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Imperatorin is a furanocoumarin compound which exists in many medicinal herbs and possesses vari-
ous biological activities. Herein, we investigated the antiallergic effects of imperatorin in asthmatic mice
and explored the immunomodulatory actions of imperatorin on immune cells. We used a murine model
of ovalbumin (OVA)-induced asthma to evaluate the therapeutic potential of imperatorin. Additionally,
bone marrow-derived dendritic cells (DCs; BMDCs) were used to clarify whether imperatorin exerts an
antiallergic effect through altering the ability of DCs to regulate T cells. Oral administration of imper-
atorin to OVA-sensitized and —challenged mice decreased serum OVA-specific immunoglobulin E (IgE)
production, attenuated the airway hyperresponsiveness (AHR), and alleviated airway inflammation in a
dose-dependent manner. Notably, secretions of Th2 cytokines and chemokines were reduced, and num-
bers of interleukin (IL)-10-producing regulatory T cells (Tregs) increased in imperatorin-treated mice.
Imperatorin inhibited proinflammatory cytokines and IL-12 production but enhanced IL-10 secretion
by lipopolysaccharide (LPS)-stimulated BMDCs. Compared to fully mature DCs, imperatorin-treated DCs
expressed high levels of the inducible costimulatory ligand (ICOSL) and Jagged1 molecules, and had the
regulatory capacity to promote the generation of IL-10-producing CD4" T cells in vitro. Additionally,
imperatorin directly suppressed activated CD4* T-cell proliferation and cytokine production. Impera-
torin may possess therapeutic potential against Th2-mediated allergic asthma not only via stimulating
DC induction of Tregs but also via direct inhibition of Th2 cell activation. These findings provide new
insights into how imperatorin affects the Th2 immune response and the development of imperatorin as
a Treg-type immunomodulatory agent to treat allergic asthma.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction of Th2 cytokines [1]. Dendritic cells (DCs) are the most potent

antigen-presenting cells which affect activation and differentia-

Asthma is an inflammatory disease of the airways, and many
immune cells act together to cause airway hyper-reactivity, mucus
overproduction, and airway remodeling. In the asthma popula-
tion, most children and roughly 50% of adults have allergic asthma,
in which the disease causes allergic sensitization and increased
serum immunoglobulin E (IgE) levels, and this disease is involved
in activation of type 2 helper T (Th2) cells and the production
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tion of T cells [2]. Antigen-activated DCs display costimulatory
molecules and produce different types of cytokines which deter-
mine whether T cells differentiate into Th1, Th2, or regulatory
T cells (Tregs) [3,4]. In particular, Tregs are implicated in the
maintenance of immune homeostasis in the airway, and many
studies demonstrated that Tregs dampen immune responses to
limit immunopathology [5,6]. There are at least two population
of Tregs, Th3 and Tr1, which perform their immunosuppressive
function by secreting the anti-inflammatory cytokines, interleukin
(IL)-10 or transforming growth factor (TGF)-3 [7]. However, in
asthmatic patients, there is a breakdown in Treg-regulatory mech-
anisms which result in the development of airway inflammation


dx.doi.org/10.1016/j.phrs.2016.04.030
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2016.04.030&domain=pdf
mailto:yllee@tmu.edu.tw
dx.doi.org/10.1016/j.phrs.2016.04.030

112 C.-L. Lin et al. / Pharmacological Research 110 (2016) 111-121

[8]. Therefore, inhibition of Th2 cell responses via the induction
of Tregs is considered an effective strategy to treat Th2-mediated
allergic asthma.

Imperatorin [9-(3-methylbut-2-enyloxy)-7H-furo|[3,2-
g]chromen-7-one| (molecular weight 270.28) belongs to a linear
furan class of coumarin compounds, and it is the main composition
of many traditional Chinese medicines, such as Angelica dahurica
Linnaeus (L.), A. sylvestris L., A. archangelica L., and Peucedanum
praeruptorum L. [9-11]. Imperatorin is known to exert many
biological functions. Previous studies showed that imperatorin
inhibited human immunodeficiency virus-1 infection in T cell lines
and Hela cells [12]. Imperatorin also possesses anti-inflammatory
activities. Some studies reported that imperatorin suppressed
proinflammatory cytokine secretion, and reduced nitric oxide
(NO) and prostaglandin E2 (PGE2) production in the RAW264.7
cell line [13,14]. Additionally, imperatorin inhibited the growth
of H292 and A549 lung cancer cells by enhancing the p53 protein
level [15]. More recently, a report provided evidence that imper-
atorin suppressed degranulation in IgE plus antigen-activated
bone marrow-derived mast cells [16]. Thus, we propose that the
bioactivities of imperatorin may potentially be able to influence
immune cell functions and provide a new alternative option for
relieving symptoms of allergic asthma. However, to date, the
antiallergic effects of imperatorin against allergic asthma and the
modulatory actions on DCs and T cells are still unavailable.

The aims of this study were to identify whether impera-
torin treatment can suppress Th2 responses in an ovalbumin
(OVA)-induced allergic asthma model and achieve antiallergic
activities against the development of airway syndromes. Further-
more, the immunomodulatory effects of imperatorin on T-cell
skewing were explored. Our results revealed that imperatorin
inhibited Th2-mediated airway inflammation through (i) induc-
tion of IL-10-secreting Tregs by modulating DC functions and (ii)
direct inhibition of T cell activation. Herein, we provide new evi-
dence for an anti-inflammatory role of imperatorin in inhibiting the
immune response and provide a potential use of imperatorin as an
antiallergic adjuvant to treat Th2-mediated allergic inflammation.

