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A B S T R A C T

The aim of the present study is to explore the anti-inflammatory mechanism of lirioresinol B dimethyl ether via
inhibition of multiple signaling pathways in both in vitro and in vivo pharmacological models. To determine the
anti-inflammatory activity of the lirioresinol B dimethyl ether, RAW 264.7 macrophages challenged with lipo-
polysaccharide (LPS) were treated with various concentrations of lirioresinol B dimethyl ether (5, 15, 25, and
50 μM). The results indicated that pretreatment with lirioresinol B dimethyl ether significantly suppressed nu-
clear factor kappa B (NF-κB) activation, nitric oxide (NO) production, the protein expressions of inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2). Lirioresinol B dimethyl ether inhibited LPS-induced ac-
tivation of production of pro-inflammatory cytokines as well as prostaglandin E2 (PGE2) release. The results
obtained by electrophoretic mobility shift assay (EMSA) demonstrated a concentration dependent reduction of
the LPS-stimulated activation of NF-κB and activator protein-1 (AP-1) by lirioresinol B dimethyl ether in in vitro
and in vivo models. Moreover, lirioresinol B dimethyl ether also reduced the expression of toll-like receptor
(TLR)-4 protein and myeloid differentiation primary response gene 88 (MyD88) as well as promoted the de-
gradation of IκBα. Lirioresinol B dimethyl ether also significantly down-regulated the phosphorylation of Jun N-
terminal kinase (JNK), p-38 and extracellular signal-regulated kinase (ERK). Furthermore, the results of acute
and chronic inflammation demonstrated that lirioresinol B dimethyl ether (10 and 50mg per kg) reduced paw
edema and mechanical hyperalgesia in carrageenan- and Complete Freund's Adjuvant (CFA)-induced in vivo
mouse models, respectively. Hence, the current results indicate that lirioresinol B dimethyl ether either act by
inhibiting pro-inflammatory mediators through down-regulation of mitogen activated protein kinases (MAPKs)
signaling pathways and reduction of NF-κB activation.

1. Introduction

Inflammation is the first line of defense against pathogen invasion,
characterized by redness, heat, swelling, pain and loss of various
functions [1]. Acute or chronic inflammation leads to inflammatory
diseases, such as sepsis, atherosclerosis, rheumatoid arthritis, cancer,
and diabetes [2]. Inflammatory responses defend the body against
various physical or chemical traumas, triggering immunobiological
events that result in the production of chemokines, cytokines, and pro-
inflammatory mediators, such as prostaglandin E2 (PGE2) and nitric
oxide (NO) [3,4]. Numerous studies have elucidated the underlying
molecular mechanism associated with the pathological process of

inflammation induced by various stimuli [5]. Specific intracellular
signaling molecules present a possible target for the prevention and
cure of inflammatory diseases. Various natural compounds have suc-
cessfully exerted anti-inflammatory effects by targeting intracellular
molecules involved in inflammatory cascades.

Inflammatory responses are governed by innate immune cells, such
as macrophages, dendritic cells, or neutrophils involved in the re-
cognition of pathogen-associated molecular patterns (PAMPs) through
a panel of conserved pattern-recognition receptors (PRRs) and toll-like
receptors (TLRs) [6,7]. Toll-like receptor 4 (TLR4), a member of the
TLR family, is recognized and activated by a major component of Gram-
negative bacteria, i.e., lipopolysaccharide (LPS) [8]. Myeloid
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differentiation primary response gene (88) (MyD88) is involved in in-
dependent and dependent pathways stimulated by the signaling cas-
cades activated by LPS featuring nuclear factor-kappa B (NF-κB) and
mitogen-activated protein kinase (MAPKs) pathway activation [9].
Activated macrophages produce pro-inflammatory mediators, such as
NO produced by inducible nitric oxide synthase (iNOS) and PGE2 pro-
duced by cyclooxygenase-2 (COX-2) proteins and cytokines, like TNF-α,
interleukin (IL)-6, and IL-1β [10,11]. Various stimuli act via distinct
signaling pathways for the activation of IκB kinase (IKK), initiating IκB
phosphorylation resulting in ubiquitination, thus releasing NF-κB di-
mers from the complex of NF-κB-IκB and allowing free translocation of
NF-κB into the nucleus [12]. Physical and chemical stress activates the
MAPK family, i.e., p38 MAPK, c-Jun NH2-terminal kinase (JNK), and
extracellular signal regulated kinase (ERK). These regulate immune
responses and express inflammatory cytokines [13,14].

