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Astilbin, a major bioactive compound from Rhizoma smilacis glabrae, has been reported to possess anti-
inflammatory properties. Our study first evaluated astilbin on dextran sulfate sodium (DSS)-induced
acute colitis in mice. By intraperitoneal injection of astilbin, the severity of colitis was attenuated, and
the serum levels of IL-10 and TGF-p were increased. Using flow cytometry, a higher number of IL-10" den-

Keywords: dritic cells (DCs) and TGF-pB* DCs and a lower number of CD86" DCs, IL-12 p40* DCs, and IL-18* DCs were
gsng’l‘“_ I detected in the spleen of mice with colitis after astilbin treatment. The administration of astilbin also
Cslriltigltlc cells resulted in the upregulation of CD103" expression in colonic DCs. In a coculture system, murine bone

marrow-derived DCs pretreated with astilbin resulted in an enhanced production of CD4*CD25"Foxp3*
T cells. The results of this study show that astilbin could be a candidate drug for inflammatory bowel dis-

ease by mediating the regulatory functions of DCs.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Inflammatory bowel disease (IBD), a chronic relapsing nonspe-
cific inflammation in the intestines that involves the overproduc-
tion of inflammatory cytokines and a reduction of regulatory
cytokines, is difficult to treat. IBD is currently regarded as a global
disease [1,2]. Although the precise etiology of IBD is unclear, the
pathogenesis of human IBD has been associated with an inappro-
priate and exaggerated immune response to gut flora in a geneti-
cally predisposed individual [3,4]. Despite the increase in the
number of therapeutic options for disease management, IBD ther-
apies have significant limitations with regard to safety, efficacy,
and applicability [5-7].

The most useful strategy for IBD treatment is the blockade of
the abnormal immune responses of patients. However, the use of
immunosuppressive reagents is limited by their lack of antigen
specificity, which results in a general suppression of immune func-
tion and the occurrence of various side effects such as infection and
cancer susceptibility [8-10]. To minimize these side effects, several
studies have focused on the suppression of antigen-specific im-
mune responses, especially involving the maturation and function
of dendritic cells (DCs). DCs are highly efficient antigen-presenting
cells that capture, process, and present antigens to T cells [11]. In
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certain conditions (e.g., cancer and chronic infections), DCs induce
anergy in antigen-specific T cells and promote the generation of
Foxp3* regulatory T cells (Treg) [12-15].

A number of plant-derived natural products have the ability to
suppress deleterious immune responses in patients with fewer
side effects [16]. These reagents are also called biological response
modifiers (BRMs) [17,18]. Astilbin, a flavanone isolated from
Rhizoma smilacis glabrae, imparts biological activities such as anti-
oxidant [19], insecticidal [20], antimicrobial [21,22], antinocicep-
tive [23], antiedematogenic [23], anti-inflammatory [24], and
immunosuppressive effects. The immunosuppressive property of
astilbin involves the suppression of lymphocyte function [25],
inhibition of T-lymphocyte adhesion [26], and stimulation of
IL-10 production [27]. In the present study, we tested whether
the immunosuppressive activity of astilbin was associated with
the regulation of DC function using a dextran sodium sulfate
(DSS)-induced murine colitis model. We examined the immuno-
modulatory effects of astilbin on DCs both in vivo and in vitro
and provide additional evidence that may help in the elucidation
of the molecular mechanism of astilbin for the treatment of IBD.

2. Materials and methods
2.1. Animals and cell lines

C57BL/6 mice aged of 6-8 weeks were purchased from the
Comparative Medicine Centre of Yangzhou University (Yangzhou,
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China). The care and use of the animals and the experiment proto-
col were approved by the Animal Experiment Ethics Committee of
Yangzhou University (Permission number: 20120405). The
RAW264.7 cell line was purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). The cells were cultured in
DMEM medium supplemented with 10% fetal bovine serum
(FBS), 100 units/mL of penicillin, and 100 pg/mL of streptomycin
sulfate, and maintained in a standard incubator with humidified
air containing 5% CO, at 37 °C.

2.2. Drugs and reagents

Astilbin  (3,3/,4',5,7-pentahydroxyflavanone  3-(6-deoxy-(L-
mannopyranoside)), purity >98%) was purchased from Tianjin
Phytomarker Ltd (Tianjin, China). RPMI 1640 medium, DMEM
medium, and FBS were obtained from Thermo (USA). Penicillin-
streptomycin Solution and red blood cell lysis buffer were pur-
chased from Beyotime (Jiangsu, China). Dextran sodium sulfate
(DSS) (molecular weight, 36,000-50,000) was obtained from MP
Biomedical (Solon, Ohio, USA). Lymphoprep was obtained from
Axis-shield (Oslo, Norway). Collagenase IV, Dnase I, DL-dithiothre-
itol, and Percoll were purchased from BIOSHARP (USA). Dispase II
was obtained from Roche (Basel, Switzerland).