2. Material and methods
2.1. Preparation of imperatorin

Imperatorin (purity >98% by high-performance liquid chro-
matography) was isolated from the dried root of Saposhnikovia
divaricata (Apiaceae) by previously described purification methods
[17]. The structure of imperatorin is shown in Fig. 1A. A stock solu-
tion (370 mM) was prepared by dissolving imperatorin in (99.9%)
DMSO, and this was then stored at 4 °C until use.

2.2. Animals

Female BALB/c and C57BL/6 mice were purchased from the
National Laboratory Animal Center and Laboratory Animal Center
of National Taiwan University (Taipei, Taiwan) and maintained in
the Animal Center of Taipei Medical University. Animals used were
between 5 and 10 weeks of age and were age-matched within each
experiment. The animal care and handing protocols were approved
by the animal use committee of the College of Medicine, Taipei
Medical University (approval no.: LAC-2013-0207).

2.3. Administration of imperatorin to allergen-sensitized mice

Female BALB/c mice at 6 weeks of age were sensitized by an
intraperitoneal (i.p.) injection of 50 g OVA (Sigma-Aldrich, St.
Louis, MO, USA) plus 4 mg alum (Thermo Scientific, Rockford, IL,
USA) on day 1. On days 14, 28, 42, and 56, mice were boosted with

OVA (30 ng) and the same dosage of alum. On days 64 and 65,
mice were intranasally (i.n.) challenged with 100 wg OVA. Then,
mice were challenged with 5% OVA in 0.9% NaCl by inhalation for
3 consecutive days (days 66, 67, and 68) for 30 min daily. Finally,
the airway hyperresponsiveness (AHR) of mice was measured, and
the mice were sacrificed on day 69. To examine the effects of var-
ious dosages (0.1, 1, and 5 mg/kg of body weight) of imperatorin,
three groups of mice were each day orally fed imperatorin dissolved
in soybean oil from days 15-68. OVA-sensitized and —challenged
mice were fed soybean oil as an asthmatic positive control (PC).
Negative control (NC) mice were neither sensitized with OVA nor
administered imperatorin treatment although they received an
OVA challenge.

2.4. OVA-specific serum antibody assay

Serum samples were collected from mice on days 0, 21, 49, 63,
and 69. OVA-specificIgE, IgG and IgG,, serum antibody titers were
measured using enzyme-linked immunosorbent assay (ELISA) Kits
(Becton Dickinson Biosciences, San Jose, CA, USA). All samples were
compared to OVA-specific IgE, IgG, and IgG,, standard serum. The
concentration of standard serum was arbitrarily assigned as 1 ELISA
unit (EU).

2.5. Measurement of AHR

AHR was measured 24 h after the last aerosol exposure. Mice
were exposed to increasing doses of aerosolized methacholine
(MCh, Sigma-Aldrich), and the resulting AHR was measured by
the lung resistance (Ry) in tracheostomized mice that were anes-
thetized with 100 .l pentobarbital (10 mg/ml) and 50 l zoletil
(5 mg/ml). Mice were placed in a ventilator (Model 683; Harvard
Apparatus, South Natick, MA, USA) with their breathing controlled
via a tracheostomy tube at 150 breaths/min, with a tidal volume
of 0.3 ml and a positive end-expiratory pressure of 2 ~4 cmH,O0.
Increasing concentrations (1-32 mg/ml) of the MCh aerosol were
administered by nebulization. The Ry was continuously computed
(Labview, National Instruments, Dallas, TX, USA) by fitting the flow,
volume, and pressure to an equation of motion.

2.6. Analysis of bronchoalveolar lavage fluid (BALF) and lung
histology

Mice were sacrificed after measuring the AHR, and the lungs
were immediately lavaged via the tracheal cannula with 3 x 1ml
of Hank’s balanced salt solution (HBSS) which was free of ion-
ized calcium and magnesium. The lavage fluid was centrifuged at
400 xg for 10min at 4°C. The supernatants were collected for the
chemokine and cytokine assays. Cells were resuspended in 1 ml
RPMI-1640 medium and combined with 2% fetal bovine serum
(FBS) after washing. Total cell counts were determined by counting
at least 200 cells of cytocentrifuged preparations in a hemocytome-
ter, with Liu’s staining solution (Chi I Pao, Taipei, Taiwan). Different
cell types were classified as macrophages, eosinophils, neutrophils,
and lymphocytes, based on standard morphological criteria. The
lungs were immediately removed and fixed in 10% neutral-buffered
formalin after the lavage, routinely processed, and embedded in
paraffin wax. Five-micrometer sections were prepared and stained
with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS).

