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Abstract

Angelica gigas has been used as a Korean traditional medicine for pain relief and gynecological health. Although the extracts are
reported to have an anti-inflammatory property, the bioactive compounds of the herbal plant and the effect on T cell responses are
unclear. In this study, we identified decursinol angelate (DA) as an immunomodulatory ingredient of A. gigas and demonstrated
its suppressive effect on type 17 helper T (Th17) cell responses. Helper T cell culture experiments revealed that DA impeded the
differentiation of Th17 cells and IL-17 production without affecting the survival and proliferation of CD4 T cells. By using a dextran
sodium sulfate (DSS)-induced colitis model, we determined the therapeutic potential of DA for the treatment of ulcerative colitis.
DA treatment attenuated the severity of colitis including a reduction in weight loss, colon shortening, and protection from colonic
tissue damage induced by DSS administration. Intriguingly, Th17 cells concurrently with neutrophils in the colitis tissues were
significantly decreased by the DA treatment. Overall, our experimental evidence reveals for the first time that DA is an anti-inflam-
matory compound to modulate inflammatory T cells, and suggests DA as a potential therapeutic agent to manage inflammatory
conditions associated with Th17 cell responses.
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INTRODUCTION mune homeostasis is believed to have a key role in the patho-
genesis of IBD.

Alterations in the mucosal microenvironment may disrupt Proinflammatory cytokines are associated with the etiology
the balance between tolerance and inflammation in the intes- of IBD (Strober and Fuss, 2011). Recent studies established
tinal tract, leading to diseases including inflammatory bowel that IL-17-producing Th17 cells have a pivotal role in the mu-
disease (IBD). IBD is a chronic inflammatory condition of cosal immunity in the intestinal tissue (Tesmer et al., 2008).
the digestive tract and characterized by symptoms involving It has been reported that proportions of Th17 cells within the
diarrhea, abdominal pain, rectal bleeding, and weight loss intestinal tissue and peripheral blood are increased in the

(Baumgart and Carding, 2007). Ulcerative colitis (UC) and IBD patients (Monteleone et al., 2012). Moreover, genetic
Crohn’s disease (CD) are the two of the main types of IBD, variations in IL23R, JAK2 and STAT3, which promote Th17

and the prevalence of both the diseases has been increas- cells, are associated with an increased susceptibility to IBD
ing in the developing world (Neurath, 2014). Moreover, pa- (Neurath, 2014). Several classes of anti-inflammatory agents
tients with IBD have an increased risk of developing colorectal are currently used in the management of IBD, which include
cancer (Kim and Chang, 2014). Progression of UC and CD 5-aminosalicylates, azathioprine, corticosteroids and inflix-
involves the erosion of protective epithelial layers causing the imab. However, these drugs have a number of contradictions
exposure of gastrointestinal microbes, dietary antigens and and side effects, and some of the patients are reported to be
toxins which leads to the activation of immune cells (Gitter et resistant to those treatments (de Mattos et al., 2015). Thus,
al., 2001). Although the mechanisms underlying the develop- targeting Th17 cells in an attempt to control intestinal inflam-
ment and progression remain unclear, the disruption of im- mation may have a potential benefit to treat IBD while minimiz-
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Fig. 1. Decursinol angelate is an immunomodulatory ingredient of A. gigas. (A-C) Lymph node cells isolated from OT-II mice were treated
with the chemical components of A. gigas and activated with ova peptide and culture for 5 days in the presence of IL-2. The culture su-
pernatant was analyzed by CBA. Data represent the mean (+ SD) cytokine levels obtained from three independent experiments: *p<0.05,

*p<0.01.

ing the adverse effects.

Angelica gigas is an herbal medicinal plant and inhabits the
East Asian area like Korea, Japan and China. The roots of the
herbal plant have been traditionally used as dietary supple-
ments for pain relief and improvement of gynecological health
(Choi et al., 2012). The therapeutic value of the ethanol ex-
tracts of the roots were examined for several disease condi-
tions including cancer and inflammation (Jiang et al., 2007;
Kim et al., 2015). It was reported that A. gigas extracts attenu-
ated the induction of nitric oxide, MCP-1 and TNF-a in mac-
rophage cell lines, suggesting an immunomodulatory activity
of the herbal compounds (Kim et al., 2006; Cho et al., 2015).
However, the effect of A. gigas on the helper T cell responses
has not been determined as well as the anti-inflammatory
component of the herbal plant. In this study, we have identi-
fied decursinol angelate as an immunosuppressive ingredient
of A. gigas and investigated its activity on Th17 cell differentia-
tion and function.

