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The dried root of Angelica sinensis (A. sinensis) has been widely used in Chinese traditional medicine for various diseases such as
inflammation, osteoarthritis, infections, mild anemia, fatigue, and high blood pressure. Searching for the secondary metabolites of
A. sinensis has been mainly conducted. However, the bioactivity of coumarins in the plant remains unexplored. Therefore, this
study was designed to evaluate the anti-inflammatory activity of glabralactone, a coumarin compound from A. sinensis, using
in vitro and in vivo models, and to elucidate the underlying molecular mechanisms of action. Glabralactone effectively
inhibited nitric oxide production in lipopolysaccharide- (LPS-) stimulated RAW264.7 macrophage cells. The downregulation of
LPS-induced mRNA and protein expression of iNOS, TNF-α, IL-1β, and miR-155 was found by glabralactone. The activation
of NF-κB and TRIF-dependent IRF-3 pathway was also effectively suppressed by glabralactone in LPS-stimulated macrophages.
Glabralactone (5 and 10mg/kg) exhibited an in vivo anti-inflammatory activity with the reduction of paw edema volume in
carrageenan-induced rat model, and the expressions of iNOS and IL-1β proteins were suppressed by glabralactone in the paw
soft tissues of the animal model. Taken together, glabralactone exhibited an anti-inflammatory activity in in vitro and in vivo
models. These findings reveal that glabralactone might be one of the potential components for the anti-inflammatory activity
of A. sinensis and may be prioritized in the development of a chemotherapeutic agent for the treatment of inflammatory diseases.

1. Introduction

Inflammation serves as a protective response to injurious
stimuli. Therefore, an acute inflammatory process is consid-
ered a crucial response for a host to maintain homeostasis.
However, a pathological condition is developed when the
inflammation is heightened and prolonged, and it is respon-
sible for many pathophysiological diseases, such as rheuma-
toid arthritis, Alzheimer’s disease, asthma, and cancer [1, 2].
Macrophages, which play a central role in inflammation and
host defense mechanisms, produce several proinflammatory
mediators, including nitric oxide (NO) and various proin-
flammatory cytokines such as tumor necrosis factor-α
(TNF-α), interferon-γ (IFN-γ), and interleukins [3]. When

a lipopolysaccharide (LPS) interacts with a dimerized
receptor, myeloid differentiation protein-2 (MD-2), and
toll-like receptor 4 (TLR4), the inflammation response is
activated via macrophages [4]. The following signal trans-
ductions depend on different adapters and are broadly
classified into myeloid differentiation factor 88- (MyD88-)
dependent pathway and TIR-domain-containing adaptor
protein inducing IFN-β- (TRIF-) dependent pathway.

Nuclear factor-κB (NF-κB) is known to be a crucial
transcriptional factor regulating inducible nitric oxide
synthase (iNOS) gene expression. In unstimulated cells,
NF-κB exists as inactive heterodimers (p65 and p50)
bound to IκB-α, the inhibitory protein of NF-κB, in the
cytosol. When stimulated by proinflammatory signals,
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IκB kinase (IKK) phosphorylates IκB-α which is then inacti-
vated through ubiquitin-mediated degradation. These events
lead to the translocation of NF-κB into the nucleus and sub-
sequently regulate its target gene transcription [5]. In general,
the MyD88-dependent pathway involves an early response
that leads to NF-κB activation. In contrast, the TRIF-
dependent pathway results in the late activation of NF-κB
and interferon- (IFN-) regulatory factor 3 (IRF3) [6, 7].

Both of the signaling pathways lead to the induction of
inflammation-related cytokines, chemokines, and other
transcription factors [7]. In MyD88-dependent signaling
pathway, the mitogen-activated protein kinases (MAPKs)
are activated and eventually, AP-1, a transcription factor
regulating inflammation-related gene expression, is acti-
vated. In the TRIF-dependent signaling pathway, signal
transducer and activator of transcription 1 (STAT1) and
IFN regulatory factor (IRF) proteins are activated, which is
correlated with the expression of IFN-β. It is also known
that the activation of STAT1 by LPS plays critical roles in
expressing a subset of inflammation factors such as NO
and prostaglandins [8].