Lirioresinol B dimethyl ether is a tetrahydrofuranoid lignin derived
from the flower buds of Magnoliae Flos. It belongs to the family,
Magnoliaceae, traditionally known to treat allergic rhinitis and sinu-
sitis. Magnoliae spp. are listed in the Chinese, Korean, and Japanese
Pharmacopoeias. [15]. The tetrahydofuranoid lignans have been re-
ported as primary active compounds of Magnoliae Flos [16,17]. Lirior-
esinol B dimethyl ether has been reported to have anti-microbial and
anti-cancer activities [18,19]. In the present study, we aimed to eval-
uate the preventive and therapeutic potential of lirioresinol B dimethyl
ether against many inflammatory diseases through utilizing in vitro and
in vivo inflammatory conditions and models.

2. Materials and methods

2.1. Chemicals and reagents

LPS, dexamethasone, parthenolide, phosphate-buffered saline
(PBS), carrageenan, Tween 20, benzamethonium chloride, EDTA, and
phenylmethylsulfonyl fluoride (PMSF) were purchased from Sigma-
Aldrich (Steinheim, Germany). Lirioresinol B dimethyl ether was pur-
chased from Rochen Pharma. Co., Ltd. (China). All of the antibodies
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).

2.2. Animals

In the present study, male Swiss albino mice (Wuhan, China)
3–4weeks of age were obtained. They were acclimatized for 1–2weeks
and then utilized for experiment at the age of 4–6weeks, weighing
25–30 g. All animal studies were performed in a pathogen-free animal
laboratory according to Huazhong University of Science and
Technology Guide for the Care and Use of Laboratory Animals. The
animals were kept at 23 ± 0.5 °C in a 12-h light/dark cycle with
50 ± 10% relative humidity. The animals were randomly divided into
separate groups containing seven mice each.

2.3. Cells and culture medium

Murine macrophages RAW 264.7 were purchased from the
American Type Culture Collection (Manassas, VA) and maintained
within an appropriate atmosphere. Sub-culturing and culturing was
performed [20] and a 100mM stock concentration for all the samples
was prepared in dimethyl sulfoxide (DMSO) and further dilution was
carried out for working concentrations. To avoid interference with the
assay, the final DMSO concentration was< 0.2%.

2.4. The MTT assay for determination of cell viability

An MTT (4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) assay was performed for the determination of cell viability of
lirioresinol B dimethyl ether, carried according to Khan et al. [21].
Briefly, RAW 264.7 cells were plated at a density of 1×105 per well in

a 24-well plate and incubated at 37 °C for 24 h. The cells were treated
with various concentrations (5, 15, 25, and 50 μM) of lirioresinol B
dimethyl ether or vehicle alone or positive control N-p-tosyl-L-pheny-
lalanyl chloromethyl ketone (TPCK, 30 μM) for 2 h before LPS (1 μg/ml)
stimulation and then incubated at 37 °C for an additional 20 h. The NO
assay was performed according to Griess reagent methods [21].

2.5. Western immunoblot analysis

Western blot analysis was performed according to the manufac-
turer's instructions for the determination of total protein by pre-treating
RAW 264.7 macrophages with indicated concentrations of lirioresinol B
dimethyl ether or vehicle 2 h prior to stimulation with 1 μg per ml LPS
for 30min. A total of 10 μg of protein for iNOS, p-p38, p38, IκBα,
phosphor-IκBα, p-ERK, ERK, p-JNK, JNK, p65, p50, and 5 μg of COX-2
were separated by SDS-PAGE, 8% (iNOS, and COX-2) and 10% (IκBα,
and phosphor-IκBα, p-ERK, MyD88, p-p38, p-JNK, TIRAP, COX-2, and
iNOS). Based on the manufacturer's protocol, the proteins were electro-
transferred after electrophoresis to a nitrocellulose membrane
(Whatman GmbH, Dassel, Germany), blocked with 5% non-fat milk in
TBS-T buffer, and blotted with primary antibody and its corresponding
secondary antibody. The WEST-SAVE Up™ luminol-based ECL reagent
(LabFrontier, Seoul, Korea) was employed for the detection of anti-
bodies and the target bands were quantified via UN-SCAN-IT™ software,
version 6.1 (Silk Scientific Co., Orem, UT). Similarly, Western blotting
was performed in CFA-induced paw tissue as described elsewhere
[21,22].

2.6. NF-κB secretory alkaline phosphatase (SEAP) reporter gene assay in
transfected-RAW 264.7 cells

The NF-κB SEAP inhibitory activity of lirioresinol B dimethyl ether
was analyzed in RAW 264.7 macrophages stimulated with LPS by the
SEAP assay, as described previously [21–23]. In brief, 1× 105 RAW
264.7 macrophages were transfected with pNF-κB-SEAP-NPT, the en-
coding -κB sequence (four copies), and the SEAP gene as a reporter, and
these were all pre-incubated with lirioresinol B dimethyl ether at dif-
ferent concentrations for 2 h and then challenged with LPS (1mg/ml)
for an additional 20 h. The positive control used in this experiment was
N-p-tosyl-L-phenylalanyl chloromethyl ketone (TPCK, 30 μM).