MATERIALS AND METHODS

Chemicals and reagents

Dextran sodium sulfate was purchased from Sigma-Aldrich
(MO, USA). The chemical compounds of A. gigas were provid-
ed by Yoongho Lim (Konkuk University, Seoul, Korea): twelve
active ingredients of A. gigas was purchased from Biopurify
Phytochemicals Ltd (Sichuan, China) and the purity of each
compound was at least 98% as determined by HPLC system
fitted with a RP-C18 column (Phenomenex, Torrance, CA,
USA) (Maharjan et al., 2018). Fluorophore conjugated anti-
bodies against CD4, CD11b, Gr-1 and IFN-y; the neutralizing
antibodies against IL-4, IL-12 and IFN-y; the antibody against
CD3¢ and CD28 were purchased from BD biosciences (CA,
USA). FITC conjugated IL-17A antibody was obtained from
Thermo Fisher Scientific (MA, USA). Recombinant murine IL-
6, IL-23 and human TGF-$ were purchased from PeproTech
(NJ, USA).

Mice and colitis model
OT-II mice were provided by Mark Boothby (Vanderbilt Uni-
versity, Nashville, TN, USA) and C57BL/6J mice purchased

from DBL (Seoul, Korea). All the animal experiments were per-
formed under protocols approved by the Institutional Animal
Care and Use Committee of Hallym University (Chuncheon,
Korea). 7- to 8-week-old C57BL/6J mice were administered
2.5% DSS through their drinking water for 7 days. Decursinol
angelate were intraperitoneally injected at doses of 0.4 mg/
kg and 4 mg/kg every other days from day -1 to day 7. The
disease activity index was scored as follows: weight loss (‘0":
no loss; ‘1’: loss >1-5%; ‘2’: loss 5 >10%; ‘3’: loss >10-15; ‘4’
loss >15-20%); presence of blood (‘0: absent; ‘1’: present)
and stool consistency (‘0’: firm;’1’: loose; ‘2’: diarrhea). Scores
were added to give a maximum score of 7.

CD4*T cell activation and helper T cell culture

Asingle cell suspension was isolated from spleen and lymph
nodes of the mice as previously described (Lee et al., 2013).
Lymph node cells of the OT-II mice were activated with 0.2 pg/
ml OVAas2s.330 peptide in Iscove’s Modified Dulbecco’s medium
containing 10% FBS and cultured with 4 ng/ml IL-2 for 5 days.
CD4* T cells were purified from the spleen of C57BL/6J mice
using CD4 microbeads (Miltenyi Biotech, Gladbach, Germa-
ny) in accordance with the manufacturer’s instructions. CD4 T
cells were activated with anti-CD3¢ (2.5 pg/ml) and anti-CD28
(2.5 pg/ml) and cultured for 5 days with mitomycin C-treated
splenocytes. Th17 culture was supplemented with 5 ng/ml
TGF-B, 10 ng/ml IL-6, 10 ng/ml IL-23, 5 pg/ml anti-1L-12, 5 ug/
ml anti-IFN-y and 5 ug/ml anti-IL-4.

Flow cytometry and cytokine beads array (CBA)

Immunofluorescent staining was conducted as previously
described (Lee et al., 2010). For intracellular cytokine staining,
cells were stimulated with 50 ng/ml PMA and 1 pg/ml iono-
mycin for 6 h in the presence of the Golgi-stop reagent (BD
Biosciences). After they were fixed with 4% paraformaldehyde
and permeabilized with 1% saponin, the cells were intracellu-
larly stained with FITC-conjugated anti-IL17A, PE-conjugated
anti-IL-4, and APC-conjugated anti-IFN-y antibodies. Data
were acquired with the FACS Canto Il instrument (BD Biosci-
ences) and analyzed with the FlowJo V10 software. Cytokine
levels were measured by the BD CBA Mouse Th1/Th2/Th17
Cytokine kit (BD Biosciences) in accordance with the manu-
facturer’s instructions.
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Fig. 2. DA suppresses Th17 differentiation and function. CD4" T cells were activated and cultured in the presence of DA under Th17 polar-
izing condition for 5 days. (A) Cells were analyzed by intracellular cytokine staining. Shown are representative FACS profiles in the live CD4
T cell gate: inset numbers indicate the mean (x SD) percentages of IL-17" cells obtained from three independent experiments. (B) Cells
were restimulated with anti-CD3e and anti-CD28 for 24 h, and the culture supernatants were analyzed by CBA. (C, D) Th17 cells were cul-
tured as in (A) and analyzed by quantitative RT-PCR. Concentrations of the indicated mMRNAs were normalized to those of Actb, and the
means (+ SD) of the relative levels from three biological replicates are shown: *p<0.05, **p<0.01.

