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Coumarins from the roots of Angelica dahurica
cause anti-allergic inflammation
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Abstract. Allergic inflammation is induced by allergens and
leads to various allergic diseases, including rhinitis, asthma and
conjunctivitis. Histamine is important in the pathogenesis of
an immunoglobulin E-dependent allergic reaction and results
in the secretion of cytokines associated with inflammation.
Angelica dahurica (A. dahurica) is a medicinal plant widely
used in China for the treatment of symptoms related to allergic
inflammation. The present study investigated the chemical
constituents from A. dahurica and evaluated their reductive
effect on allergic inflammation. As a result, 15 compounds
including 13 coumarins have been identified as isoimpera-
torin (1), imperatorin (2), oxypeucedanin (3), oxypeucedanin
hydrate (4), bergapten (5), byakangelicin (6), phellopterin (7),
byakangelicol (8), isopimpinellin (9), xanthotoxol (10), xantho-
toxin (11), pimpinellin (12), scopoletin (13), B-sitosterol (14)
and daucosterol (15). Compounds 1-13 were able to reduce
the release of histamine, with compounds 4-6 exhibiting the
most potent activity. Furthermore, compounds 1-12 were able
to inhibit the secretion of tumor necrosis factor-o., interleukin
(IL)-1p and IL-4, with compounds 5 and 7 exhibiting the
strongest inhibitory effects. These compounds implemented
the inhibitory effects on the expression of inflammatory
cytokine genes through the inhibition of nuclear factor-xB
activation. Virtual screening by a docking program indicated
that compound 3 is a potent histamine H, receptor antago-
nist. Additionally, the calculated physicochemical properties
of these compounds support most furanocoumarins to be
delivered to binding sites and permeate the cell membrane.
The present findings contribute to understanding how
A. dahurica attenuates allergic inflammation.
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Introduction

Allergic inflammation is caused by allergens and results
in diseases, including rhinitis, asthma and conjunctivitis.
It impacts the quality of life and costs large medical expen-
ditures to attenuate the hypersensitive symptoms. In total,
10-20% of the population worldwide suffers from allergies,
and this number annually increases (1). Similarly to effector
cells, mast cells are important in allergic inflammation
through the production and secretion of allergic mediators,
including histamine, chemokines, cytokines and growth
factors (2). When exposed to allergens the stimulation leads to
the production of immunoglobulin E (IgE) within min, which
binds to the IgE receptor on the surface of mast cells with high
affinity (3) and induces IgE-dependent acute hypersensitivity
reactions. Furthermore, crosslinking of antigen-IgE triggers
the IgE receptor-mediated activation of mast cells and induces
the degranulation of mast cells through granule membrane
fusion (4). This is followed by the release of allergic inflamma-
tory mediators, including histamine, chemokines, cytokines
and eicosanoids for the change of membrane permeability (5).
As a major allergic mediator, histamine is the most important
molecule in acute allergy and acts by binding to the histamine
H, receptor, which manifests edema, warmth and erythema
by causing vasodilation, increasing vascular permeability
and leukocyte recruitment (6). Additionally, inflammatory
cytokines such as tumor necrosis factor (TNF)-a., interleukin
(IL)-1p and IL-4, affect the chronic inflammatory phase by
enhancing B cell survival or T cell activation (7). Furthermore,
nuclear factor (NF)-«B is an important transcriptional factor
in inflammation and activated NF-«B is able to regulate gene
expression of inflammatory cytokine genes, including TNF-a,
IL-1p and IL-4 (8). Finally, rat basophilic leukemia (RBL)-2H3
cells are suitable for in vitro studies of mast cell-mediated
allergic inflammation, which involves the degranulation and
expression of inflammatory cytokines (9,10).