A variety of natural product-derived compounds have
shown anti-inflammatory properties with inhibitory activi-
ties of inducible nitric oxide synthase (iNOS) in LPS-
activated macrophage cells [9–11]. Angelica sinensis (Oliv.)
Diels (Apiaceae) is a medicinal plant widely found in Korea
and mainland China. It has been traditionally used for
gynecological conditions, fatigue, anemia, hypertension,
inflammation, osteoarthritis, and migraine headache [12].
Although bioactivities of several compounds from A. sinen-
sis are quite well discovered, the bioactivity of coumarins
remains relatively unexplored.

In our continuous efforts to discover anti-inflammatory
agents from natural sources, we extended our research to
evaluate the effect of glabralactone (Figure 1, Supplementary
Material (available here)), a coumarin compound from
A. sinensis, on inflammatory responses. Here, the anti-
inflammatory activity and its underlying molecular mecha-
nisms of glabralactone were investigated in in vitro and
in vivo animal models.

2. Material and Methods

2.1. Chemicals. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), sodium pyruvate, L-glu-
tamine, antibiotic−antimycotic solution, and trypsin-EDTA
were purchased from Invitrogen Co. (Grand Island, NY,
USA). Goat antirabbit IgG-HRP, goat anti-mouse IgG-
horseradish peroxidase (HRP), mouse anti-goat IgG-HRP,
iNOS, IκB-α, p-IκB-α, p50, p65, IL-1β, ERK1/2, p-ERK1/2,
and β-actin mouse monoclonal antibodies were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Antibodies against TNF-α, SHIP1, PTEN, p38, p-
p38, SAPK/JNK, p-SAPK/JNK, IRF3, p-IRF3, STAT1, p-
STAT1, p-JAK1 rabbit monoclonal antibodies, and JAK1
mouse monoclonal antibody were purchased from Cell
Signaling Technology (Beverly, MA, USA). AMV reverse
transcriptase, dNTP mixture, random primer, RNasin, and
Taq polymerase were purchased from Promega (Madison,

WI, USA). Lipopolysaccharide (E. coli O111: B4),
polyinosinic-polycytidylic acid (poly (I:C)), 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), and other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), unless
otherwise indicated. Glabralactone (purity > 96% by HPLC
analysis) was isolated from an extract of the roots of Angel-
ica sinensis (see Supplementary Material Information).

2.2. Cell Culture. A RAW 264.7 murine macrophage cell
line was obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD, USA). Cells were cultured
in DMEM supplemented with 10% heat-inactivated FBS,
100 units/mL penicillin, 100μg/mL streptomycin, and
0.25μg/mL amphotericin B. Cells were incubated in a
humidified chamber at 37°C with 5% CO2 atmosphere.

2.3. Nitrite Assay. The effect of test compounds on the pro-
duction of nitric oxide (NO) in the culture medium was
determined as described previously [10].

2.4. MTT Cell Viability Assay. Following NO assessment,
MTT solution was added to each well to make a final
concentration of 500μg/mL. After 4 h incubation at 37°C,
medium was discarded, and 1mL of dimethyl sulfoxide
was added to dissolve the remaining formazan. 100μL of
the dissolved sample was transferred into a 96-well plate,
and the absorbance was measured at 570nm. The percent
survival was determined by comparison with a control
group.

2.5. Western Blotting. Cultured cells were collected in lysis
buffer containing 50mM Tris-HCl (pH7.4), 150mM NaCl,
10mM EDTA, 0.5% NP-40, Complete™ protease inhibitor
cocktail (Roche Applied Science, Penzberg, Germany), and
PhosSTOP™ phosphatase inhibitor cocktail (Roche). After
10min of centrifugation (15,000 rpm), supernatant contain-
ing the protein was collected. Protein concentration was
measured by the bicinchoninic acid method and subjected
to immunoblotting using a standard protocol. The blots
were visualized using enhanced chemiluminescence (ECL)
solution (Intron, Daejeon, Korea) on LAS-4000 Imager
(GE Healthcare, Little Chalfont, UK) [13].