2.3. Antibodies and flow cytometry analysis

The antibodies for flow cytometry were obtained from Bioleg-
end (San Diego, CA, USA) or eBioscience (San Diego, CA, USA). We
used antibodies against human CD86 (IT2.2), CD11c (3.9), IL-12
p40 (C11.5), IL-1B (CRM56), IL-10 (JES3-19F1), TGF-B (TW4-2F8)
and antibodies against mouse CD86 (GL-1), CD11c (N418), TGF-B
(TW7-16B4), IL-1B (NJTEN3), IL-12 p40 (C17.8), IL-10 (JES5-
16E3), CD103 (2E7), CD4 (RM4-5), CD25 (PC61.5), and Foxp3
(NRRF-30). Mouse IgG2b, k Isotype Ctrl (MPC-11), Rat IgG2a, k Iso-
type Ctrl (RTK2758), Mouse IgG1, k Isotype Ctrl (MOPC-21), Rat
IgG1, « Isotype Ctrl (RTK2071), Rat IgG2b, x Isotype Ctrl
(RTK4530). Neutralized TGF-B antibody (1D11), mouse IL-10,
TGF-B, and IL-1B ELISA kits were obtained from R&D Systems (Min-
neapolis, MN). Anti-mouse CD4 and CD11c MicroBeads were pur-
chased from Miltenyi Biotec (Krohne, German). Brefeldin A (BFA)
and FIX&PERM KIT were obtained from eBioscience. Cell Apoptosis
7-amino-actinomycin D (7-AAD) Detection Kit was purchased from
KeyGEN (Jiangsu, China). Recombinant human and murine GM-CSF
and IL-4 were purchased from Peprotech (Rocky Hill, NJ, USA).

After a 30-min incubation with the Fc Block, the cells were incu-
bated with the appropriate antibody at 4 °C for 30 min. Detection
of intracellular cytokine need to be fixed and permeabilized in
advance by the FIX&PERM kit. The cells were then washed and
analyzed by flow cytometry using Cellquest (BD Calibur).

2.4. Induction and evaluation of acute colitis in mice

To induce acute colitis, DSS (2.5%) was added to drinking water
from day 1 to day 7. Astilbin (25, 50 mg/kg) or a vehicle was
administered daily through intraperitoneal injection. On day 8,
the mice were sacrificed. Segments of the colon were fixed in for-
malin, embedded in paraffin, sectioned at 4-pum thickness, and
stained with hematoxylin and eosin (H&E). To assess the extent
of colitis, loss in body weight (0, none; 1, 1% to 5%; 2, 5% to 10%;
3, 10% to 20%; and 4, >20%), stool consistency (0, normal; 2, loose
stools; and 4, watery diarrhea), and blood in the stool (0, normal;
2, slight bleeding; and 4, gross bleeding) were monitored daily
by trained individuals blinded to the treatment groups. Disease
activity scores are calculated using the total score, which ranged
from 0 to 12.

2.5. Measurement of levels of serum cytokines by ELISA

Mice were anesthetized and peripheral blood was collected
from the orbit. Serum was separated by centrifugation and used
for the measurement of IL-10, TGF-, and IL-1p by ELISA according
to the manufacturer’s protocol.

2.6. Isolation of murine lamina propria mononuclear cells (LPMCs)
from the colon

The colon of dead mice was removed and any feces were re-
moved by flushing with PBS using a syringe. The tissue was opened
longitudinally, cut into 5-mm pieces, and incubated in 5-mM EDTA
and 1-mM DTT in calcium-free and magnesium-free Hank’s bal-
anced salt solution for 20 min at 37 °C. The tissue was then centri-
fuged and the supernatant was collected. The residual tissue was
incubated again for 30 min at 37 °C in a digestion solution contain-
ing 0.5 mg/mL of each of type IV collagenase and Dnase I, as well as
3 mg/mL of Dispase II. The suspension was resuspended and com-
bined with the previous supernatant with 40% Percoll and placed
in 80% Percoll solution. LPMCs were obtained at the 40-80%
interface through centrifugation. 7-AAD staining was performed
to exclude dead cells.