2.7. Determination of cytokine levels

Levels of eotaxin, keratinocyte-derived chemokine (KC), IL-13,
IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, tumor necrosis factor (TNF)-
o, and interferon (IFN)-y were analyzed using ELISA kits (eotaxin,
KC, IL-5, IL-10, and IFN-y kits from R&D Systems, Minneapolis, MN,
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Fig. 1. Expression levels of anti-OVA antibodies in imperatorin-treated allergic asthmatic mice. (A) The structure of imperatorin. The chemical formula is C;6H1404, and
molar mass is 278.28 g/mol. (B) Brief protocol of animal sensitization and challenge. On days 1, 14, 28, 42, and 56, all groups of mice were sensitized by an intraperitoneal
(i.p.) injection of OVA allergen. Three groups of mice (Imp (0.1), Imp (1), and Imp (5)) were orally fed 0.1, 1 and 5 mg/kg, respectively, of imperatorin on days 15 68. Control
mice (PC) were administered soybean oil instead of imperatorin. Mice were then intranasally (i.n.) challenged with OVA on days 64 and 65. Subsequently, mice were exposed
to OVA aerosols for 3 consecutive days, and the AHR was measured 1 day after the last challenge. BAL fluid was collected after measuring the AHR. Negative control mice
(NC) were neither sensitized with OVA nor administered imperatorin treatment. (B) IgE, IgG4, and IgG,, anti-OVA antibody expressions of all groups of mice were measured
by ELISAs. Results are expressed as the mean 4+ SEM of four to six mice in each group. * p<0.05, ** p<0.01, *** p<0.001 vs. the PC group.
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Fig. 2. Effects of imperatorin on the airway function and inflammation. (A) Oral administration of imperatorin suppressed the development of AHR in OVA-induced asthmatic
mice. One day after the last OVA challenge, airway resistance was measured in response to increasing concentrations of methacholine (132 mg/ml) by invasive body
plethysmography. Results are expressed as the pulmonary resistance in the ratio of lung resistance (R.) after PBS nebulization. (B) Changes in the cellular composition of
BAL fluid of mice exposed to an aerosolized allergen. After measuring the pulmonary function parameters, each group of mice was sacrificed, and BAL fluid was collected.
Cells from BAL fluid were counted and classified as macrophages (Macro), eosinophils (Eos), neutrophils (Neu), and lymphocytes (Lym). (C) Lung sections were stained with
hematoxylin/eosin (H&E) to measure inflammatory cells. (D) Lung sections were stained with periodic acid-Schiff (PAS) staining to measure mucus around the airway. Results
are expressed as the mean + SEM of four to six mice in each group. * p<0.05, ** p<0.01, *** p<0.001 vs. the PC group.

USA; IL-18, IL-2, IL-4, IL-6, IL-12, IL-13, and TNF-« kits from eBio-
science, San Diego, CA, USA).

staining, 2 x 106 splenocytes were stimulated with OVA (50 p.g/ml)
and cultured for 5 days. Then cells were restimulated with 20 ng/ml
phorbol myristate acetate (PMA; Sigma-Aldrich) plus 1 pg/mliono-

2.8. Detection of IL-10-producing Tregs mycin (Sigma-Aldrich) for 6 h. Intracellular cytokine expressions of

Spleens from each group of mice were harvested and ground
into single-cell suspensions. Red blood cells were removed by ACK
lysis buffer and washed three times with HBSS. For intracellular

IL-4 and IL-10in cells were measured by flow cytometry. In an OVA-
induced T cell proliferation assay, 3 x 10° splenocytes were seeded
into each well of 96-well plates and cultured with OVA (50 pg/ml).
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Fig. 3. Effects of imperatorin on levels of inflammatory mediator and cytokine production in BAL fluid. Inmediately after measuring pulmonary function parameters, each
group of mice was sacrificed, and BAL fluid was collected and analyzed for eotaxin, KC, IL-4, IL-5, IL-10, and IL-13 contents by ELISAs. Results are expressed as the mean + SEM

of four to six mice per group. * p<0.05, ** p<0.01, *** p<0.001 vs. the PC group.

After 72h of culture, cells were pulsed with [3H]-thymidine for
another 18 h. Cells were harvested, and tritiated thymidine incor-
poration was determined with a dry scintillation counter.

2.9. Generation of bone marrow-derived DCs (BMDCs)

Tibial and femoral bone marrow was isolated from 5 ~ 9-week-
old BALB/c mice. Bone marrow cells were cultured in RPMI-1640
combined with 5% FBS complete medium with granulocyte-
macrophage colony-stimulating factor (GM-CSF) (200 U/ml) on day
0. Fresh medium containing GM-CSF was used to replace the old
medium on day 2. Non-adherent cells were removed, and the old
medium was replaced with GM-CSF (100 U/ml) and IL-4 (200 U/ml)
onday 5.0n day 8 of culture, non-adherent cells were collected and
washed for further assaying.

2.10. MTT assay

On day 8 of culture, BMDCs (10 cells/well) were treated with
various concentrations (0.4, 0.7, 3.7, 18.5, 37, 185, and 370 M) of
imperatorin for 72 h. Untreated DCs were cultured with medium as
the control. In another experiment, to assess the cytotoxicity effect
of imperatorin on T cells, 10° cells/well of CD4* T cells were treated
with various concentrations (0.4, 0.7, 3.7, 18.5, 37, and 74 puM) of
imperatorin for 72 h. Untreated T cells were cultured with medium
alone as the control. Cells were pulsed with 10 .l of 5 mg/ml of MTT
and incubated for another 4 h. Then cells were solubilized in DMSO,
and the value was determined by a microplate reader at 570 nm.

2.11. Cytokine measurements

On day 8 of culture, BMDCs (106 cells/well) were pretreated in
24-well plates with different doses of imperatorin (0.7, 3.7, and
18.5 wM), 1 uM prednisolone (Sigma-Aldrich), or medium only for
20 min, and then treated with or without 100 ng/ml LPS (Sigma-
Aldrich) for 24 h. Culture supernatants were harvested, and levels of
IL-10, IL-12, and proinflammatory cytokines (IL-1[3, IL-6, and TNF-
o) were detected by ELISA kits.