2.6. RNA Extraction and Real-Time Reverse Transcriptase-
Polymerase Chain Reaction (Real-Time RT-PCR). RAW
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Figure 1: Chemical structure of glabralactone.
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264.7 cells were stimulated with LPS (final concentration
1μg/mL) in the presence or absence of the test compound
for 5 h. Total cellular RNA was extracted using TRI
reagent (Sigma-Aldrich). From each sample, 1μg of total
RNA was reverse-transcribed using a Reverse Transcrip-
tion System (Promega) according to the manufacturer’s
instruction. The following primers were used for real-
time RT-PCR: mouse IFN-β F5′-CATTTCCGAATGTT
CGTCCT-3′; mouse IFN-β R5′-CACAGCCCTCTCCATC
AACTA-3′; mouse TNF-α F5′-TTGAGATCCATGCCGT
TG-3′; mouse TNF-α R5′-CTGTAGCCCACGTCGTAGC-
3′; mouse IL-1β F5′ - AGCTGGATGCTCTCATCAGG-3′;
mouse IL-1β R5′-AGTTGACGGACCCCAAAAG-3′; mouse
β-actin F5′-ACCAGAGGCATACAGGGACA-3′; and mouse
β-actin R5′-CTAAGGCCAACCGTGAAAAG-3′. Gene-
specific primers were synthesized by Bioneer (Daejeon,
Korea). Real-time PCR was carried out as described previ-
ously [10].

2.7. Reporter Gene (SEAP, Secreted Embryonic Alkaline
Phosphatase) Assay. To determine the effect of glabralactone
on the activation of NF-κB, a reporter gene assay was per-
formed as described previously with some modifications
[10, 14]. Human HaCaT transfectant was established by sta-
ble transfection with pNF-kB-binding site-SEAP-NPT plas-
mid [14]. The cells were cultured in DMEM supplemented
with 10% heat-inactivated FBS, 100 units/mL penicillin,
100μg/mL streptomycin, and 0.25μg/mL amphotericin B
and incubated in a humidified chamber at 37°C with 5%
CO2 atmosphere.

The cells were treated with test compound for 2 h and
then further stimulated with LPS for an additional 16 h.
The supernatants were heated at 65°C for 5min and reacted
with SEAP assay buffer (2M diethanolamine, 1mM MgCl2,
and 500μM 4-methylumbelliferyl phosphate (MUP)) for
1 h. The fluorescence was measured in a 96-well plate fluo-
rometer and normalized with protein concentration. Data
are expressed as the proportion to vehicle-treated control
cells without LPS.

2.8. Preparation of Nuclear Extracts. Nuclear extraction was
performed using the nuclear extract kit (Active Motif
North America, CA, USA) according to the manufacturer’s
instructions.

2.9. NF-κB DNA-Binding Activity. Trans-AM NF-κB tran-
scription factor assay kit (Active Motif, Tokyo, Japan) was
used to measure the NF-κB DNA-binding activity according
to the manufacturer’s instructions [10].

2.10. MicroRNA-155 Determination. Quantitative RT-PCR
analysis for microRNA-155 was carried out as described pre-
viously [10].

2.11. Animals. Sprague−Dawley (SD) rats (150−170 g) were
used for in vivo studies (Central Laboratory Animal, Inc.,
Seoul, Korea). All animal experiments were conducted
following the guidelines of the Seoul National University

Institutional Animal Care and Use Committee (IACUC;
permission number: SNU-130809-4).

2.12. Carrageenan-Induced Paw Edema. To assess anti-
inflammatory activity of the test compounds, the
carrageenan-induced hind paw edema model in rats was used
[10, 15]. Glabralactone was dissolved in 0.5% CMC-Na.
30min after intraperitoneal injection of test compounds,
paw edema was induced by the subplantar injection of 1% car-
rageenan suspension in normal saline (100μL). The paw vol-
ume was measured at the indicated time after carrageenan
injection using a plethysmometer (Ugo Basile, Comerio, Italy).

2.13. Determination of the Production of Proinflammatory
Mediators in Inflamed Tissues. The whole-cell extract from
inflamed tissues was obtained using a nuclear extract kit
(Active Motif, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. Protein levels of proinflammatory
mediators were determined by Western blotting.

2.14. Statistical Analysis. Each experiment was performed in
triplicate. Results are presented as the means ± SD. The sta-
tistical significance was assessed using a one-way analysis of
variation (ANOVA) coupled with Dunnett’s t-test; p value <
0.05 was considered statistically significant.