Angelica dahurica (A. dahurica; Fisch. ex Hoffm.) Benth.
et Hook. f. ex Franch. et Sav (Umbelliferae) is a plant that
belongs to the Angelica genus and is distributed in Northern
and Northeastern China. In Traditional Chinese Medicine, the
roots of A. dahurica have been used to treat headache, rhinitis,
cold and toothache amongst others. Furthermore, pharma-
cological studies have shown that it has antimicrobial (11),
hepatoprotective (12), antioxidative (13) and cholinesterase
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inhibitory activities (14), and activates dendritic cells (15)
and the actions of lipolytic hormones (16). Furthermore,
it inhibits the production of prostaglandin E, (17) and
nitric oxide (NO) (18,19), and reduces the release of hista-
mine (20). In addition, the ethanolic extract of A. dahurica
displayed anti-inflammatory effects by the upregulation of
heme oxygenase-1, particularly in mice with asthma (21,22).
Phytochemical investigations have revealed that there were
coumarins (23,24) in A. dahurica as well as lignans (25),
polyacetylene (26) and polysaccharides (15). The aim of the
present study was to search bioactive phytochemicals for the
treatment of allergic inflammatory diseases. Various chemical
constituents in A. dahurica were isolated and relevant effects
on allergic inflammation were evaluated.

Materials and methods

Plant materials. The roots of A. dahurica were purchased
from Bozhou Materia Medica Market (Bozhou, China) in
2012 and identified at that institution. The voucher specimen
(M20120907) was deposited in The Firs People's Hospital of
Jingmen City (Jingmen, China).

Chemicals and reagents. Water was prepared from distilled
water by a Milli-Q system (EMD Millipore, Billerica,
MA, USA). Anti-dinitrophenyl (DNP)-IgE (D8406) and
DNP-human serum albumin (D-5059-10) were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
The media and reagents for the cell culture were supplied by
Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
ELISA kits for TNF-a (H052), IL-1p (H002) and IL-4 (H005)
were purchased from the Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The luciferase assay system
including NF-kB luciferase reporter plasmid pGL4.32 and
the Renilla luciferase reporter vector plasmid pRL-TK was
supplied by Promega Corporation (Madison, WI, USA). The
Lipofectamine® 2000 transfection reagent was purchased from
Invitrogen (Thermo Fisher Scientific, Inc.). The other solvents
employed in the present study were of analytical purity grade.
Sephadex LH-20 was purchased from GE Healthcare Life
Sciences (Chalfont, UK), Toyopearl HW-40C from Tosoh
Corp. (Tokyo, Japan), silica gel from Qingdao Ocean Chemical
Co., Ltd. (Qingdao, China) and octadecylsilane (ODS) was
supplied by Daiso Chemical Co., Ltd. (Osaka, Japan). Porous
resin Dy, was obtained from Tianjin Blosorb Biotechnology
Co., Ltd. (Tianjin, China).

Extraction and isolation. The dried roots of A. dahurica
(10.0 kg) were ground and extracted with 95% ethanol (20 1
each time) under reflux for 5 h three times. Following evapo-
ration of the solvent under reduced pressure, the residue was
obtained and suspended in water (5.0 1) followed by succes-
sive partition with petroleum ether (PE; 5.0 1 each time), ethyl
acetate (EA; 5.0 I each time) and n-butanol (n-BuOH; 5.0 1
each time) for three times. Subsequently, the solvents were
removed and three parts were obtained.

The PE part (110.0 g) was subjected to column chromatog-
raphy (CC) on a silica gel eluted with gradient PE/EA (from
100:0 to 20:80, v/v) and 6 fractions were obtained according
to the thin-layer chromatography (TLC) assay results. Briefly,
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the samples in EA were loaded on the TLC plates (Qingdao
Jiyida Silica Reagent Co., Ltd., Qingdao, China) and eluted
with PE/EA (70:30, v/v). The spots were visualized under
ultraviolet light. Fraction 3 was further separated by silica gel
CC to produce compound 14 (25.0 mg) as colorless needle-like
crystals. Fraction 5 was also isolated on a silica gel CC to
obtain compound 13 (10.5 mg), and fraction 6 was subjected to
HW-40C and eluted with isocratic dichloromethane methanol
(DCM/MeOH; 3:1, v/v) to produce compound 1 (33.0 mg).