2.12. Surface marker analysis

DCs were pretreated with or without imperatorin, then cultured
with 100 ng/ml LPS, and harvested after a 24-h incubation. Cells
were stained with fluorescein isothiocyanate (FITC)-conjugated
anti-CD11c and anti-CD86 or phycoerythrin (PE)-conjugated anti-
CD11c, anti-I-A/I-E (MHC class II), anti-CD40, anti-CD54, anti-CD80,
anti-CD86, anti-programmed death-ligand (PDL)-1, anti-inducible
costimulatory ligand (ICOSL), anti-Jagged1 (eBioscience), anti-
Delta-like1, anti-Delta-like4, and anti-Jagged2 (Biolegend, San
Diego, CA, USA) at 4°C for 30min. Cells were washed and
resuspended in FACS buffer (1% FBS and 0.1% NaNs in a
1 x phosphate-buffered saline (PBS) solution). Staining with iso-
type control antibodies was performed in all experiments. Flow
cytometry was performed using FACSCalibur (Becton Dickinson,
Mountain View, CA, USA), and data were analyzed with Cellquest
pro software (Becton Dickinson).

2.13. CD4™ T cell isolation

Splenocytes from BALB/c and C57BL/6 mice were resuspended
in MACS buffer (0.5% bovine serum albumin (BSA) and 2 mM EDTA
in a 1 x PBS solution) at 107 cells/80 uL and stained with anti-
CD4 magnetic beads (Miltenyi Biotec, Auburn, CA, USA) at 107
cells/20 w1, which was performed for 15min at 4°C. Cells were
washed and resuspended in MACS buffer to positively select CD4*
T cells.

2.14. in vitro T-cell proliferation assay

For mixed lymphocyte reactions, 10¢ day-8 BMDCs from BALB/c
mice were treated with LPS (100 ng/ml), imperatorin (18.5 wM), LPS
plus imperatorin, or medium only. After 24 h of culture, DCs were
irradiated with 3000 rad (137Cs source). Then allogeneic CD4* T cells
(2 x 10° cells/well) from C57BL/6 mice were cultured with differ-
ent proportions of irradiated DCs (0.25 x 104, 0.5 x 104, and 10*
cells/well). Cells were cultured for 72 h and then pulsed with [3H]-
thymidine for another 18 h. Cells were harvested, and counts per
minute (cpm) were measured with a 3-counter. For the cytokine
assays, culture supernatants were collected at 24, 48, and 72 h. In
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another experiment, to assess the direct effect of imperatorin on T
cells, 2 x 10° CD4" T cells from BALB/c mice were stimulated with
anti-CD3/anti-CD28 antibodies (1 pg/ml) in 96-well plates and
treated with different doses of imperatorin (0.7, 3.7, and 18.5 puM),
prednisolone (1 wM), or medium only. After 3 days of culture, cell
proliferation was measured by [3H]-thymidine incorporation, and
culture supernatants were harvested for cytokine assays.

2.15. Data analysis

Results are expressed as the mean + standard error of the mean
(SEM). Statistical analyses were performed using a one-way anal-
ysis of variance (ANOVA) followed by Dunnett’s post-hoc test. p
values of <0.05 were considered statistically significant.

3. Results
3.1. Imperatorin reduced anti-OVA IgE production in serum

We evaluated the therapeutic effects of imperatorin in an OVA-
induced asthmatic animal model. The treatment protocol is shown
in Fig. 1B. OVA-sensitized mice (Imp (0.1), Imp (1), and Imp
(5)) were orally fed different doses (0.1, 1, and 5 mg/kg, respec-
tively) of imperatorin. The PC group was fed soybean oil instead
of imperatorin. NC mice were neither sensitized with OVA nor
fed imperatorin. Serum samples were collected on the indicated
days, and titers of OVA-specific antibodies in serum were assayed
by ELISAs. Compared to the PC group, oral administration of a
high dose of imperatorin (Imp (5)) to mice significantly decreased
OVA-specific IgE and IgG,, production on days 63 ~ 69. However,
imperatorin had no suppressive effect on OVA-specificIgG, expres-
sion (Fig. 1C). Previous studies showed that the Th2-type cytokine,
IL-4, caninduce IgE and IgG; production, and the Th1-type cytokine,
IFN-vy, can induce IgG,, production in B cells [18,19]. Therefore,
these results indicated that imperatorin inhibited both Th1 and Th2
responses in allergic asthmatic mice.

3.2. Imperatorin attenuated allergen-induced airway
inflammation

Furthermore, to determine the effects of imperatorin on
allergenic-induced asthma, both the AHR and infiltration of inflam-
matory cells in BALF were investigated. As shown in Fig. 2A,
treatment of mice with imperatorin significantly inhibited AHR
in a dose-dependent manner, compared to the PC group. On the
other hand, PC mice that were sensitized and challenged with
OVA exhibited obvious infiltration of macrophages, eosinophils,
and neutrophils in BALF (Fig. 2B). In contrast, oral treatment of
mice with imperatorin markedly reduced the infiltration of these
inflammatory cells. A histological examination of lungs from the PC
group showed a large number of infiltrating inflammatory cells and
increased mucus secretion from goblet cells (Fig. 2C, D), compared
to imperatorin-treated groups. Upon giving imperatorin to mice,
imperatorin inhibited inflammatory cell infiltration and mucus
production in the lungs.