3. Results

3.1. Effect of Glabralactone on the Formation of Nitrite in
LPS-Induced RAW 264.7 Cells. To evaluate the effect of glab-
ralactone on the inhibition of NO production, murine mac-
rophage RAW 264.7 cells were stimulated with LPS, and the
amount of nitrite, a stable metabolite of NO, in the medium
was measured. As shown in Figure 2(a), the NO production
by LPS (1μg/mL) treatment was prominently induced from
the basal level of 2:1 ± 0:1μM to 34:7 ± 0:2μM for 20 h
incubation. When the cells were pretreated with glabralac-
tone (0–20μM) for 30min prior to LPS stimulation, NO
production was inhibited concentration dependently with
an IC50 value of 11.6μM. At the highest concentration
(20μM) of glabralactone, NO production was inhibited by
approximately 80%. Nω-monomethyl-L-arginine acetate
(L-NMMA), a nonselective inhibitor of NOS, was used as a
positive control and exhibited the inhibition of NO produc-
tion (approximately 60% inhibition at 50μM). When the
effect of glabralactone on cell viability was determined using
the MTT assay, no significant cytotoxicity was observed at a
test concentration of up to 20μM of glabralactone (>89%
cell survival). These data indicate that glabralactone effec-
tively inhibits NO production without cytotoxic activity
(Figure 2(b)).

To further investigate the mechanism of action of glabra-
lactone, the protein expression of iNOS was determined
using Western blotting. When RAW 264.7 cells were treated
with LPS (1μg/mL), iNOS protein level was significantly
upregulated, but the presence of glabralactone effectively
suppressed the iNOS protein expression in a concentration-
dependent manner (Figure 2(c)). These data suggest that
the inhibitory activity of glabralactone on NO production
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was correlated with the suppression of iNOS protein expres-
sion in LPS-stimulated RAW264.7 cells.

3.2. Effect of Glabralactone on LPS-Induced NF-κB
Activation. To further investigate whether the transcription
factor NF-κB is a crucial target for the effect of glabralac-
tone in LPS-stimulated RAW 264.7 cells, a reporter gene
assay for NF-κB transcriptional activity (SEAP assay) was
performed. When the cells were stimulated with LPS
(1μg/mL) for 16h, the NF-κB transcriptional activity was
increased with a 4.7-fold. However, the treatment of glab-
ralactone effectively inhibited the NF-κB transcriptional
activity in a concentration-dependent manner in LPS-
stimulated RAW264.7 cells (Figure 3(a)).

Further study was designed to elucidate the effect of
glabralactone on the activation of NF-κB in LPS-stimulated

RAW264.7 cells. The LPS treatment (1μg/mL) for 30min
exhibited the significant downregulation of IκB-α and the
upregulation of p-IκB-α (degradation form of IκB-α). How-
ever, the pretreatment of glabralactone for 30min prior to
LPS stimulation suppressed the degradation of IκB-α in the
cytosol and the translocation of the NF-κB subunits (p65
and p50) in the nucleus (Figure 3(b)).

To determine the effect of glabralactone on the DNA
binding activity of NF-κB in the nucleus, RAW264.7 cells
were treated with LPS (1μg/mL) in the presence of glabra-
lactone for 1.5 h, and then, the nuclear extracts were ana-
lyzed by Trans-AM NF-κB binding assay (Active Motif).
The enhanced DNA-binding activity of NF-κB subunits
(p50 and p65) by LPS stimulation in the nucleus was
effectively inhibited by glabralactone in a concentration-
dependent manner. The competition experiments with the
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Figure 2: Inhibitory effects of glabralactone on NO production and iNOS expression in LPS-stimulated RAW 264.7 cells. (a) RAW 264.7
cells were stimulated with LPS (1 μg/mL) in the presence or absence of glabralactone. After 20 h, the nitrite concentrations were analyzed
in the cultured media. The values are expressed as the mean ± SD. ∗p < 0:05 was considered statistically significant. (b) Cell viability was
determined using MTT assay. All experiments were performed in triplicate. The data are expressed as mean ± SD. (c) The regulation of
iNOS protein expression by glabralactone was determined. Cells were treated with LPS (1 μg/mL) and glabralactone (0–20 μM) for 16 h.
After incubation, Western blotting was performed as described in Materials and Methods. Data are representative of three separate
experiments. β-Actin was used as an internal standard. Compounds were dissolved in 100% DMSO, and the final concentration of
DMSO was adjusted to 0.2% (a), 0.5% (b), and 0.1% (c).
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addition of excess unlabeled wild-type (WT) and mutated
(MT) oligonucleotides (p50 or p65) confirmed that only
the addition of WT oligonucleotides completely blocks
the DNA-binding activity of NF-κB in the nucleus. These
data indicate that the inhibition of DNA-binding activity
of NF-κB by glabralactone is specific to the subunits in
the nucleus.