2.7. Electrophoretic mobility shift assay (EMSA) in LPS-induced RAW
macrophages

EMSA was performed in order to explore the inhibitory effect of
lirioresinol B dimethyl ether on DNA binding of AP-1 and NF-κB as
described previously [21–23]. The quantification of signals obtained
from the dried gel was carried out with an FLA-3000 apparatus (Fuji)
utilizing the BAS reader, version 3.14, and Aida, version 3.22, software
(Amersham Biosciences, Piscataway, USA). The binding conditions
were optimized as reported earlier. The NF-κB DNA-binding affinity
was determined in CFA-induced paw tissue as described elsewhere
[21,22].

2.8. Determination of PGE2 levels in RAW 264.7 cells

The PGE2 levels were measured with a standard enzyme im-
munoassay (EIA) kit for PGE2 from activated macrophages according to
the manufacturer's recommendations (Cayman Chemical, Ann Arbor,
USA). Briefly, 1× 105 cells were seeded in 24-well plates for 24 h. Cells
were pre-treated with several concentrations of lirioresinol B dimethyl
ether or a vehicle for 2 h and then the macrophages were stimulated by
LPS (1 μg/ml) for an additional 18 h. 100 μl of the supernatant was
transferred to 96-well culture plate and PGE2 was determined according
to the manufacturer's instructions (Cayman Chemical, Ann Arbor, USA).
Absorbance at 405 nm was recorded with a microplate reader
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(Molecular Devices, Emax, Sunnyvale, USA). For comparison, 50 μM of
celecoxib (Celebrex®, Pfizer, New York, USA) was used as a positive
control [24].

2.9. Determination of nitric oxide levels in RAW 264.7 cells

Nitrite concentration in the medium was measured as an indicator
of nitric oxide production according to the Griess method. In a 24-well
plate, 1× 105 RAW264.7 cells were plated, incubated for 24 h, and pre-
treated with lirioresinol B dimethyl ether (5, 15, 25, 50 μM) or a vehicle
for another 2 h, then challenged with LPS (1 μg/ml) for an additional
18 h. Equal volumes of Griess reagent and culture medium were mixed,
and the absorbance was determined at 540 nm with a microplate reader
(Molecular Devices, Emax, Sunnyvale, USA). The absorption coefficient
was calibrated with a sodium nitrite solution standard. For this ex-
periment, N-p-tosyl-L-phenylalanyl chloromethyl ketone (TPCK, 30 μM)
was used as a positive control.

2.10. Measurement of pro-inflammatory cytokine production

To determine the inhibitory effect of lirioresinol B dimethyl ether on
the production of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6)
in the culture medium, cells were treated with LPS, TPCK (30 μM), and
lirioresinol B dimethyl ether. The pro-inflammatory cytokines produc-
tions were evaluated through an ELISA kits (eBioscience, Inc., San
Diego, USA). In brief, 1× 105 cells were seeded in 24-well plates for
24 h. The cells were pre-treated with several concentrations of lirior-
esinol B dimethyl ether or a vehicle for 2 h and then the macrophages
were stimulated by LPS (1 μg/ml) for an additional 18 h. 100 μl of the
supernatant was transferred to 96-well culture plates and pro-in-
flammatory cytokines (TNF-α, IL-1β, IL-6) were determined according
to the manufacturer's recommendations (eBioscience, Inc., San Diego,
USA). For comparison, TPCK (30 μM) was used as a positive control
[25,26].

2.11. Paw edema induced by carrageenan in mice

To assess the inhibitory effects of lirioresinol B dimethyl ether on
inflammatory paw edema, animals were separated into four groups
(vehicle control, dexamethasone - 50mg per kg, lirioresinol B dimethyl
ether - 10mg per kg, and lirioresinol B dimethyl ether - 50mg per kg)
containing five mice each. Briefly, carrageenan (100 μg per paw) was
injected through the intraplantar (i.pl.) route for the induction of
edema into the right hind paw [24,25,27]. Vehicle control mice re-
ceived treatment with the vehicle (DMSO 2% in saline, i.pl) 1 h before
the carrageenan challenge, and animals received an injection of saline,
dexamethasone (50mg per kg), or lirioresinol B dimethyl ether (10 or
50mg per kg) intraperitoneally (i.p.). Paw thickness was measured
after every 1 h for 5 h using a dial thickness gauge.