The EA extract (260.0 g) was subjected to silica gel CC
and eluted by gradient DCM/MeOH (from 100:0 to 0:100, v/v).
Furthermore, the eluate was combined into 12 fractions based
on the TLC assay. Fraction 2 was subjected to the HW-40C CC
eluted with isocratic DCM/MeOH (2:1, v/v) and then recrys-
tallized to produce compounds 4 (33.7 mg) and 6 (15.5 mg).
Fractions 3 and 4 were combined and separated on the silica
gel CC with gradient DCM/MeOH (from 90:0 to 50:50, v/v) to
produce four subfractions. Subfractions 2 and 4 were further
purified with Sephadex LH-20 eluted with DCM/MeOH
(50:50, v/v) and compounds 1 (81.0 mg) and 2 (63.0 mg)
were obtained. Fraction 6 was repeatedly subjected to silica
gel CC with DCM/MeOH as the eluent, and the eluates were
subsequently crystalized to produce compounds 7 (21.0 mg),
5 (18.0 mg) and 11 (11.0 mg). Fraction 8 was disposed by the
silica gel CC with gradient DCM/MeOH and subsequently
Sephadex LH-20 CC eluted with isocratic DCM/MeOH (1:1,
v/v) to produce compounds 9 (9.5 mg) and 10 (13.0 mg).
Fraction 9 was purified by the Sephadex LH-20 CC directly
and then preparative TLC to obtain compound 12 (8.5 mg).
Finally, fraction 11 was separated on an ODS CC eluted with
MeOH/H,0 (50:50 to 95:5, v/v) and purified by Sephadex
LH-20 CC eluted with MeOH to gain compounds 3 (12.5 mg)
and 8 (13.0 mg).

The n-BuOH extract (130.0 g) was subjected to porous
resin D, CC with gradient ethanol/H,O (10:90, 30:60, 90:10
and 100:0, v/v) to produce 4 fractions. Fraction 1 was sepa-
rated on ODS CC eluted with MeOH/H,O (from 30:70 to 95:5,
v/v) to produce compounds 1 (16.5 mg), 3 (10.5 mg) and 4
(13.0 mg). Furthermore, fraction 2 was also subjected to ODS
CC to produce compound 15 (26.0 mg).

The compounds isolated were dissolved in DMSO and the
nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker DRX400 NMR spectrometer (Bruker, Billerica,
MA, USA) to elucidate their chemical structures. Mass spec-
trometry was performed on Agilent LC-MS with 1260 LC
system and 6400 Series Triple Quadrupole mass spectrometer
equipped with electrospray ionization (Agilent Technologies,
Santa Clara, CA, USA). The structures were determined
through comparing the data obtained from NMR and MS with
those in previously published literature (see Results).

Cell culture. RBL-2H3 cells were purchased from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum,
100 U/ml penicillin and 100 pg/ml streptomycin at 37°C in a
humidified 5% CO, atmosphere.

Determination of released histamine. As the levels of hista-
mine represented the degree of mast cell degranulation, the
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histamine contents in culture media were measured. The
o-phthaldialdehyde spectrofluorometric procedure was
employed as previously described (26). For the IgE-mediated
histamine release, RBL-2H3 cells (1x10° cells/well in a 96-well
plate) were sensitized with anti-DNP IgE in PBS (10 pg/ml) and
incubated at 37°C overnight. Next, the cells were pretreated
with compounds obtained from the plant (20 xM in PBS
containing 0.1% DMSO) or PBS containing 0.1% DMSO at
37°C for 1 h prior to the challenge with DNP-human serum
albumin (HSA; 500 ng/ml). The cells were then separated
from the media by centrifugation at 10,000 x g for 5 min at
4°C. Furthermore, the fluorescent intensity was recorded by
a fluorescent plate reader (Molecular Devices, LLC, Sunny-
vale, CA, USA) at an excitation wavelength of 360 nm and an
emission wavelength of 440 nm.