3.3. Effects of Glabralactone on Proinflammatory Cytokine
and miRNA-155 Expression. To further elucidate whether
the anti-inflammatory effect of glabralactone is associated
with the regulation of the proinflammatory cytokine expres-
sion, primarily, the expressions of TNF-α and IL-1β were
determined in LPS-stimulated RAW264.7 cells. The upregu-
lated expressions of TNF-α and IL-1β by LPS treatment for
4 h were effectively suppressed by the treatment of glabralac-

tone in the protein (Figure 4(a)) and mRNA levels
(Figure 4(b)) in LPS-stimulated RAW264.7 cells.

It is well known that miRNA-155 (miR-155) plays an
essential role in an inflammatory response. It was also dem-
onstrated that proinflammatory cytokines, such as TNF-α
and IL-1β, are positively regulated by miR-155 [16]. On this
line, the effect of glabralactone on the expression of miR-155
was determined in LPS-stimulated RAW264.7 cells. When
the cells were stimulated with LPS (1μg/mL) for 8 h, the
expression of miR-155 was increased with 43.0-fold higher
than that of unstimulated cells. However, the upregulated
expression of miR-155 was significantly suppressed by
glabralactone in a concentration-dependent manner in
LPS-stimulated RAW264.7 cells (Figure 4(c)). An additional
study revealed that the expressions of SHIP1 and PTEN, the
negatively regulated target proteins of miR-155, were
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Figure 3: Effect of glabralactone on LPS-stimulated NF-κB transcriptional activity. (a) SEAP-RAW cells were stimulated with LPS
(1 μg/mL). After 16 h of glabralactone treatment, the supernatants were analyzed. The values are expressed as the mean ± SD. ∗p < 0:05
was considered statistically significant. (b) Effects of glabralactone on the degradation of IκB-α and on the expression of NF-κB subunits
in the nucleus. RAW 264.7 cells were pretreated with glabralactone for 30min and stimulated with LPS for 30min. The extracted proteins
were analyzed by Western blotting. Data are representative of three separate experiments. β-Actin was used as an internal standard.
(c) Effects of glabralactone on the LPS-stimulated NF-κB DNA-binding activity. Cells were stimulated with LPS (1 μg/mL) for 1.5 h
in the presence of glabralactone, and the isolated nuclear extracts were analyzed for NF-κB DNA-binding activity. The values are
expressed as the means ± SD. (left for p50, right for p65). Glabralactone was dissolved in 100% DMSO, and the final concentration
of DMSO was adjusted to 0.1%.
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affected by the treatment of glabralactone (Figure 4(d)),
indicating that the anti-inflammatory activity of glabralac-
tone is in part correlated with the downregulation of miR-
155 expression in RAW264.7 cells.

3.4. Effect of Glabralactone on TRIF-Dependent TLR
Pathway. To investigate whether glabralactone is able to
affect the MyD88-dependent TLR signaling pathway, the

expressions of the MAPK family, such as JNK, ERK, and
p38, were examined by Western blotting. As shown in
Figure 5(a), the activation (phosphorylated form) of ERK,
p38, and JNK was not much affected by glabralactone treat-
ment in LPS-stimulated RAW264.7 cells.

Next, to further investigate whether glabralactone is able
to regulate the TRIF-dependent TLR signaling pathway, the
effect of glabralactone on the activation of IRF3 was
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Figure 4: Effect of glabralactone on LPS-induced proinflammatory cytokine and miR-155 expressions. The proteins (a) and mRNA (b)
levels of TNF-α and IL-1β were determined by Western blotting and qRT-PCR, respectively. Cells were stimulated with LPS (1 μg/mL)
in the presence of glabralactone for 4 h and was further analyzed as described in Materials and Methods. Data are representative of three
separate experiments. β-Actin was used as an internal standard. (c) Effect of glabralactone on the expression of miR-155 in LPS-
stimulated RAW264.7 cells. The cells were stimulated with LPS in the presence of glabralactone for 8 h. The expression of miRNA-155
was determined by qRT-PCR as described in Materials and Methods. The values are expressed as the means ± SD. (b, c) ∗p < 0:05 was
considered statistically significant. (d) Effect of glabralactone on the expression of SHIP1 and PTEN in macrophage cells. Cells were
treated with glabralactone for 30min and then stimulated with LPS for 30min. Proteins were analyzed by Western blotting. Data are
representative of three separate experiments. β-Actin was used as an internal standard. Glabralactone was dissolved in 100% DMSO, and
the final concentration of DMSO was adjusted to 0.1%.
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determined in LPS-stimulated RAW264.7 cells. As shown
in Figure 5(b), LPS treatment (1μg/mL) for 3 h signifi-
cantly enhanced the expression of p-IRF3 (activation form