3.3. Imperatorin suppressed secretion of chemokines and
Th2-type cytokines but enhanced IL-10 production

To assess production of mediators in the lungs, BALF was col-
lected and assayed by means of ELISAs. Compared to the PC group,
there were significant and dose-dependent decreases in the pro-
duction of chemokines (eotaxin and KC) and Th2 cytokines (IL-4,
IL-5, and IL-13) in imperatorin-treated groups. Notably, impera-
torin markedly increased IL-10 production in the lungs (Fig. 3).
As expected, similar cytokine patterns were shown in culture
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Fig. 4. Imperatorin treatment enhanced the generation of regulatory T cells and
reduced OVA-specific T-cell proliferation. (A) The percentage of IL-10-producing
Tregs. Splenocytes (10° cells/well) from imperatorin-treated and control groups
were stimulated with 50 p.g/ml OVA in 24-well plates. Cells were cultured for 5 days
and restimulated by PMA and ionomycin for 6 h. Restimulated splenocytes were ana-
lyzed by flow cytometry. (B) OVA-specific T cell proliferation in allergic asthmatic
mice. Splenocytes (3 x 10° cells/well) were cultured in 96-well plates and stimu-
lated with 50 pg-mL OVA for 5days. Then cells were pulsed with [*H]-thymidine
for 16-18 h. Counts per minute (cpm) were measured with a 3-counter. Results are
expressed as the mean + SEM of four to six mice per group. * p<0.05, ** p<0.01, ***
p<0.001 vs. the PC group.

supernatants of OVA-restimulated splenocytes in these mice (Fig.
S1). These results demonstrated that imperatorin inhibited Th2
responses but enhanced IL-10 production in mice with OVA-
induced asthma.

3.4. Imperatorin induced the generation of Tregs in vivo

As the Tr1 Treg cell performs its suppressive ability by producing
IL-10, we further identified the possibility of imperatorin suppress-
ing Th2 immune responses by inducing Tr1. Isolated spleen cells
were cultured with OVA and restimulated with PMA/ionomycin
before being analyzed by flow cytometry. Compared to the PC
group, mice administered a high dose of imperatorin (Imp (5))
exhibited significant induction of IL-4-IL-10*-producing Tregs
(Fig.4A). In the T-cell proliferation assay, imperatorin-treated mice
showed a markedly lower proliferative capacity of OVA-specific T
cells than did PC mice (Fig. 4B). In conclusion, these data indicated
that imperatorin suppressed OVA-specific T cell proliferation by
inducing IL-10-producing Tregs in OVA-sensitized mice.
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Fig. 5. Imperatorin pretreatment induced IL-10 secretion and reduced proinflammatory cytokines production in LPS-stimulated dendritic cells. (A) Cytotoxicity effect of
imperatorin on DCs. On day 8 of culture, DCs were treated with different doses of imperatorin for 24 h. Cell viability was detected by an MTT assay. (B) Expression levels of
IL-10, IL-12, and (C) proinflammatory cytokines (IL-1f3, IL-6, and TNF-a) from imperatorin-pretreated DCs with or without LPS stimulation. On day 8 of culture, DCs were
treated with various concentrations of imperatorin (0.7, 3.7, and 18.5 uM), 1 wM prednisolone (PDS), or medium alone for 20 min and then activated by LPS (100 ng/ml)
for another 24 h. Supernatants were collected and analyzed by ELISAs. Results are expressed as the mean + SEM of three independent experiments.* p <0.05, ** p<0.01, ***

p<0.001 vs. LPS-treated DCs (LPS group).

3.5. Imperatorin enhanced IL-10 production in LPS-stimulated
DCs

DCs play critical roles in determining T-cell differentiation in
the face of allergen exposure. Mature DCs secrete IL-10, IL-12,
and proinflammatory cytokines (IL-1f3, IL-6, and TNF-a), and these
cytokines are known to participate in T-cell differentiation [20].
Additionally, variations in expressions of the Notch ligands, PDL-1
and ICOSL, by mature DCs were also shown to be crucial for Treg cell
differentiation [21-23]. Thus, we hypothesized that imperatorin
might regulate the differentiation route of T cells by affecting the
function of DCs. First, we evaluated the possible cytotoxic effects
of imperatorin on BMDCs. After 72h of treatment of DCs with
different doses (0.4~370 M) of imperatorin, cell viability was
detected by an MTT assay (Fig. 5A). Because imperatorin showed
no cytotoxicity at concentrations of up to 37 wM in DCs, we used
up to 18.5 M imperatorin for the following experiments. Next,
we investigated the effect of imperatorin on cytokine production
by DCs. DCs were treated with different concentrations of impera-
torin (0.7, 3.7, and 18.5 uM) following LPS (100 ng/ml) stimulation.
As shown in Fig. 5B, IL-10 production by DCs significantly increased
in a dose-dependent manner. In contrast, IL-12 production was
markedly decreased by imperatorin treatment (Fig. 5B). Similar
data were also obtained when proinflammatory cytokines (IL-1(3,
IL-6, and TNF-a) were quantified (Fig. 5C). As a control agent, pred-
nisolone caused a strong reduction in the production of IL-10, IL-12,
and proinflammatory cytokines by DCs. These data indicated that
imperatorin treatment could reduce the inflammatory response via
IL-10 production by DCs.