2.12. Determination of paw edema and mechanical hyperalgesia induced by
CFA in mice

The lirioresinol B dimethyl ether was investigated for chronic CFA-
induced mechanical hyperalgesia according to the Randall-Selitto
method (Digital paw pressure Randall-Selitto meter, IITC Life Science
Inc., Woodland Hills, USA) according to Khan et al. [23]. The animals
were separated into three groups (vehicle control, dexamethasone -
20mg per kg, and lirioresinol B dimethyl ether - 50 mg per kg) con-
taining seven mice each. Briefly, a CFA-induced chronic effect of lir-
ioresinol B dimethyl ether (50mg/kg) was evaluated at intervals of day
0 to day 6 after the administration of drugs. The paw tissues were
collected at day 6 after the CFA administration for further analysis. The
end-point was the paw withdrawal in response to the pressure applied
to the hind paw by a hand-held transducer. Three readings were taken
for each animal and the average was noted as described previously

[23].

2.13. Molecular docking of lirioresinol B dimethyl ether on NF-κB inducing
kinase (NIK)

Docking studies were performed using PyRx (version 0.8) Autodock
Vina software. Molecular docking of lirioresinol B dimethyl ether was
performed to determine their affinity with NF-κB-inducing kinase (NIK)
with the AutoDock Vina (1.1.2).36 software. For the analysis, the ter-
tiary structure of NF-κB was retrieved from the RCSB Protein Databank
using the ID 4DN5. For the modification of proteins, Discovery Studio
(version 4.1.0) was employed. The enzyme modification was conducted
such that there were no chemical entities that could hamper ligand-
protein binding in order to preserve the protein structure in pdb format.
AutoDock Tools (version 1.5.6) was utilized. The search space was also
maximized. For determining the binding potential of the ligands with
the molecule, the protein was then saved in pdbqt format. The ligand,
lirioresinol B dimethyl ether was downloaded, from Zinc. Organization
and was saved in pdbqt format: a supported format for our docking
software. After the protein and ligand files had been primed, docking
was performed through AutoDock Vina. Output was expressed in
binding energy (kcal/mol) [28].

2.14. Statistical analysis

Results were expressed as mean ± standard deviation (SD) from
three different experiments. For multiple comparisons, one-way ana-
lysis of variance (ANOVA) followed by Tukey's post hoc test was carried
out. A value of P < 0.05 was chosen as the criterion for statistical
significance. In acute study five animals per group while, seven animals
per group in chronic study were used. All statistical analyses were
performed using the Statistical Package for the Social Sciences (SPSS),
version 10.0 (IBM, Chicago, USA), and SigmaPlot, version 12.5 (Systat
Software Inc., Chicago, USA).

3. Results

3.1. Effect of lirioresinol B dimethyl ether on cell viability, nitric oxide, and
PGE2 levels

To determine the effect of lirioresinol B dimethyl ether on cell
viability, a MTT cell viability assay was performed (Fig. 1). The non-
toxic concentration of lirioresinol B dimethyl ether was observed at
100 μM (Fig. 1). Higher doses were not utilized because of the concern
of introducing a higher concentration of DMSO. Therefore, the con-
centrations that were non-toxic (5, 15, 25, and 50 μM) were applied in
further experiments.

Western immunoblot analysis was performed to evaluate the results
of lirioresinol B dimethyl ether on the level of expression of iNOS and
the COX-2 protein. iNOS protein expression level was remarkably in-
hibited by lirioresinol B dimethyl ether (Fig. 2). These result illustrated
the inhibitory effect of lirioresinol B dimethyl ether on LPS-stimulated
NO production by decreasing iNOS protein expression. The effect of
lirioresinol B dimethyl ether on NO production was determined by
Griess reagent. NO production was significantly elevated as a con-
sequence of incubation with LPS alone in comparison to production in
lirioresinol B dimethyl ether-treated LPS-induced RAW macrophages.
Lirioresinol B dimethyl ether pretreatment prevented the increase in
NO production in a dose-dependent manner (Fig. 2C). TPCK (30 μM)
was used as a positive control in this experiment. A remarkable in-
hibition was found with 50 μM lirioresinol B dimethyl ether.

Lirioresinol B dimethyl ether also dose-dependently suppressed LPS-
induced COX-2 production in the media (Fig. 2B). PGE2 production in
control was reduced significantly in the media when treated with 25
and 50 μM lirioresinol B dimethyl ether (Fig. 2D). This decrease in PGE2
level was observed to be in strong agreement with COX-2 protein level.
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Treatment with a positive control, celebrex (50 μM), also showed a
remarkable reduction in PGE2 level.