of IRF3), but the pretreatment of glabralactone for 30min
prior to LPS stimulation effectively downregulated the
expression of p-IRF3 in a concentration-dependent manner.
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Figure 5: Effect of glabralactone on the TRIF-dependent TLR signaling pathway. (a) Effect of glabralactone on the protein expression of MAPK
signaling in LPS-stimulated RAW 264.7 cells. Cells were pretreated with glabralactone for 30min and then stimulated with LPS (1μg/mL) for an
additional 30min. Proteins were analyzed by Western blotting. (b) Effect of glabralactone on the protein expression of IRF3 in LPS-stimulated
RAW 264.7 cells. Cells were pretreated with glabralactone for 30min and then stimulated with LPS (1μg/mL) for 3 h. After incubation, total
proteins were extracted, and IRF3 and p-IRF3 protein expressions were analyzed by Western blotting. (c) Effect of glabralactone on the
mRNA expression of IFN-β in LPS-stimulated RAW 264.7 cells. Cells were pretreated with glabralactone for 30min and then
stimulated with LPS (1μg/mL) for 4 h. The mRNA expression of IFN-β was analyzed by using reverse transcription and real-time
PCR. ∗p < 0:05. (d) Effect of glabralactone on the JAK/STAT pathway protein expression in LPS-stimulated RAW 264.7 cells. Cells
were pretreated with glabralactone for 30min and then stimulated with LPS (1μg/mL) for 3 h. After incubation, total proteins were
extracted, and protein level was analyzed by Western blotting. (e) Effect of glabralactone on poly (I:C)-induced iNOS expression. RAW
264.7 cells were pretreated with glabralactone for 30min and then stimulated with poly I:C (10μg/mL) for 12 h. After incubation, total
proteins were extracted, and iNOS protein level was analyzed by Western blotting. β-Actin was used as an internal standard.
Glabralactone was dissolved in 100% DMSO, and the final concentration of DMSO was adjusted to 0.1%.
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Subsequent study was designed to evaluate the effect of glab-
ralactone on the transcriptional target gene expression of
IRF3. The mRNA expression of IFNβ, a transcriptional
target gene of IRF3, was significantly upregulated by LPS
treatment (1μg/mL) for 4 h, but the pretreatment of
glabralactone for 30min prior to LPS stimulation also
effectively suppressed the mRNA expression of IFNβ in
LPS-stimulated RAW264.7 cells (Figure 5(c)). In addition,
since the JAK-STAT pathway is downstream of IFNβ, the
effect of glabralactone on the activation of JAK1 and STAT1
was examined by Western blotting in LPS-stimulated
RAW264.7 cells. As a result, the enhanced activation of
STAT1 and JAK1 (phosphorylation forms) protein expres-
sion by LPS treatment for 3 h was effectively downregulated
in the presence of glabralactone (Figure 5(d)). To further
confirm that the suppression of iNOS expression by glabra-
lactone is mediated by TRIF-dependent pathway, polyinosi-
nic–polycytidylic acid (poly (I:C)) was used to induce iNOS
expression in RAW264.7 cells. The treatment of poly (I:C)
for 12 h significantly induced the iNOS protein expression,
and the pretreatment of glabralactone for 30min prior to
LPS stimulation effectively downregulated the iNOS expres-
sion in a concentration-dependent manner (Figure 5(e)).
These findings suggest that the suppressive effect of iNOS
expression is in part associated with the regulation of TRIF-
dependent TLR pathway.