3.6. Imperatorin enhanced ICOSL and Jagged1 surface marker
expressions by LPS-stimulated DCs

We further analyzed the phenotype profiles of DCs. In particu-
lar, we examined whether imperatorin treatment had any effect on
Notch ligand expressions. There are four identified heterodimeric

transmembrane Notch receptors (Notch 1, 2, 3, and 4) and their
ligands (Delta-like 1, 3, and 4 and Jagged1 and —2) [24]. Several
studies supported delta-like ligands promoting Th1 cell differenti-
ation, whereas Jagged ligands enhance the development of Tregs
[21,25]. Compared to LPS-activated DCs, imperatorin (18.5 uM)
plus LPS-treated DCs showed no differences in MHC I, CD40, CD54,
CD80, CD86, or PDL-1 expressions. However, imperatorin treat-
ment induced an obviously higher level of ICOSL expression by DCs,
compared to LPS-treated DCs (Fig. 6A). Furthermore, as shown in
Fig. 6B, after treatment with imperatorin, Jagged1 expression by
DCs significantly increased. Collectively, imperatorin-treated DCs
expressed higher levels of ICOSL and Jagged1 surface molecules,
which were correlated with the regulatory ability of DCs on Treg
differentiation.

3.7. Imperatorin-treated DCs reduced T-cell proliferation and
induced IL-10 production by T cells

Because imperatorin treatment promoted DCs to secrete IL-
10 and express increased ICOSL and Jaggedl molecules, we
predicted that imperatorin-treated DCs might induce CD4* T
cell differentiation to Tregs. To clarify the modulatory ability
of imperatorin-treated DCs on T cells, LPS- and imperatorin-
treated irradiated DCs were cocultured with allogeneic CD4*
T cells at various ratios. Imperatorin-treated DCs significantly
reduced T-cell proliferation, compared to LPS-stimulated DCs
(Fig. 7A). Furthermore, after 72h of coculture, significantly
decreased IFN-vy production and increased IL-10 production were
found in these activated T cells (Fig. 7B). These results indicated
that imperatorin might induce IL-10-producing Tregs through
imperatorin-modulated DCs.

3.8. Imperatorin directly inhibited T-cell activation

We further addressed whether imperatorin directly affected T-
cell responses in a DC-independent pathway. The cytotoxic effects



C.-L. Lin et al. / Pharmacological Research 110 (2016) 111-121 117
A
s MHC 1l g CD40 s CD54 - CD80 " CD86 " PDL-1 g ICOSL
¢ . 8, %5, 2 2 2 53
8 400 |8 } 8 I 1 | e 8 93 8 8 —=—
M d 8 |— 8 8. 8 r 8 2 8
edium 2 ? £ 2 < 2 e
8 ;4 8 5 g ® {
° ° ¥ © ° ° °
109 10" 102 103 104 109 10! 102 103 10t 1 104 10° 107 102 10 10* 100 10! 102 10 10* 10° 10! 102 10® 10*
g 8 = ¢ E g g 51
g|e s o] 2 B | o 8 sl
'g 8 }— 2 8 2 T 38 8
Imp 5]+ N 2 D) g 2
=|® R 8 14 & Q
[
o © =Y Cl © o o
o) 100 10" 102 103 10% 160 10! 102 103 10 10" 102 10% 10 100 4109 10" 102 108 10% 100 10! 102 103 10* 100 10! 102 10° 10"
2 g 3 E i 8 58
2| ¢ 760 |® g s 175 s s —2—
x|s 3 8 8 3 8
LPS I 2
H E 2 $ H 2
& 3 8 8 E S
©: ° o © © 3 °
N 100 100 12 10 10f 10° 10" 102 10® 10* 10 10! 102 10° 10?109 10! 102 103 10t 100 108 10t
8 2 8 g 8 8
g 792 |32 s 157 |8 £ 8
8] s e f 8 ] 2
LPS/imp | ¢ 2 2 g b 2
{ 8 & & { 8
o ° ° o °
1 100 10" 102 10° 10t 1% o' 102 163 10t 10© 10" 102 103 1o‘°|o" 1" 102 10° 10 109 10’ 102 10° 101 102 1% 10t
Mean fluorescence intensity (MFI)
MHCHl €D40 cDs4
200-
150-
E 1o
50-
o
& Q
N «
&
cD8o cD86 PDLA IcosL
200
150-
& 100 \Q
" \
° 2
& e
S \3@@
B
Deltat Deltad
5 Deltal 5 Deltad Jagged1 Jagged2
B 8 g 8
67 59 76 45
. 3 }_ 8 } 2 I 8 I
Medium . : f . t . I
2 ? 8 ?
5 B canr e a2l SRS cpar e SRRl i i
EHE 8 s g
2| s 8 8 2
< 166 103 62 43
=| s —_ = I 2 L 8 |
LPS 3|, o o o s '
g & & 8 ® Jagged1 Jagged2
% B O ol St T e Ot St e T e Qi Ol Y e Do
i 2 8 8
8 B E] 8
116 122 152 37
2 3. } E} | 8 }
LPS/Imp s . LI . ! 2 !
& & 8 8
B2 e oo S SR e e AR e e B e e e

«

Mean fluorescence intensity (MFI)

Fig. 6. Imperatorin pretreatment increased the expression of ICOSL and Jagged1 on LPS-stimulated dendritic cells. (A) Expression levels of MHC class II, CD40, CD54, CD80,
CD86, PDL-1, and ICOSL on DCs, and (B) Notch ligands Deltal, Delta4, Jagged1, and Jagged2 on DCs. On day 6 of culture, DCs were treated with medium, imperatorin (18.5 uM),
LPS (100 ng/ml), or imperatorin plus LPS for 24 h. After incubation, cells were collected and analyzed by flow cytometry. Representative flow cytometric profiles of expressions
of these surface molecules on the gated CD11c* cells are shown. The mean fluorescence intensity (MFI) was calculated, and results are expressed as the mean + SEM from

three independent experiments.