3.2. Lirioresinol B dimethyl ether inhibits the LPS-induced upstream
MyD88/TLR4 signaling cascade and degradation of IκBα in macrophages

In order to determine the upstream effect of lirioresinol B dimethyl
ether its effect on the level of TLR4 and its adaptor MyD88 was as-
sessed. LPS exposure resulted in the upregulation of the expression le-
vels of MyD88 and TLR4 (Fig. 3A–B). Treatment with lirioresinol B
dimethyl ether exhibited an inhibition of signaling by downregulating
MyD88 and TLR4 expression as stimulated by LPS. The Western blot
analysis was performed to investigate the effect of lirioresinol B di-
methyl ether on the degradation of IκBα (Fig. 3C). The activation and
degradation of the IκBα protein is one of the main mechanism asso-
ciated with the transcription of NF-κB. This allow release of free NF-κB
and its translocation into the nucleus. Significant degradation of IκBα
was observed after exposure of LPS alone (Fig. 3C). After 30min of LPS
exposure alone, IκBα was markedly reduced. Moreover, a rise in IκBα
was observed with lirioresinol B dimethyl ether treatment (Fig. 3C).

3.3. Inhibitory effect of lirioresinol B dimethyl ether on LPS-induced MAPK
pathway

The downstream effect of lirioresinol B dimethyl ether was assessed
at the level of MAPK pathway. The MAPK pathway has an important
role in the expression of pro-inflammatory mediators in macrophages

stimulated by LPS [29]. MAPK is also involved in NF-κB activation
[30,31]. In order to determine the inhibitory effect of lirioresinol B
dimethyl ether (50 μM) against the activation of MAPK pathway, the
LPS-stimulated phosphorylation of MAPK proteins, such as JNK, ERK
and p38 MAPK were observed in LPS-induced RAW 264.7 cells. Lir-
ioresinol B dimethyl ether downregulated the LPS-stimulated triggering
of p38, ERK, and JNK after 30min of LPS induction (Fig. 4A–C), in-
dicating inhibition of MAPK signaling pathway.

3.4. Effect of lirioresinol B dimethyl ether on NF-κB SEAP, NF-κB-, and AP-
1-DNA-binding activity in LPS-stimulated macrophages

To determine the downstream effect of lirioresinol B dimethyl ether,
the activity of various concentrations of the lirioresinol B dimethyl
ether on the DNA-binding activity of NF-κB and AP-1 in RAW 264.7
cells stimulated with LPS, an EMSA was performed. A remarkable de-
crease in DNA-binding activity of NF-κB was observed with pretreat-
ment through lirioresinol B dimethyl ether and parthenolide (Fig. 5A).
Activation of AP-1 is modulated by the activation of the MAPK cascade
[23]. Treatment with lirioresinol B dimethyl ether (50 μM) significantly
inhibited AP-1-DNA-binding ability as shown in Fig. 5B. Parthenolide,
is a sesquiterpene lactone and it is specific NF-κB-DNA binding inhibitor
(30 μM) significantly inhibited AP-1-DNA-binding affinity [22].

In order to investigate the molecular mechanism of lirioresinol B
dimethyl ether (5, 15, 25, and 50 μM), NF-κB signaling was assessed in
LPS-induced macrophages (Fig. 5C). Detection of the activated NF-κB
was conducted by determining NF-κB-dependent transcription in

Fig. 1. (A) Chemical structure of lirioresinol B dimethyl ether. (B) Effect of lirioresinol B dimethyl ether on cell viability in RAW 264.7 macrophage cells stimulated
with LPS.
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macrophages transfected with a luciferase reporter construct. A re-
markable increase in NF-κB activity was detected by cells incubated
with LPS alone, which was significantly inhibited by lirioresinol B di-
methyl ether in a concentration-dependent manner (Fig. 5C). TPCK was
used as a positive control, which extraordinarily suppressed LPS-in-
duced increases in NF-κB activity.

3.5. Inhibitory effect of lirioresinol B dimethyl ether on pro-inflammatory
cytokines productions

Additionally, to investigate the inhibitory effect of lirioresinol B
dimethyl ether on pro-inflammatory cytokines productions (TNF-α,
IL1β, and IL-6), an ELISA assay was performed (Fig. 5D–F). Lirioresinol
B dimethyl ether markedly diminished the production of these cyto-
kines in comparison to the LPS control. These results suggest the anti-
inflammatory activity of lirioresinol B dimethyl ether.