Cell viability, apoptosis, and proliferation assay

Cell viability assay was performed with the EZ-Cytox En-
hanced Cell Viability Assay kit (DoGenBio, Seoul, Korea) in
accordance with the manufacturer’s instructions. Apoptosis
was measured by incubating cells with PE-conjugated Annex-
in V (BD Biosciences) for 30 min. followed by FACS analysis.
CD4* T cells were activated with anti-CD3¢ and anti-CD28 for
3 days, and proliferation was assessed by EdU uptake assay
with the Click-iT Plus EdU Flow Cytometry Assay Kit (Thermo
Fisher Scientific) in accordance with the manufacturer’s in-
structions.

Quantitative reverse transcription PCR

RNA was extracted using the TRIzol reagent (Thermo Fish-
er Scientific) and reverse-transcribed into cDNA with M-MLV
reverse transcriptase (Promega, WI, USA). Quantitative real-
time PCR reaction was performed using a CFX96 Real-Time
PCR Detection System (Bio-Rad, CA, USA) with SYBR gPCR
mix (Toyobo, Japan). Primer pairs are listed in Supplementary
Table 1.

Histology

Colon tissue sections were stained with hematoxylin and
eosin staining reagents, and histological scores (0-6) were de-
termined under a microscope as described elsewhere (Longhi

https://doi.org/10.4062/biomolther.2019.004

et al., 2017). The presence of cell infiltration (‘0’: absence; ‘1"
scattered inflammatory foci; multiple inflammatory foci, and
‘3": transmural cell infiltration); crypt structure (‘0: normal;
‘1’: presence of elongated crypts, and ‘2’: absence of crypts);
and edema in the colon wall (‘0’: absence and ‘1’: presence of
edema) were determined.

Cell isolation from the colon

The colons were washed with cold PBS and inverted fol-
lowed by shaking at 37°C in the presence of 0.015% DTT
and 1 uM EDTA for 30 min. The supernatant contained the
intraepithelial (colonic IE) cells. The remaining tissue was cut
into pieces and incubated at 37°C in 1.5 mg/ml collagenase
and 0.5 mg/ml dispase with shaking. The cell suspension con-
taining lamina propria (colonic LP) cells were then washed,
passed through a 70 um strainer, and analyzed by flow cy-
tometry.

Statistical analysis

Experiments were performed in at least duplicate or tripli-
cate, and the results of more than three independent experi-
ments are represented as the mean (£ SD) unless mentioned
otherwise. The statistical significance between the samples
was calculated by unpaired two-tailed t-test (Instat; GraphPad
Inc, San Diego, CA, USA). In the figures, * and ** denote p-
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Fig. 3. Effect of DA on survival and proliferation of CD T cells. CD4 T cells were activated with anti-CD3 and anti-CD28 for 3 days in the
presence or absence of DA. Cell viability (A) was determine with the Ez-Cytox kit, and apoptosis (B) was measured by Annexin-V staining.
The data represent the means (+ SD) of three independent experiments. (C) CD4 T cells were cultured as in (A) and analyzed by flow cy-
tometry after a pulse with EdU. Shown are representative histograms in the live CD4 T cell gates and the means (+ SD) of EdU" cells aver-

aging three independent experiments.

values less than 0.05 and 0.01, respectively.

RESULTS

Decursinol angelate as an anti-inflammatory component
of A. gigas suppresses the proinflammatory cytokine
production of CD4 T cells

A. gigas has been used in traditional Korean medicine as
a tonic and as a treatment for various diseases including in-
flammatory conditions (Choi et al., 2012). To define the bioac-
tive ingredient of the herbal plant with an immunomodulatory
activity, we tested the effects of the chemical components of
A. gigas on T cell activation using class II-MHC restricted and
ovalbumin-specific OT-Il T cells. Treatment with several com-
pounds potently attenuated the secretion of proinflammatory
cytokines such as TNF-a and IFN-y from the antigen-stimu-
lated OT-II cells as measured by CBA (Fig. 1A, 1B). Among
the tested compounds, decursinol angelate (DA) was able to
significantly suppress the IL-17 production of CD4 T cells (Fig.
1C). Next, we further investigated the immunomodulatory ac-
tivity of DA on differentiation and function of helper T cells.