3.5. In Vivo Anti-Inflammatory Activity of Glabralactone. A
carrageenan-induced rat paw edema model was used to
evaluate the in vivo anti-inflammatory activity of glabra-
lactone. Paw edema was induced by injecting 100μL of
1% solution of carrageenan in distilled water subplantarly,
and the volume of paw edema was monitored for 6 h. The
volume of paw edema was increased continuously and
peaked at 4 h after carrageenan treatment. As shown in
Figure 6(a), when glabralactone was orally treated, the
paw edema volume was significantly decreased compared
to the vehicle-treated control groups. The inhibition rate
was 39.58% and 52.24% at doses of 5 and 20mg/kg,
respectively, after 4 h treatment of glabralactone. Indo-
methacin (20mg/kg) was used as a reference compound,
and under the same experimental conditions, the inhibi-
tion rate was 56.41%.

The production of proinflammatory mediators after
treatment of glabralactone in inflamed paw tissue was also
assessed by Western blotting (Figure 6(b)). After treatment
of carrageenan for 6 h, the protein expressions of the proin-
flammatory mediators, iNOS and IL-1β, in paw tissues were
upregulated compared to the vehicle-treated control groups.
However, the expression of these proinflammatory media-
tors was significantly suppressed by the treatment of glabra-
lactone (20mg/kg). These findings suggest that glabralactone
exhibits the in vivo anti-inflammatory activity in acute
inflammation animal model.

4. Discussion

Natural products have been playing an important role in
drug discovery and development program. Indeed, over

50% of all approved small molecule drugs are based on
diverse natural product-originated compounds [17]. Angel-
ica sinensis (A. sinensis), a medicinal plant that is mainly
distributed in Korea andmainland China, has been tradition-
ally used for various human health including inflammatory
diseases. A. sinensis is also commonly known as female
ginseng because of benefit to women’s health [12]. Diverse
classes of compounds such as essential oils, coumarins,
phthalides, polysaccharides, and polyacetylenes have been
isolated from A. sinensis [18]. Although bioactivities of
isolated compounds such as ferulic acid, Z-ligustilide, and
n-butylidenephthalide from A. sinensis have been reported
[19], the anti-inflammatory activity of isolated coumarin
compounds from A. sinensis remains to be explored. In our
continuous efforts to search for anti-inflammatory agents
from natural sources and based on the use of inflammation
diseases of the plant, the present study was conducted to
evaluate the anti-inflammatory activity of glabralactone, a
coumarin compound from A. sinensis, in inflammatory
responses.

The overproduction of nitric oxide (NO) and inducible
nitric oxide synthase (iNOS) in activated macrophages is
highly correlated with inflammatory responses [20]. There-
fore, the regulation of the production of NO and the
expression of iNOS is largely considered as a useful target
in the screening of anti-inflammatory agents. In the pres-
ent study, we employed the in vitro assay system with
lipopolysaccharide- (LPS-) stimulated mouse macrophage
RAW264.7 cells for activation of macrophages. LPS, an
endotoxin of Gram-negative bacteria, is a well-known acti-
vator of macrophages in inflammatory response [21].
Glabralactone was found to significantly inhibit the
production of NO in LPS-stimulated macrophage cells
without cytotoxicity. Since the overproduction of NO is
in part associated with the overexpression of iNOS in acti-
vated macrophages, the underlying molecular mechanism
mediated by glabralactone was elucidated in LPS-stimulated
macrophage cells. Western blot analysis revealed that glabra-
lactone also suppressed the LPS-stimulated overexpression of
iNOS protein levels in activated macrophage cells. These
findings suggest that the inhibition of NO production by
glabralactone is associated with the suppression of iNOS
protein expression. Further study was designed to elucidate
the involvement of NF-κB as a crucial transcriptional fac-
tor in the regulation of iNOS expression by glabralactone.
The enhanced NF-κB transcriptional activity with LPS-
stimulation was effectively inhibited by the treatment of
glabralactone analyzed by SEAP assay, and subsequently,
these effects were associated with the suppression of the
degradation of IκB-α in cytosol and the translocation of
NF-κB subunits (p50 and p65) into the nucleus. The
suppression of NF-κB translocation into the nucleus by
glabralactone was also confirmed by the analysis of NF-
κB-DNA binding activity along with competition experi-
ments using wild type or mutated type of oligonucleotides
of NF-κB subunits in LPS-stimulated macrophage cells.
These data indicate that the anti-inflammatory activity of
glabralactone is in part associated with the suppression
of the activation of NF-κB in activated macrophages.
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Accumulating evidences reveal that proinflammatory
cytokines such as TNF-α and IL-1β are overexpressed in
inflammatory responses, and NF-κB plays a critical role in
the expression of these proinflammatory mediators [22].
Since glabralactone effectively suppressed the NF-κB activa-
tion, the expressions of the proinflammatory cytokines were
determined in LPS-stimulated macrophage cells. Glabralac-
tone downregulated the expressions of TNF-α and IL-1β at
the transcriptional and translational levels, indicating that
the anti-inflammatory activity of glabralactone is also associ-
ated with the suppression of proinflammatory cytokines in
activated macrophage cells.