3.6. Effects of lirioresinol B dimethyl ether on carrageenan- and CFA-
induced paw edema in mice

In order to further explore the anti-inflammatory properties of

lirioresinol B dimethyl ether, a relationship between the in vitro and in
vivo investigational models was established by performing acute and
chronic paw inflammation models with carrageenan and CFA. To assess
the acute anti-inflammatory properties of lirioresinol B dimethyl ether,
carrageenan-induced paw edema was assessed throughout the in-
vestigational period (1, 2, 3, 4, and 5 h). The results indicated a major
decrease in paw edema after carrageenan injection by lirioresinol B
dimethyl ether (10, 50mg/kg, i.p.), suggesting the inhibitory effect of
lirioresinol B dimethyl ether in paw edema induced by carrageenan as
depicted in Fig. 6A.

To evaluate the chronic anti-inflammatory and anti-hyperalgesic
properties of lirioresinol B dimethyl ether, a CFA-induced chronic in-
flammatory model was performed. The results demonstrated that lir-
ioresinol B dimethyl ether remarkably reduced paw edema and me-
chanical hyperalgesia in six days after CFA injection (Fig. 6B–C).
Dexamethasone (positive control) also showed significant inhibition.

3.7. Effect of lirioresinol B dimethyl ether in CFA-induced NF-κB and MAPK
signaling in paw tissue

The EMSA analysis demonstrated that lirioresinol B dimethyl ether

Fig. 2. Reduction in (A) iNOS and (B) COX-2 protein expression by lirioresinol B dimethyl ether in macrophages challenged with LPS assessed by using Western
blotting. Effect of lirioresinol B dimethyl ether on (C) Nitrite production and (D) PGE2 production using LPS-challenged RAW264.7 macrophages assessed by ELISA
kit. The data was analyzed by multiple comparisons, one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. Expressed as the mean ± S.D. from
three different experiments. LPS (LPS+DMSO)-treated cells alone, TPCK (N-p-tosyl-L-phenylalanyl chloromethyl ketone) and celebrex served as positive controls.
(*) P < 0.05, (**) P < 0.01 and (***) P < 0.001 represents a remarkable difference from the LPS-stimulated group. ### P < 0.001 indicate a remarkable
difference from the unstimulated control.
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remarkably inhibited NF-κB-DNA-binding affinity in CFA-induced paw
tissue (Fig. 7A). To identify and specify further, the NF-κB subunits (p65
and p50) were established with Western blotting. The results showed
that lirioresinol B dimethyl ether significantly downregulated p65 and
p50 (Fig. 7B–C). Meanwhile, CFA-induced paw tissue showed there to
be a significant elevation in NF-κB subunits. Additionally, the MAPK
proteins, such as c-jun and c-fos, were considerably downregulated by
lirioresinol B dimethyl ether (Fig. 7D–E).

3.8. Computational analysis of lirioresinol B dimethyl ether for NF-κB
inducing kinase (NIK)

To determine with more depth the mechanism underlying lirior-
esinol B dimethyl ether, docking studies were performed as described in
the Materials and Methods section. To examine the interaction of lir-
ioresinol B dimethyl ether and NF-κB at the active site (Fig. 8), the
binding affinities of the enzyme-inhibitor complexes during docking

were calculated and found to be −4.474 be KJ/mol for 4DN5. The
lower value reflected the more stable complex between the ligand and
target protein. Further, this meant that lirioresinol B dimethyl ether
exhibited significantly stable binding with NF-κB. With lirioresinol B
dimethyl ether and 4DN5, there were hydrogen bonding interactions at
Ser 476. The two-dimensional (2D) and three-dimensional (3D) images
are presented in Fig. 8A and B, respectively.

4. Discussion

Natural compounds have played considerable roles as preventive
and therapeutic agents for illnesses that have been known throughout
human history [32,33]. In the present study, lirioresinol B dimethyl
ether was evaluated for its anti-inflammatory potential using macro-
phages stimulated with LPS and inflammatory mice models. Lirioresinol
B dimethyl ether significantly inhibited COX-2 and iNOS protein ex-
pressions and also inhibited PGE2 and NO productions in a dose-

Fig. 3. Effect of lirioresinol B dimethyl ether on the level of (A) TLR-4, (B) MyD88, and (C) IκBα protein expression in cytosolic extracts was analyzed by Western blot
analysis. Data obtained from three separate experiments were analyzed by multiple comparisons, one-way analysis of variance (ANOVA) followed by Tukey's post hoc
test and were expressed as the mean ± S.D. (***) P < 0.001 represents a remarkable difference from the LPS-stimulated group. ###P < 0.001 represents a
remarkable difference from the unstimulated control group. LPS (LPS+DMSO)-treated cells alone; 30 μM TPCK -a positive control.