Decursinol angelate impedes Th17 cell differentiation and
IL-17 expression of CD4 T cells

Naive T cells can be activated and differentiated into distinct
subsets of helper T cells including IFN-y-producing Th1 cells,
IL-4-producing Th2 cells, and IL-17-producing Th17 cells to
elicit an appropriate adaptive immunity (Zhu and Paul, 2008).
To assess the immunomodulatory activity of DA on the helper
T cell subsets, we cultured CD4 T cells in the presence of DA
under Th1, Th2, and Th17 cell polarizing conditions. Flow cy-
tometry analyses showed that the DA treatment resulted in de-
creased intracellular expression of IL-17 in the Th17-polarized
cells in a dose dependent manner (Fig. 2A). DA also inhibited
the expression of IFN-y in Th1 cells but did not affect that of
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IL-4 in Th2 cells (Supplementary Fig. 1A, 1B). The CBA results
using the culture supernatants confirmed that DA significantly
suppressed IL-17 secretion from the activated Th17 cells (Fig.
2B). Moreover, we observed a decreased IL-17A mRNA ex-
pression in the DA-treated Th17 cells, which suggests that
DA inhibits the induction of IL-17 at the transcriptional level
(Fig. 2C). Although DA attenuated the induction of IFN-y and
TNF-a in antigen-stimulated OT-II T cells and Th1 cells (Fig.
1, Supplementary Fig. 2), DA did not affect the production
of those cytokines from the Th17 cultures (Fig. 2B). RORyt
is the master transcriptional regulator of Th17 development
of CD4 T cells, while the transcription factor T-bet promotes
Th1 differentiation (lvanov et al., 2006). The mRNA level of
Rorc (encoding RORyt) was significantly attenuated by the DA
treatment in the Th17 cells, but that of Tbx21 (encoding T-bet)
was not affected (Fig. 2D). These results imply that DA nega-
tively modulates the programming of Th17 cells, leading to the
impaired production of IL-17.

FoxP3-expressing regulatory T (Treg) cells have a pivotal
role in the peripheral tolerance (Rudensky, 2011). Intriguing-
ly, Th17 and Treg cells share a common signaling pathway
mediated by TGF-B, and the balance between the Th17 and
Treg cells is critical in inflammatory and autoimmune diseases
(Lee, 2018). When we measured the anti-inflammatory cyto-
kine IL-10 secreted from the Th17 cultures, we did not observe
an enhanced production of IL-10 by the DA treatment (Fig.
2B). Even under the Treg polarizing condition, DA did not af-
fect the induction of FoxP3* Treg cells (Supplementary Fig.
1C). These results suggest that the anti-inflammatory activity
of DA on Th17 cells was not due to a secondary effect on the
immunomodulatory function of Treg cells.

Effects of decursinol angelate on the survival and
proliferation of CD4 T cells

Previous results demonstrated that DA potently prevented
the induction of Th17 cells from naive CD4 T cells. This anti-in-
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Fig. 4. DA ameliorates DSS-induced colitis in mice. (A) Schematic diagram of experimental procedure. (B) Body weight was measured
daily and represented as a mean (+ SEM) percentage of body weight. (C) Disease activity index (DAI) was scored as describe in “Materi-
als and Methods”. Shown are the means (+ SEM) of DAI 9 d after starting DSS administration. Results are obtained from two separate
replicate experiments, each involving six mice. (D) At day 9, mice were euthanized, and the colons were isolated and photographed. Colon
length was measured. (E) IL-6 level in the plasma at day 9 was analyzed by CBA. (F) Colon were stained with hematoxylin and eosin (H&E).

Shown are the representative H&E-stained sections and means (+ SD) of the histological scores. *p<0.05, **p<0.01.

flammatory effect of DA would be derived from attenuating the
expansion of activated CD4 T cells and/or from cytotoxicity.
DA, however, did not affect the viability of CD4 T cells up to a
concentration of 40 uM which we used in the previous experi-
ments (Fig. 3A). The Annexin-V staining results also showed
that DA did not induce apoptosis of the T cells (Fig. 3B). By
using the EdU uptake assay, we measured the effect of DA on
cell cycling of activated CD4 T cells in Th17 cultures. Fig. 3C
shows that the rate of EAU* cells was not reduced by the DA
treatment, demonstrating that DA suppresses the differentia-
tion and cytokine production of Th17 cells, independent of the
survival and proliferation of CD4 T cells.