The signal transduction pathway in inflammatory
responses is generally classified into Myd88-dependent
and TRIF-dependent signaling pathways. In Myd88-
dependent signaling, the activation of MAPKs is normally
found, but in TRIF-dependent signaling, the activation of
interferon- (IFN-) regulatory factor 3 (IRF3) and its down-
stream signaling molecules is mediated in inflammatory
responses [6]. In the present study, glabralactone was

found to more effectively suppress the activation of
TRIF-dependent IRF3 signaling pathways compared to
that of the MyD88-dependent pathway in LPS-stimulated
macrophage cells. Glabralactone significantly suppressed
the activation (phosphorylation) of IRF3 protein and IFNβ
mRNA expression and subsequently suppressed the activa-
tion of its downstream signaling molecules such as the
phosphorylation of JAK1 and STAT1. The association of
the TRIF-mediated signaling pathway in the anti-
inflammatory activity of glabralactone was further confirmed
by using poly (I:C). Poly (I:C), a synthetic analog of double-
stranded RNA (dsRNA), is known to induce the production
of cytokines such as IFNβ. Poly (I:C) is able to activate
TRL3 which precisely mediates the TRIF-dependent path-
way. Therefore, the activation of the TLR3-TRIF pathway
causes the production of inflammatory cytokines and che-
mokines [23]. Glabralactone was found to effectively sup-
press poly (I:C)-induced iNOS protein expression. These
findings suggest that the suppressive effect of iNOS expres-
sion is in part associated with the regulation of the TRIF-
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Figure 6: In vivo anti-inflammatory activity of glabralactone. (a) Inhibitory effect of glabralactone on the carrageenan-induced paw edema.
Glabralactone was orally administered 30min before subplantar injection of carrageenan. The paw volume was measured at 0, 0.5, 1, 2, 3, 4,
5, and 6 h after injection using a plethysmometer. ∗p < 0:05. (b) Effect of glabralactone on the proinflammatory protein expression in the
carrageenan-induced paw edema model. The soft paw tissues were amputated and homogenized using a nuclear extract kit (Active
Motif, Carlsbad, CA). The expressions of iNOS and IL-1β proteins were examined by Western blotting. β-Actin was used as an internal
standard.
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dependent TLR pathway. Taken together, these data indicate
that glabralactone might affect the TRIF-mediated signaling
pathway.

The in vivo anti-inflammatory activity of glabralactone
was also evaluated using a carrageenan-induced rat paw
edema model. Glabralactone significantly reduced the
volume of carrageenan-induced paw edema. Tissue analysis
also suggested that the anti-inflammatory activity of glabra-
lactone was in part associated with the suppression of the
production of proinflammatory mediators, iNOS and IL-
1β, in inflamed paw edema tissues in rat models.

A variety of natural product-derived compounds such
as handelin, curcumin, isoliquiritigenin, auranofin, luteo-
lin, (–)-epigallocatechin-3-gallate, 6-shogaol, and pinosyl-
vin have exhibited the anti-inflammatory activity with
various molecular mechanisms [9, 10, 24–29]. This study
is also considered to be meaningful because it gives a sci-
entific relevance for the elucidation of isolated compounds
based on the traditional use of A. sinensis in inflammatory
diseases.

5. Conclusions

The present study provides the anti-inflammatory activity of
glabralactone in both in vitro cell culture and in vivo acute
paw edema rat models. A plausible underlying molecular
mechanism of action for the anti-inflammatory activity of
glabralactone involves the suppression of proinflammatory
mediators and cytokine production via the modulation of
the TRIF-dependent pathway. These findings suggest that
glabralactone may serve as a promising candidate for fur-
ther development of anti-inflammatory agents from natu-
ral products.
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