Fig. 4. Effect of lirioresinol B dimethyl ether on the MAPK pathways, (A) p-p38, (B) p-ERK, and (C) p-JNK proteins in cytosolic extracts were assessed by Western blot
analysis. Data obtained from three separate experiments were analyzed by multiple comparisons, one-way analysis of variance (ANOVA) followed by Tukey's post hoc
test and were expressed as the mean ± S.D. (***) P < 0.001 represents a remarkable difference from the LPS-stimulated group. ### P < 0.001 represents a
remarkable difference from the unstimulated control group. LPS (LPS+DMSO)-treated cells alone; 30 μM TPCK-a positive control.
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dependent manner in LPS-induced RAW cells. These activities were
shown in parallel with the reduction of I-κB phosphorylation, nuclear
translocation of NF-κB, and suppression of AP-1 and MAPK proteins
(p38, ERK, and JNK) activation.

Inflammatory responses are caused by the production of in-
flammatory mediators and cytokines, such as NO, PGE2, IL-1β, IL-6, and
TNF-α [34,35]. The release of these molecules is a critical part of the
immune response as a result of appropriate extracellular stimulation,
such as stress or bacterial pathogens through TLRs [9]. Therefore, this
study suggested that lirioresinol B dimethyl ether exhibits anti-in-
flammatory activity by inhibiting PGE2 and NO productions stimulated
by LPS, leading to the inhibition of COX-2 and iNOS expression via the
NF-κB signaling cascade. Lirioresinol B dimethyl ether markedly sup-
pressed the mediators of inflammation without changing cell viability
of macrophages, which suggested that the anti-inflammatory activity of
lirioresinol B dimethyl ether was not affected by any apparent cyto-
toxicity.

NF-κB is a crucial mediator of inflammatory processes [26].
Therefore, for the downregulation of inflammatory responses, inhibi-
tion of NF-κB within the immune system is an important therapeutic
target. NF-κB controls the regulation and expression of pro-in-
flammatory genes by interacting and chemically modifying proteins,
mostly from the Iκ-Bα family [36]. Free NF-κB produced as a result of

phosphorylation of Iκ-Bα translocates into the nucleus and initiates the
transcription of target genes [37]. To study the mechanism of lirior-
esinol B dimethyl ether, LPS-induced NF-κB signaling pathways in
macrophages were examined. Lirioresinol B dimethyl ether inhibition
of LPS-stimulated NF-κB activation through inhibition of cytoplasmic
degradation of IκBα was also observed. This evidence suggests that the
lirioresinol B dimethyl ether suppressed the expression of COX-2 and
iNOS genes through inhibiting the activation of NF-κB. These results
indicate that the major effect of lirioresinol B dimethyl ether on anti-
inflammatory activity was through the NF-κB pathway. Furthermore,
the DNA-binding activity of AP-1and NF-κB by EMSA demonstrated a
significant decrease by lirioresinol B dimethyl ether in nuclear extracts
obtained from LPS-activated macrophages. Therefore, the blocking of
the binding of these proteins with specific DNA sequences inhibits
DNA/AP-1 and DNA/NF-κB complexes from recruiting inflammatory
cytokines and enzymes, such as iNOS, COX-2, IL-6, IL-1β, and TNF-α.
Additionally, TLR4 activated by LPS results in the initiation of specific
intracellular pathways via dimerization of receptors and recruitment of
numerous adaptor molecules, like TLR4 and MyD88 [38,39]. It has also
been reported that NF-κB activation is stimulated by TLR4 signals
through the MyD88/TLR4 pathway [40]. With this, the present study
demonstrated a significant reduction of MyD88 and TLR4 protein ex-
pression by lirioresinol B dimethyl ether.

Fig. 6. Lirioresinol B dimethyl ether treatment inhibits (A) Carrageenan-induced paw edema. Paw edema was assessed every 1 h till 5 h after the carrageenan
injection, (cm=%). (B) CFA-induced paw edema and (C) Mechanical hyperalgesia. Data were analyzed by multiple comparisons, one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test and was represented as mean ± S.D. per. (*) P < 0.05, (**) P < 0.01 and (***) P < 0.001 represents a remarkable
difference from the negative control group. ###P < 0.001 indicate a remarkable difference from the vehicle control.
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Fig. 7. Effects of lirioresinol B dimethyl ether on NF-κB DNA binding activity pathway in CFA-induced paw tissue. (A) A representative EMSA result is displayed
indicating the NF-κB complexes, nonspecific signals (ns), and excessive probe. Effects of lirioresinol B dimethyl ether on NF-κB subunits (B) p65 and (C) p50. And
MAPK pathway (D) c-jun, and (E) c-fos protein in CFA-induced paw tissue were assessed by Western blot analysis. Dexamethasone (20 μM) used as positive control.
Data were analyzed by multiple comparisons, one-way analysis of variance (ANOVA) followed by Tukey's post hoc test and was indicated as the mean ± S.D. (*)
P < 0.05, (**) P < 0.01, and (***) P < 0.001 indicate remarkable differences from the CFA-challenged group. ###P < 0.001 indicates a significant difference
from the unstimulated control.