Molecular modeling for screening the histamine H, receptor
antagonists. Molecular docking is able to provide the visual
detail of the interaction between a ligand and a biomacromole-
cule. In the present study the Surflex-Dock Sybyl v2.0 program
(Tripos Inc., St. Louis, MO, USA) was used. 3D structures of
the compounds obtained were prepared by Sybyl sketch and
optimized by Tripos force field. The crystal structure of the
histamine H, receptor was retrieved from the RSCB Protein
Data Bank (www.rcsb.org/pdb/home/home.do) (PDB code:
3RZE), and hydrogen atoms and charges were added. After
removing the water, the docking process was performed (27).

Measurements for levels of TNF-a, IL-15 and IL-4. The
levels of inflammatory cytokines in the media from RBL-2H3
cells challenged with DNP-HSA were determined by ELISA.
ELISA was performed on a 96-well plate using ELISA Kkits
according to the manufacturer's instructions. After termi-
nating the reaction of the substrate through the addition of
stop buffer (2N H,SO,), the absorbance was recorded on a
spectrophotometer at a wavelength of 450 nm.

Dual luciferase reporter assay for NF-xB activity. RBL-2H3
cells (1x10° cells/well in a 24-well plate) were transfected with
both the NF-«xB luciferase reporter plasmid pGL4.32 and the
Renilla luciferase reporter vector plasmid pRL-TK at 100 and
9.6 ng per well, respectively. Following transfection using lipo-
fectamine® 2000 at 37°C for 24 h, the medium was replaced
with fresh serum-free medium. Cells were treated with
compounds obtained from the plant (20 xM in PBS containing
0.1% DMSO) or PBS containing 0.1% DMSO before stimula-
tion. Cells were subsequently washed with PBS twice and lysed
with PLB for 20 min according to the manufacturer's instruc-
tions for the luciferase reporter assay system. The Promega
protocol was run on the GloMax-Multi JR detection system
(Promega Corporation). Briefly, 50 ul luciferase assay reagent
was mixed with 10 ul lysate. The fluorescence intensity of firefly
luciferase was determined. Then 50 p Stop & Glo® reagent was
added into the mixture and the fluorescence intensity of Renilla
luciferase was measured. Furthermore, the relative luciferase
activity was measured by normalizing the firefly luciferase
activity against the internal control (Renilla luciferase).

Physicochemical properties of the compounds. Lipophi-
licity/hydrophilicity has a strong influence on the absorption,
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distribution, metabolism and excretion properties of pharma-
cological agents in vivo. Hydrophobic agents tend to bind to
hydrophobic sites whereas hydrophilic ones favor hydrophilic
positions (28). Therefore, the lipophilicity/hydrophilicity
expressed as logp was theoretically calculated through the
physicochemical module of the Sybyl program while inputting
the chemical structures to elucidate the physicochemical prop-
erties of these compounds. Generally, the values of logp for the
drugs are between 2 and 5, which suggests that the drugs may
be easily delivered to binding sites.

The polar surface area (PSA) derived from the Sybyl
program as above is defined as the surface sum over all polar
atoms, primarily oxygen and nitrogen atoms, also including
their attached hydrogen atoms. It is typically used to optimize
a drug's ability to permeate cells. Furthermore, molecules
with PSA values of <140 A tend to be poor at permeating cell
membranes.

Statistical analysis. All values are expressed as the
mean + standard deviation, and GraphPad Prism 5.0 (GraphPad
Software, Inc., La Jolla, CA, USA) was used for statistical
analysis. Significant differences of experimental data from
different groups were compared by one way analysis of vari-
ance followed by Dunnet's test for multiple comparisons and
Student's t-test for single comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

Phytochemical investigation. Phytochemical investigation on
the roots of A. dahuricahas led to the isolation of 15 compounds.
As shown in Fig. 1, their structures were identified as isoim-
peratorin (1) (29), imperatorin (2) (29), oxypeucedanin (3) (30),
oxypeucedanin hydrate (4) (29), bergapten (5) (29), byakan-
gelicin (6) (29), phellopterin (7) (29), byakangelicol (8) (31),
isopimpinellin (9) (32), xanthotoxol (10) (29), xantho-
toxin (11) (29), pimpinellin (12) (31), scopoletin (13) (31),
[B-sitosterol (14) (29) and daucosterol (15) (29) on the basis
of spectra analysis including 'H-nuclear magnetic resonance
(NMR), *C-NMR and mass spectrometry in combination with
the data comparison from previously published studies (29-32).