Decursinol angelate ameliorates dextran sodium sulfate-
induced colitis

Deregulated Th17 responses have been implicated in the
pathogenesis of many inflammatory conditions and autoim-
mune diseases such as IBD (Monteleone et al., 2012). To ex-
plore whether DA has a therapeutic potential to treat IBD, we
used an UC model induced by DSS. Mice given DSS in the
drinking water for 7 days exhibited UC symptoms involving
weight loss and disease severity that included diarrhea (Fig.
4A-4C). When mice were treated with DA at a dose of 4 mg/
kg, the weight loss and colitis severity triggered by the admin-
istration of DSS were significantly ameliorated (Fig. 4B, 4C).
We also observed that the length of the colon and size of the
cecum in the DA-treated mice were longer and bigger than in
the vehicle-treated mice, respectively (Fig. 4D). Despite the

https://doi.org/10.4062/biomolther.2019.004
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relatively modest effect with a lower dose (0.4 mg/kg) of DA
on the disease severity, the cecum size was bigger than that
of the vehicle-treated control (Fig. 4B-4D).

DA treatment significantly suppressed the colitis-induced
upregulation of plasma IL-6, as an indicator of systemic in-
flammation (Fig. 4E). Histological evaluation of the colon sec-
tions showed that DSS administration resulted in the histopa-
thology of colitis including muscle thickening, impaired crypt
structure, cellular infiltration, and disruption of the epithelium
architecture (Fig. 4F). In sharp contrast, the DA treatment
protected the mice from the DSS-induced histopathological
changes and immune cell infiltration within the colon (Fig. 4F).
These results provide the evidence that DA could ameliorate
the symptoms and severity of DSS-induced colitis in mice.

Decursinol angelate suppresses the activation of Th17
cells and recruitment of neutrophils in the colitis tissue

To evaluate the inhibitory effect of DA on Th17 respons-
es in vivo, we isolated and characterized immune cells in
the draining lymph nodes and epithelium of the colons in
DSS-administrated mice. IL-17-producing Th17 cells were
markedly increased in the mesenteric lymph nodes, colonic
intraepithelium and lamina propria by inducing colitis, while
IFN-y-producing Th1 cells were upregulated only in the lamina
propria (Fig. 5A). Intriguingly, the DA treatment significantly re-
duced the induction of Th17 cells in the draining lymph nodes
and colonic tissues (Fig. 5A). On the other hand, DA did not
inhibit the DSS-triggered IFN-y-producing Th1 cells in the coli-
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Fig. 5. DA attenuates the activation of Th17 cells and the recruitment of neutrophils in the colitis tissues. (A) Mice were administered with
DSS as in Fig. 4, and leukocytes isolate from the mesenteric lymph node (MLN), colonic intraepithelium (colonic IE) and lamina propria (co-
lonic LP) were analyzed by intracellular cytokine staining. Shown are the representative FACS profiles with the inset numbers indicating the
prevalence of the IL-17" and/or IFN-y" cells in the live CD4 T cell gate. The mean (+ SD) percentages of the IL-17A" cells were calculated
from two independent experiments, each involving four mice. (B) Infiltration of granulocyte populations in the colonic tissues were analyzed
by flow cytometry. Shown are the representative FACS profiles in the live leukocyte gate and mean (+ SD) prevalence of CD11b™ Gr-1".

*5<0.05, **p<0.01.

tis mice. Consistent with the in vitro data (Fig. 2), these results
confirm the immunomodulatory potential of DA on the activa-
tion and function of Th17 responses.

Proinflammatory cytokine IL-17 upregulates a number of
cytokines and chemokines in inflamed tissues, leading to the
recruitment of neutrophils (Tesmer et al., 2008). We observed
a dramatic colitis-induced increase of CD11b* Gr-1* cells in
the colonic tissues (Fig. 5B). In agreement with the reduced
induction of Th17 cells, the DA treatment significantly attenu-
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ated the recruitment of CD11b"Gr-1" neutrophil populations
in the colonic tissues of the colitis mice (Fig. 5B). Anti-inflam-
matory Treg cells were also increased within the draining
lymph nodes and colonic tissues upon DSS administration. Al-
though DA did not affect FoxP3 induction and IL-10 production
in Treg cells in vitro, the DA treatment significantly reduced
the prevalence of Treg cells in the colonic tissues of colitis
mice (Supplementary Fig. 2). Overall, our data suggest that
DA ameliorates DSS-induced colitis through the regulation of
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Th17 cells, which contribute to the recruitment of neutrophils
in the colonic tissues.