Fig. 8. Docking analysis of lirioresinol B dimethyl ether with NF-κB-inducing Kinase (NIK) (4DN5) depicting the ligand and protein interaction at the active site. (A)
Two dimensional (2D) interaction between ligand and 4DN5. The legend represents the interaction type between the amino acid of the macromolecule and the ligand
atoms. (B) Three-dimensional (3D) binding of lirioresinol B dimethyl ether with 4DN5. The secondary structure the protein is shown as a solid ribbon (green). Key
residues are displayed in multicolor dots and lines, ligand is displayed in Multicolor. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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MAPK pathways regulate the expression of inflammatory cytokines
and enzymes. Numerous studies have shown that anti-inflammatory
agents alter gene expression by either MAPK-dependent or independent
pathways [22,37]. The MAPKs activate transcriptional factors, like NF-
κB and AP-1, through inflammatory and mitogenic signals, thereby
inducing inflammatory genes [22]. MAPKs activate the expression of
COX-2 and iNOS genes by NF-κB activation in LPS-stimulated macro-
phages [41]. The current experiments indicated the suppression of
phosphorylation of JNK, p38, and ERK by lirioresinol B dimethyl ether.
Overall, the study demonstrated the inhibitory effect of lirioresinol B
dimethyl ether on LPS-activated production of NO through inactivation
of NF-κB and AP-1 due to the suppression of phosphorylation of ERK,
p38 MAPK, and JNK.

In order to explore the anti-inflammatory mechanism of lirioresinol
B dimethyl ether, carrageenan- and CFA-induced inflammatory models
were performed. Inflammation develops immediately after i.pl. carra-
geenan injection, producing edema and hyperalgesia due to pro-in-
flammatory agents, including reactive oxygen, cytokines, bradykinin,
and histamine [42,43]. I.p. administration of lirioresinol B dimethyl
ether (10 and 50mg per kg) 1 h prior to carrageenan injection re-
markably reduced paw edema. Dexamethasone (50mg per kg) also
significantly inhibited paw edema induced by carrageenan. Similarly,
lirioresinol B dimethyl ether diminished paw edema and mechanical
hyperalgesia in chronic CFA models of inflammation. Furthermore, the
behavior results were confirmed by analyzing NF-κB and MAPKs sig-
naling in paw tissue. The results clearly demonstrated that lirioresinol B
dimethyl ether inhibited both the signaling cascade by suppressing p65,
p50, c-jun, and c-fos in CFA-induced paw tissue. So far, the study has
some limitations that only male mice were used for in vivo analysis.

Docking studies of lirioresinol B dimethyl ether (50mg/kg, i.p)
compound were carried out to assess the plausible binding interactions
within the active site of NF-κB-inducing kinase. The enzyme mod-
ification was conducted such that there were no chemical entities that
could hamper ligand-protein binding. The tertiary structure of NF-κB
was retrieved from the RCSB Protein Databank using ID: 4DN5. To
elucidate the interaction of lirioresinol B dimethyl ether and NF-κB at
the active site, the binding affinities of the enzyme-inhibitor complexes
were calculated to be−4.474 be KJ/mol for 4DN5. This value reflects a
stable complex between the ligand and target protein. Putative binding
interactions of the compound, lirioresinol B dimethyl ether (50mg/kg,
i.p.) within NIK are depicted in Fig. 8. Binding interactions of lirior-
esinol B dimethyl ether and co-crystallized ligand exhibit hydrogen-
bonding interactions at Ser 476. Analysis of the binding interactions of
lirioresinol B dimethyl ether revealed that compounds were efficiently
docked inside the active site of the target structure, similar to that of the
co-crystallized ligand.

In conclusion, the current study demonstrated that lirioresinol B
dimethyl ether exerts remarkable inhibitory activity on the LPS-sti-
mulated release of pro-inflammatory mediators both in in vitro and in
vivo. This anti-inflammatory characteristic occurs through inhibition of
the expression of COX-2 and iNOS via reduction in the activation of AP-
1 and NF-κB transcription factors through MyD88/TIRAP. This sup-
pression results from the inhibition of IKK phosphorylation, and also
from the inhibition of degradation and phosphorylation of IκBα.
Lirioresinol B dimethyl ether inhibited carrageenan- and CFA-induced
inflammation through suppression of NF-κB and MAPK protein activa-
tion. Taken together, suppression of NF-κB and MAPK signaling
pathway activation potentially could prevent inflammatory disorders.
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