Contents of released histamine. The contents of released
histamine in the media for RBL-2H3 cells indicated mast cell
degranulation. As shown in Fig. 2, anti-DNP IgE-sensitized
RBL-2H3 cells released a significantly increased level of
histamine when DNP-HSA was added, compared with control
cells. Compounds 1-13 significantly reduced the content
of histamine in the media, compared with DNP-HSA cells,
compound 5 induced the greatest decrease of the three.

Docking studies for the coumarins with histamine H,
receptor. Molecular docking revealed the interaction between
the histamine H, receptor and isolated coumarins. Out of all
the coumarins, compound 3 exhibited a more potent affinity
to the histamine H, receptor than the others. Its total score
(a measure of its affinity recorded by the Sybyl program)
was 8.46, which was higher than for doxepin (a ligand in the
crystal structure of the histamine H, receptor) which had
a total score of 7.57. In addition, compounds 1, 2, 4 and 6
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Figure 1. Structures of chemical constituents from Angelica dahurica for
compounds (A) 1-11, (B) 12, (C) 13, and (D) 14 and 15.

exhibited scores of 6.11, 6.36, 6.60 and 6.60, respectively,
whereas the scores for compounds 7 and 8 were 5.81 and
5.77, respectively. As shown in Fig. 3, compound 3 is able
to fully enter the binding pocket of histamine H, receptor
and present a similar pose with doxepin. Hydrophobic and
electrostatic interactions are important for the formation
of the ligand-receptor complex (Fig. 4), although there are
no evident hydrogen bonds between small molecules and
biomacromolecules.

Levels of inflammatory cytokines. To further evaluate the
compounds from A. dahurica on chronic allergic inflamma-
tion, the levels of TNF-a, IL-1p and IL-4 in the media for
RBL-2H3 cells were determined (Fig. 5). Following challenge
with DNP-HSA, the levels of TNF-a, IL-1f and IL-4 in the
media significantly increased compared with control cells.
When pretreated with the obtained compounds, the levels of
TNF-a, IL-1p and IL-4 for compounds 1-12 were significantly
decreased compared with DNP-HSA cells, to different extents.
Compounds 1,2, 5 and 7 induced the greatest decrease in levels
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Figure 2. Effects of compounds isolated from Angelica dahurica on the
histamine release in the media of mast cells. “P<0.01 vs. control group;
“P<0.05, “P<0.01 vs. DNP-HSA group. DNP-HSA, dinitrophenyl-human
serum albumin.

Figure 3. Stereoview of compound 3 (black) and doxepin (gray) in the
binding pocket.

of these inflammatory cytokines. However, compounds 13-15
exhibited no significant difference on TNF-a, IL-1f3 and IL-4.

Activation of NF-xB. In order to further confirm the effects
of these compounds on the expression of inflammatory
cytokine genes, the activation of NF-kB was investigated
following treatment with these compounds. As a result, the
activation of NF-kB was significantly increased in RBL-2H3
cells stimulated by DNP-HSA and significantly ameliorated
when compounds 1-12 were administered (Fig. 6). Of all the
compounds, compounds 5 and 7 exhibited the greatest potency,
followed by compounds 1 and 2.

Physicochemical properties of the compounds. As shown in
Table I, the values of logp for the identified compounds 1-3,
5 and 7-11 were between 2 and 5. Conversely, the values of
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Figure 4. (A) Hydrophobic and (B) electrostatic interactions between compound 3 and the histamine H, receptor. The scale bars in the figures represent
(A) hydrophobicity/hydrophilicity (from top to bottom) or (B) positive charge/neutral/negative charge (from top to bottom).

A 2004

B 300

Figure 5. Effects of compounds obtained on the secretion of (A) TNF-a, (B) IL-1f and (C) IL-4. "P<0.01 vs. control group; "P<0.05, “P<0.01 vs. DNP-HSA
group. TNF, tumor necrosis factor; IL, interleukin; DNP-HSA, dinitrophenyl-human serum albumin.