of imperatorin on T cells were evaluated by an MTT assay. After
treatment with 0.4-74 wM imperatorin for 72 h, T cells showed no
changes in cell viability (Fig. 8A). To analyze the direct effect of
imperatorin on T cells, purified CD4* T cells were pretreated with

*p<0.05, **p<0.01, vs. LPS-treated DCs (LPS group).

different doses of imperatorin (0.7, 3.7, and 18.5 wM) and then acti-
vated by anti-CD3/anti-CD28 antibodies. Compared to control T
cells (with anti-CD3/anti-CD28 stimulation only), activated T cells
cultured in the presence of imperatorin (18.5 M) or prednisolone
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profoundly lost their proliferation capacity and released lower lev-
els of cytokines (IL-2, IFN-v, IL-5, IL-10, and IL-13) (Fig. 8B, C). We
also confirmed that 18.5 wM imperatorin did not induce apoptosis
in T cells (Fig. S2). These results showed that imperatorin directly
suppressed T cell activation; however, it did not drive the differen-
tiation of CD4* T cells into IL-10-producing Tregs.

4. Discussion

Allergic asthma is a chronic inflammatory disease of the
airways, together with AHR and airway structural remodeling.
There are many cytokines, chemokines, and proinflammatory
mediators which can cause airway inflammation. Corticosteroids,
such as prednisolone and dexamethasone, are nonspecific anti-
inflammatory reagents and are used as the first-line treatment
of asthma [26]. Undoubtedly, corticosteroids are the most effec-
tive class of drugs to inhibit inflammatory reactions in asthma.
However, their side effects are the most frequently reported [27].
Therefore, we need to explore new therapeutic reagents that target
pathways involved in asthma pathogenesis, and natural products
belonging to traditional Chinese medicine represent a promising
resource in this regard.

Imperatorin is the main bioactive compound of the root of A.
dahurica. Angelica dahurica is used in traditional Chinese medicine
to treat headaches, bleeding, neuralgia, and menstrual disorders
[28]. This natural reagent played a critical role in controlling airway
inflammation in an OVA-induced murine asthma model [29]. One
report demonstrated that A. dahurica suppressed the development
of atopic dermatitis-like skin lesions induced by Dermatophagoides
farinae in NC/Nga mice [30]. Another study further demonstrated
that pretreatment of mice with imperatorin significantly reduced
IL-13, IL-6, and TNF-a production, and induced expression of
IL-10 in an LPS-induced acute lung injury animal model [31].
Recently, imperatorin was shown to suppress degranulation of
mast cells by inhibiting phospholipase Cy1 (PLCy1) phosphoryla-
tion [13]. Overall, those results reveal that imperatorin possesses
anti-inflammatory and antiallergic activities; therefore, there is the
potential to use imperatorin as an immunomodulatory reagent to
treat allergic airway inflammatory diseases.

In the current study, we are the first to identify the therapeu-
tic effect of imperatorin in an asthmatic murine model. A previous
study showed that imperatorin had low toxicity in terms of acute
neurotoxic effects with a toxic dose of 310-349mg/kg [12]. In
our study, 0.5-5 mg/kg doses of imperatorin were used, and there
were no adverse side effects on the outward appearance or organ
weights of treated mice (Tables S1, S2). Our results clearly indicated
that imperatorin treatment significantly reduced the production
of OVA-specific IgE in serum, Th2 cytokine production in BALF
and the spleen, and airway inflammation in OVA-sensitized and
—challenged mice. Previous studies usually used prednisolone or
dexamethasone as control reagents when applying this model.
These drugs strongly reduced the number of inflammatory cells
in BALF and decreased serum IgE production [32,33]. Other groups
also showed that corticosteroids significantly reduced the devel-
opment of AHR and Th2 cytokine production [34]. Compared to
corticosteroid reagents, imperatorin showed a similar therapeutic
efficacy, but it had no adverse effects in these treated mice.

Th2 cells mainly cause eosinophilic asthma by secreting Th2
cytokines, such as IL-4, IL-5, and IL-13. These cytokines can induce
asthma syndromes including IgE production by B cells, the devel-
opment of AHR, eosinophil infiltration in the lungs, and mucus
secretion in the airways [35]. It is known that IL-4 induces the
switch to IgE production by B cells, and such high levels of IgE can
further induce mast cell activation [36]. IL-5 supports eosinophil
development in the bone marrow [37]. IL-13 is able to reduce lung
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Fig. 7. Imperatorin-treated activated dendritic cells reduced T-cell proliferation
but enhanced IL-10 production in an allogeneic mixed lymphocyte reaction. (A)
The modulatory effect of imperatorin-treated DCs on T cell proliferation. DCs from
BALB/c mice were pretreated with medium, imperatorin (18.5 wM), LPS (100 ng/ml),
or LPS plus imperatorin for 24 h. Naive CD4* T cells from C57BL/6 mice (2 x 10°
cells/well) were then cocultured with y-irradiated DCs at DC: T-cell ratios of 1:20,
1:40, and 1:80 in 96-well plates for 54 h. Cells were pulsed with [>H]-thymidine for
another 18 h. Results are expressed as counts per minute (cpm). (B) The modulatory
effect of imperatorin-treated DCs on T cell cytokine production. Naive T cells were
cocultured with DCs in 48-well plates at a DC: T ratio of 1:2.5. Supernatants were
collected at 24, 48, and 72 h, and cytokine levels were analyzed by an ELISA. Results
are expressed as the mean =+ SEM of three independent experiments.” p<0.05, **
p<0.01 *** p<0.001 vs. the LPS group.

function and induces AHR by directly acting on airway cells [38].
Thus, we speculated that imperatorin has an antiallergic effect on
allergic asthma by reducing these Th2 cytokine secretions. Our
results also showed that imperatorin treatment significantly down-
regulated IFN-vy production and resulted in low OVA-specific IgG2,
production in serum. IFN-vy is produced by Th1 and natural killer
cells, and it induces activated B cells to produce IgG, [39]. Fur-
thermore, we observed that OVA-specific T-cell proliferation was
suppressed in imperatorin-treated allergic asthmatic mice. Overall,
these findings indicated that imperatorin dampened OVA-induced
immune responses, thereby limiting the immunopathology.