DISCUSSION

The herbal plant A. gigas is known as “female ginseng”
because it has been used for gynecological health in Korean
traditional medicine (Choi et al., 2012). The roots of the herbal
plant have been reported to have an ability to reduce inflam-
mation. However, most of the previous works have been only
in vitro studies using macrophage cells lines, but the anti-in-
flammatory properties on adaptive immune responses were
still unknown (Kim et al., 2006; Cho et al., 2015). In this study,
we screened for the bioactive components of A. gigas us-
ing primary T cells and defined several chemical compounds
with an immunomodulatory effect on helper T cell responses.
Among them, decursinol angelate specifically suppressed
Th17 cells and IL-17 production. As far as we know, this is
the first study to reveal that DA, an active ingredient of A. gi-
gas, negatively regulates Th17 responses. The DA treatment
reduced mRNA expression of RORyt, the master transcription
factor for Th17 cell development, while it did not induce apop-
tosis or attenuate cell cycling at the concentrations that were
used in this study. These results suggest that DA is an anti-
inflammatory agent regulating Th17 cell differentiation without
any cytotoxic or cytostatic effect.

Th17 cells are responsible for protection against extracel-
lular pathogens like fungi and bacteria (Tesmer et al., 2008).
On the other hand, peripheral tolerance elicited by Treg cells
is vital to maintain tolerance, especially in the mucosa of the
gastrointestinal tract (Harrison and Powrie, 2013). Otherwise,
aberrant activation of Th17 cells leads to the pathogenesis of
autoimmune diseases including inflammatory bowel disease
(Tesmer et al., 2008). Thus, targeting Th17 responses are of
particular interest to treat chronic inflammatory conditions. Be-
cause DA suppressed Th17 cell differentiation and IL-17 pro-
duction in vitro, we further explored the therapeutic potential
of DA on IBD. Various classes of immune cells including innate
immune cells and effector CD4* T cells have been shown to
be involved in the induction and establishment of IBD (Matri-
con et al., 2010). Recently, it has been established that Th17
is a key regulator of the pathogenesis of IBD. In fact, IL-17A
knockout mice showed milder symptoms in the colon and in-
creased survival when treated with DSS (lto et al., 2008). IL-
21, a cytokine secreted by Th17 cells, is upregulated in the
mucosa and LP mononuclear cells of patients with IBD, and is
reported to enhance the production of metalloproteinases and
IFN-y, which could lead to tissue damage of the intestinal bar-
rier (Monteleone et al., 2012). Therefore, regulation of Th17
immune responses has been intensively studied to find a new
therapeutic target for the treatment of IBD (Jiang et al., 2018).

DSS administered mice exhibit human IBD symptoms such
as drastic weight loss, bloody diarrhea, shortening of the co-
lon length and disruption of the colon architecture. When the
mice were treated with DA, it significantly ameliorated the IBD
symptoms although it did not completely block the progression
of the disease (Fig. 4). Consistent with a recent study showing
the protective effect of the ethanol extract of A. gigas on colitis
(Oh et al., 2017), our data demonstrate that DA is a bioac-
tive component of the herbal plants with a therapeutic poten-
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tial to manage IBD. In addition to the protective effect of DA
on DSS-induced colitis, we observed substantially reduced
plasma level of IL-6 and infiltration of inflammatory cells in the
colon tissue. Further, flow cytometry analysis revealed that DA
suppressed induction of Th17 cells in the colonic tissues and
draining lymph nodes of the DSS-treated mice. Of note, the
major inflammatory population in the colitis tissue was CD11b"
Gr1M neutrophils (~60%), which were significantly decreased
by the DA treatment (~15%). In fact, IL-17, the signature cyto-
kine produced by Th17 cells, triggers epithelial cells to secret
C-X-C chemokines, which lead to the recruitment of neutro-
phils to the inflamed tissue (Tesmer et al., 2008). In agree-
ment with the Th17 culture data, these results indicate that
the reduced infiltration of neutrophils could be partially due to
the suppression of Th17 responses. However, it remains to be
determined whether DA affects the migration of neutrophils or
the chemokine expression of the epithelium.

Treg cells have an immunosuppressive activity by modulat-
ing effector functions of T cells and dendritic cells, which is
essential for mucosal tolerance to commensal bacteria (Allez
and Mayer, 2004). DSS administration not only induced the
colitis but also increased prevalence of FoxP3* Treg cells in
the inflamed tissues and draining lymph nodes as a homeo-
static mechanism (Supplementary Fig. 2; Boschetti et al.,
2017). It was intriguing that DA treatment reduced the preva-
lence of Treg cells in the colitis tissues along with attenuated
colonic inflammation and reduced IL-17* Th17 cells. On the
other hand, ex vivo T cell culture experiments revealed that
DSS did not affect induction of Treg cells (Supplementary Fig.
1C). Thus, we speculate that the decreased Th17-associated
inflammation in the DA-treated mice was not due to reciprocal
upregulation of Treg cells.

