the addition of Akt inhibitor, and rapamycin. The inhibito-
ry effect on the phosphorylation of Akt and on the changes in
the levels of mTOR suggests that parthenolide appears to in-
hibit the lipopolysaccharide-induced production of inflamma-
tory mediators by suppressing the Akt/mTOR-regulated
NF-κB activation.

Parthenolide at 10μM induced cell death by approximately
24 % in keratinocytes, whereas at the concentration of 5 μM
used in the assays of signaling pathway activation, it induced
cell death by approximately 4 %. Therefore, the inhibitory
effect of parthenolide at 5 μM on the Akt/mTOR and
NF-κB pathways involved in the production of inflammatory
mediators not appear to be significantly affected by changes in
cell viability.

Reactive oxygen species may act as key effectors in the
regulation of cell functions and induce the activation of
NF-κB (Gloire et al. 2006; Siomek 2012). We investigated
the formation of react ive oxygen species in the
lipopolysaccharide-stimulated keratinocytes, which may be in-
volved in the NF-κB activation. N-acetylcysteine inhibits the
TNF-α- or lipopolysaccharide-induced cytokine production by
suppressing reactive oxygen species formation (Hsu and Wen
2002; Young et al. 2008). In this study, oxidant scavenger N-
acetylcysteine attenuated the lipopolysaccharide-induced
changes in the levels and activity of Toll-like receptor-4,
NF-κB, Akt, and mTOR, and the formations of reactive oxy-
gen species. Thus, the Akt, mTOR, and NF-κB pathways ap-
pear to be regulated by reactive oxygen species.

Parthenolide inhibits nitric oxide production and iNOS
mRNA expression by a mechanism involving stabilization
of the I-κBα/NF-κB complex in cultured rat aortic smooth
muscle cells treated with lipopolysaccharide and interferon-γ
(Wong and Menendez 1999). However, it is unclear that the
inhibitory effect of parthenolide on the NF-κB-mediated in-
flammatory responses in experimental atherosclerosis is me-
diated by its effect on reactive oxygen species, because
parthenolide affects neither apoptotic cell death nor oxidative
stress (López-Franco et al. 2006). In the present study,
parthenolide at the concentration, which did not affect signif-
icant cell viability, inhibited the lipopolysaccharide-induced
changes in the levels and activity of signal transduction pro-
teins, and the formation of reactive oxygen species. Thus, the
present results suggest that parthenolide appears to reduce the
lipopolysaccharide-induced signal transduction-mediated pro-
duction of proinflammatory mediators by suppressing forma-
tion of reactive oxygen species.
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Overall, the results show that parthenolide appears to atten-
uate lipopolysaccharide-stimulated production of inflammato-
ry mediators in keratinocytes by suppressing the activation of
the Akt, mTOR, and NF-κB pathways, which are mediated by
activation of Toll-like receptor 4. The activation of signaling
transduction pathways appears to be regulated by reactive
oxygen species. Thereby, parthenolide appears to attenuate
the microbial product-mediated inflammatory skin diseases.
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