We further identified whether the suppressive effect of impera-
torin on immune responses is due to the induction of Tregs in vivo.
Our results showed that IL-10 production was markedly upreg-
ulated in the lungs and spleen of imperatorin-treated mice. In
addition, the number of IL-4-IL10* CD4* T cells was particularly
increased in these mice. IL-10 is an immunosuppressive cytokine.
It can induce differentiation of Tr1 cells and inhibit activation of
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effector T cells, eosinophils, mast cells, and DCs [40]. Tr1 cells can
secrete high levels of IL-10, and the immunosuppressive mecha-
nism of Tr1 cells is IL-10-based [41,42]. A previous study showed
that IL-10-secreting Tregs were induced to suppress the allergic
immune response with specificimmunotherapy of patients allergic
to house dust mites [43]. Therefore, our observations suggest that
orally feeding mice imperatorin promoted the development of IL-
10-producing Tr1 cells to achieve the immunosuppressive function
in this Th2-mediated allergic asthma model.

How imperatorin carries out its immunosuppressive role is not
fully understood. One of the possibilities is that imperatorin treat-
ment might influence DC function, thereby preventing excessive
Th2 responses. DCs are key players effecting immune tolerance by
cytokine production or cell-cell interactions with T cells [44]. Thus,
we next identified whether imperatorin induced IL-10-producing
Tregs by modifying the function of DCs. We found that pretreatment
of DCs with imperatorin resulted in reduced production of proin-
flammatory cytokines (IL-6, TNF-«, and IL-12) but enhanced IL-10
production following LPS activation. In particular, imperatorin-
treated DCs expressed high levels of ICOSL and Notch ligand
Jagged1 molecules. Furthermore, when these DCs were further
cocultured with naive T cells, they possessed the ability to promote
the generation of IL-10-producing T cells. It is well known that fully
mature DCs secrete higher levels of proinflammatory cytokines
(IL-12, TNF —a, IL-1f3, and IL-6). IL-12 and TNF-«a drive Th1 cell
differentiation [45], whereas IL-1[3 and IL-6 induce Th17 cell dif-
ferentiation [46]. Our results suggest that imperatorin-treated DCs
did not promote Th1 or Th17 cell differentiation. However, it might
drive naive T cells to become IL-10-secreting Tr1 cells by high
amounts of IL-10 from DCs. In addition to IL-10, ICOS-ICOSL sig-
naling is critical for Tr1 induction. ICOS is a member of the CD28
family, and its expression is upregulated following T cell activation
by an interaction with ICOSL on antigen-presenting cells [47]. DCs
upregulate ICOSL upon maturation, which was shown to induce
IL-10-producing Tregs [48]. Furthermore, different levels of Delta
and Jagged protein expressed by DCs can be induced via differ-
ent stimuli [49]. Some studies also showed that the Jagged1 ligand
enhances the development and function of Tregs. Vigouroux et al.
demonstrated that Jagged1-transduced humanB cellsinduced aTr1
cell population in an in vitro study [25]. Cahill et al. identified that
Jagged1-expressing mesenchymal stromal cells provided protec-
tion against lung inflammation by enhancing Tregs and increasing
levels of IL-10 [50]. In summary, based on the above, we predict
that imperatorin-pretreated DCs induce IL-10-secreting Treg dif-
ferentiation through a cytokine effect and/or cell-cell contact on T
cells.

A second possibility for the inhibitory effects of imperatorin
might be through directinduction of IL-10-producing Tregs. To clar-
ify whether imperatorin can directly drive T cells to differentiate
into IL-10-producing Tregs, we analyzed the effect of imperatorin
on activated T cells. Our data showed that imperatorin inhibited
activated T-cell proliferation and cytokine production in vitro. How-
ever, there was no effect on Treg induction. Imperatorin inhibited T
cell proliferation through inhibiting the nuclear factor of activated
T cell (NFAT) binding to the IL-2 promoter and transcriptional activ-
ities [51]. Alternatively, previous studies reported that imperatorin
inhibited the mitogen-activated protein kinase (MAPK) pathway;
therefore, it might inhibit IL-2 production by T cells [52,53]. Over-
all, we suggest that the therapeutic effect of imperatorin is in part
through direct reduction of T cell activation.

In conclusion, imperatorin exerts an immunosuppressive effect
in mice with OVA-induced asthma by two regulatory mecha-
nisms (Fig. 9). First, imperatorin can modify DCs to Treg-polarizing
antigen-presenting cells. These DCs produce the polarizing
cytokine, IL-10, and express higher levels of surface markers (ICOSL
and Jagged1) to induce Tr1 differentiation, and then inhibit Th2-

mediated allergic asthma. Second, imperatorin can reduce Th2
responses by directly inhibiting activated Th2 cell proliferation
and cytokine production. In the future, imperatorin may have the
potential for use as a therapeutic drug for asthma patients.
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