In summary, our study revealed the immunomodulatory
properties of decursinol angelate shown by the suppression of
Th17 cell differentiation and function and by the amelioration
of DSS-induced colitis in mice. Based on our observations, we
propose DA as a novel therapeutic agent for the management
of inflammatory bowel disease. Further studies are needed
to determine the mechanistic target of DA in the regulation of
Th17 cells.

CONFLICT OF INTEREST

We wish to confirm that there are no known conflicts of in-
terest associated with this publication and there has been no
significant financial support for this work that could have influ-
enced its outcome.

ACKNOWLEDGMENTS

This research was supported by the Agri-Bio Industry Tech-
nology Development Program [IPET 316028-3] funded by
the Korea Institute of Planning and Evaluation for Technol-
ogy in Food, Agriculture, Forestry and Fisheries, the Korean
Mouse Phenotyping Project [NRF-2014M3A9D5A01073841]
and the Bio & Medical Technology Development Program
[2018M3A9H3025030] of the National Research Foundation
funded by the Ministry of Science and Technology.



REFERENCES

Allez, M. and Mayer, L. (2004) Regulatory T cells: peace keepers in the
gut. Inflamm. Bowel Dis. 10, 666-676.

Baumgart, D. C. and Carding, S. R. (2007) Inflammatory bowel dis-
ease: cause and immunobiology. Lancet 369, 1627-1640.

Boschetti, G., Kanjarawi, R., Bardel, E., Collardeau-Frachon, S., Du-
claux-Loras, R., Moro-Sibilot, L., Almeras, T., Flourie, B., Nancey,
S. and Kaiserlian, D. (2017) Gut inflammation in mice triggers pro-
liferation and function of mucosal Foxp3+ regulatory T cells but
impairs their conversion from CD4+ T cells. J. Crohns Colitis 11,
105-117.

Cho, J. H., Kwon, J. E., Cho, Y., Kim, I. and Kang, S. C. (2015) Anti-
inflammatory effect of Angelica gigas via heme oxygenase (HO)-1
expression. Nutrients 7, 4862-4874.

Choi, K. O., Lee, I, Paik, S. Y., Kim, D. E., Lim, J. D., Kang, W. S. and
Ko, S. (2012) Ultrafine Angelica gigas powder normalizes ovarian
hormone levels and has antiosteoporosis properties in ovariecto-
mized rats: particle size effect. J. Med. Food 15, 863-872.

de Mattos, B. R., Garcia, M. P., Nogueira, J. B., Paiatto, L. N., Albu-
querque, C. G., Souza, C. L., Fernandes, L. G., Tamashiro, W. M.
and Simioni, P. U. (2015) Inflammatory bowel disease: an overview
of immune mechanisms and biological treatments. Mediators In-
flamm. 2015, 493012.

Gitter, A. H., Wullstein, F., Fromm, M. and Schulzke, J. D. (2001)
Epithelial barrier defects in ulcerative colitis: characterization and
quantification by electrophysiological imaging. Gastroenterology
121, 1320-1328.

Harrison, O. J. and Powrie, F. M. (2013) Regulatory T cells and im-
mune tolerance in the intestine. Cold Spring Harb. Perspect. Biol.
5,a018341.

Ito, R., Kita, M., Shin-Ya, M., Kishida, T., Urano, A., Takada, R., Sak-
agami, J., Imanishi, J., lwakura, Y., Okanoue, T., Yoshikawa, T.,
Kataoka, K. and Mazda, O. (2008) Involvement of IL-17A in the
pathogenesis of DSS-induced colitis in mice. Biochem. Biophys.
Res. Commun. 377, 12-16.

Ivanov, Il, McKenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A.,
Lafaille, J. J., Cua, D. J. and Littman, D. R. (2006) The orphan
nuclear receptor RORgammat directs the differentiation program of
proinflammatory IL-17+ T helper cells. Cell 126, 1121-1133.

Jiang, C., Guo, J., Wang, Z., Xiao, B., Lee, H. J., Lee, E. O., Kim, S.
H. and Lu, J. (2007) Decursin and decursinol angelate inhibit estro-
gen-stimulated and estrogen-independent growth and survival of
breast cancer cells. Breast Cancer Res. 9, R77.