Luciferase activity (ratio)

Figure 6. Effects of compounds obtained on the activation of nuclear
factor-kB. P<0.01 vs. control group, ‘P<0.05, “P<0.01 vs. DNP-HSA group.

compounds 4, 6 and 12-15 were not within that range. In addi-
tion, the PSA values of these compounds were <140 besides
compounds 6 and 15. However, the PSA of compound 15 was
markedly higher than that of compound 6.

Discussion

A phytochemical investigation on the roots of A. dahurica
resulted in the identification of 15 compounds. Of all the
compounds, there were 13 coumarins identified. In the
structures of compounds 1-11 the furan ring was fused at
the C-6 and C-7 positions of the coumarin scaffold, and
at the C-7 and C-8 positions in compound 12 to form
furanocoumarins.

Pharmacological evaluation of these compounds has
shown that compounds 1-13 are able to affect the release of
histamine and these results indicate that the constituents in A.
dahurica are able to inhibit the degranulation of mast cells.
Furthermore, compounds 1-12 are able to reduce the secretion
of TNF-a, IL-1f and IL-4. It may be demonstrated that the
6,7-furanocoumarin scaffold is necessary and the methoxyl
group at the C-5 position contributes largely to the decrease
of histamine release, which is in accordance with the in vivo
results for several coumarins of A. dahurica (20). Although
isopentane-derived groups are likely to reduce the inhibition
of histamine release, the 2,3-dihydroxyisopentane group has
little effects on this. Similarly, the 6,7-furanocoumarin scaf-
fold is necessary and the methoxyl group at the C-5 position
largely contributes to reduce the secretion of TNF-a, IL-13
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Table I. Physicochemical properties of compounds isolated
from Angelica dahurica.

Compound MW (Da) logp PSA (A?)
1 270.28 401 94.86
2 270.28 401 75.46
3 300.31 325 121.64
4 318.32 1.71 139.58
5 216.19 231 96.88
6 348.35 1.74 142.93
7 300.31 404 78.03
8 330.33 3.28 97.99
9 246.22 233 86.29

10 202.16 2.18 139.43

11 216.19 231 81.86

12 246.22 1.98 85.57

13 192.19 1.31 115.89

14 365.32 -6.08 65.77

15 520.40 -3.23 227 .64

MW, molecular weight; PSA, polar surface area.

and IL-4, which is in accordance with the previous results
on anti-inflammatory coumarins in A. dahurica (18,33,34).
The isopentenyl group also shows a positive effect on the
secretion of cytokines, which makes compounds 1 and 2
display potent activity. In addition, the present study has
assessed the inhibitory effects of these compounds on NF-kB
activation. The results are also consistent with the inhibitory
effects on the secretion of TNF-a, IL-1§ and IL-4. Finally,
the results imply that these compounds inhibit expression of
inflammatory cytokine genes by decreasing the activation of
NF-«B.

Virtual screening by docking indicates that compound 3 is
a potent histamine H, receptor antagonist together with some
weak ligands to that protein compared with the intrinsic ligand.
This may contribute to the molecular shape of compound
3 and its polarization. In addition, calculated logp and PSA
support the majority of furanocoumarins in A. dahurica that
are able to permeate the cell membrane and be delivered to the
binding sites. Substituted groups also contribute to the logp
values according to their polarities, and groups affecting the
logp values are epoxy isopentenyl, 3,4-dihydroxy isopentenyl,
methoxyl and isopentenyl. Similarly, the substituted groups
affect the PSA value of the whole molecule. Of all these groups,
3.4-dihydroxy isopentanyl contributes mostly to PSA due to its
abundance of oxygen atoms, resulting in compound 4 having
a PSA ~140 and that of compound 6 >140. Furthermore, The
PSA of compound 10 is close to 140, which may be attributed
to the intramolecular hydrogen bond between the hydroxyl and
neighbor oxygen.

In conclusion, the present study suggests that coumarins
in A. dahurica are able to alleviate acute allergy following
chronic inflammatory reaction and indicates that anti-allergic
inflammation of this medicinal plant results from the multiple
effects of these compounds.
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