Jiang, X. P,, Huang, X. L., Yang, Z. P,, Wang, S. C., Xie, W., Miao,
L., Tang, L. and Huang, Z. M. (2018) Iguratimod ameliorates in-
flammatory responses by modulating the Th17/Treg paradigm in
dextran sulphate sodium-induced murine colitis. Mol. Immunol. 93,
9-19.

Kim, B. S., Seo, H., Kim, H. J., Bae, S. M., Son, H. N, Lee, Y. J., Ryu,

Thapa et al. Effect of Decursinol Angelate on DSS-Induced Colitis

473

S., Park, R. W. and Nam, J. O. (2015) Decursin from Angelica gi-
gas Nakai inhibits B16F10 melanoma growth through induction of
apoptosis. J. Med. Food 18, 1121-1127.

Kim, E. R. and Chang, D. K. (2014) Colorectal cancer in inflammatory
bowel disease: the risk, pathogenesis, prevention and diagnosis.
World J. Gastroenterol. 20, 9872-9881.

Kim, J. H., Jeong, J. H., Jeon, S. T,, Kim, H., Ock, J., Suk, K., Kim, S.
I., Song, K. S. and Lee, W. H. (2006) Decursin inhibits induction of
inflammatory mediators by blocking nuclear factor-kappaB activa-
tion in macrophages. Mol. Pharmacol. 69, 1783-1790.

Lee, G. R. (2018) The balance of Th17 versus Treg cells in autoim-
munity. Int. J. Mol. Sci. 19, E730.

Lee, K., Gudapati, P., Dragovic, S., Spencer, C., Joyce, S., Killeen, N,
Magnuson, M. A. and Boothby, M. (2010) Mammalian target of ra-
pamycin protein complex 2 regulates differentiation of Th1 and Th2
cell subsets via distinct signaling pathways. Immunity 32, 743-753.

Lee, K., Heffington, L., Jellusova, J., Nam, K. T., Raybuck, A., Cho, S.
H., Thomas, J. W., Rickert, R. C. and Boothby, M. (2013) Require-
ment for Rictor in homeostasis and function of mature B lymphoid
cells. Blood 122, 2369-2379.

Longhi, M. S., Vuerich, M., Kalbasi, A., Kenison, J. E., Yeste, A., Csiz-
madia, E., Vaughn, B., Feldbrugge, L., Mitsuhashi, S., Wegiel, B.,
Otterbein, L., Moss, A., Quintana, F. J. and Robson, S. C. (2017)
Bilirubin suppresses Th17 immunity in colitis by upregulating
CD39. JCI Insight 2, €92791.

Maharjan, S., Park, B. K., Lee, S. I., Lim, Y., Lee, K. and Kwon, H.
J. (2018) Gomisin G inhibits the growth of triple-negative breast
cancer cells by suppressing AKT phosphorylation and decreasing
cyclin D1. Biomol. Ther. (Seoul) 26, 322-327.

Matricon, J., Barnich, N. and Ardid, D. (2010) Immunopathogenesis of
inflammatory bowel disease. Self Nonself 1, 299-309.

Monteleone, |., Sarra, M., Pallone, F. and Monteleone, G. (2012) Th17-
related cytokines in inflammatory bowel diseases: friends or foes?
Curr. Mol. Med. 12, 592-597.

Neurath, M. F. (2014) Cytokines in inflammatory bowel disease. Nat.
Rev. Immunol. 14, 329-342.

Oh, S. R, Ok, S,, Jung, T. S,, Jeon, S. O., Park, J. M., Jung, J. W.
and Ryu, D. S. (2017) Protective effect of decursin and decursinol
angelate-rich Angelica gigas Nakai extract on dextran sulfate sodi-
um-induced murine ulcerative colitis. Asian Pac. J. Trop. Med. 10,
864-870.

Rudensky, A. Y. (2011) Regulatory T cells and Foxp3. Immunol. Rev.
241, 260-268.

Strober, W. and Fuss, I. J. (2011) Proinflammatory cytokines in the
pathogenesis of inflammatory bowel diseases. Gastroenterology
140, 1756-1767.

Tesmer, L. A, Lundy, S. K., Sarkar, S. and Fox, D. A. (2008) Th17 cells
in human disease. Immunol. Rev. 223, 87-113.

Zhu, J. and Paul, W. E. (2008) CD4 T cells: fates, functions, and faults.
Blood 112, 1557-1569.

www.biomolther.org