2.7. Magnetic cell sorting (MACS)

Splenic CD11c"* cells and CD4" T cells were obtained by MACS.
Splenocytes were suspended in 100 uL of PBE (PBS+0.5%
BSA +2-mM EDTA) containing 20 pL of microbead antibody and
incubated at 4 °C for 20 min. After washing, the cells were applied
onto a MACS MS column and placed on the MACS separator. The
column was then removed from the separator, 1 mL of PBS was
added, and the cells were eluted out. The eluent was used in assays
when the purity was >95%.

2.8. In vitro stimulation of human monocyte-derived DCs

The human subject research was approved by the human sub-
ject experiment Ethics Committee of Yangzhou University (Permis-
sion number: 20120307). The blood samples of patients were
obtained after obtaining a written informed consent. Peripheral
blood mononuclear cells (PBMCs) were isolated from the buffy coat
of blood samples donated by IBD patients according to the instruc-
tions. The PBMCs were cultured with complete RPMI 1640 medium
containing 100 ng/mL of rhGM-CSF and 40 ng/mL of rhIL-4. On day
5, the immature DCs were collected and seeded onto a 24-well
plate at a density of 2 x 10°/mL. These cells were further incubated
with 100 ng/mL rhGM-CSF, 40 ng/mL rhiL-4, and different levels of
astilbin for 24 h.

2.9. Incubation CD4" T cells with murine bone marrow-derived DCs
(BM-DCs)

The femurs and shins of the sacrificed mice were collected and
BM was flushed out with medium. The collected marrow was
resuspended in an erythrocyte lysis solution and centrifuged. After
centrifugation, the cells were incubated in a complete medium
containing 10 ng/mL of rmGM-CSF and 4 ng/mL of rmlIL-4. On
day 3, the nonadherent cells were removed and a complete med-
ium with 10 ng/mL of rmGM-CSF and 4 ng/mL of rmIL-4 was
added. BM-DCs were harvested on day 5 and analyzed for CD11c
expression. BM-DCs were used in assays when the frequency of
CD11c¢* was >90%. BM-DCs were treated with different levels of
astilbin for 24 h and then washed with RPMI 1640 medium. BM-
DCs pretreated by astilbin were combined with splenic CD4" T cells
isolated by MACS and supplemented with 10 ng/mL of rmlIL-2.
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Cells were sufficiently mixed and incubated at 37 °C for 48 h. Final-
ly, the number of CD4*CD25"Foxp3* T cells was determined by
flow cytometry.

2.10. Statistical analysis

Results were expressed as means+SEM of n experiments.
Students’ t-test was used to compare a single treatment mean with
a control mean. Data were evaluated by one-way analysis of
variance followed by Dunnett’s test between control group and
multiple dose groups. A P value of <0.05 was considered significant.

3. Results
3.1. Astilbin suppressed the severity of DSS-induced colitis in mice

The effect of astilbin on the development of murine colitis in-
duced by DSS was examined first. The body weight and disease
activity score were used to evaluate illness severity. As shown in
Fig. 1A, the astilbin group showed a smaller decrease in body
weight. Disease activity score that reflects the severity of weight
loss, intestine bleeding, and stool consistency were significantly
lower in the astilbin group. The macroscopic changes of inflamed
colons with different treatments were shown in Fig. 1B. Histopa-
thological changes in the colons in all groups were also evaluated.
Compared with the vehicle, the colonic sections of DSS-treated
mice showed cryptic distortion, massive inflammatory infiltration,
and loss of mucosal membrane cells, leukocyte infiltration, and
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lack of integration in the glandular areas, whereas astilbin remark-
ably attenuated the extent and severity of the histological signs of
colitis (Fig. 1C).

3.2. Induced generation of regulatory DCs and CD4*CD25"Foxp3™ T
cells in mice with DSS-induced colitis by astilbin treatment

We examined the serum levels of IL-10, TGF-B, and IL-1B in
DSS-treated mice. Astilbin treatment resulted in an increase in
the serum level of IL-10 and TGF-B and a decrease in the serum
level of IL-1B (Fig. 2A). Compared with the DSS group, mean
fluorescence intensity (MFI) of CD86, IL-1B, and IL-12 p40 of the
splenic DCs in mice with colitis and treated with astilbin was
decreased. Furthermore, MFI of IL-10 and TGF-B of splenic DCs
was increased by astilbin treatment (Fig. 2B and C). The figures
of isotype control were shown in supplementary material. The
frequency of splenic CD4"CD25*Foxp3* T cells was also increased
in astilbin 50 mg/kg group (Fig. 2D). CD103" DCs in the intestinal
mucosa play a crucial role in the development of tolerance to
commensal bacteria and food antigens [28,29]. We observed that
astilbin promotes CD103* expression in colonic DCs from mice
with DSS-induced colitis (Fig. 2E and F).

3.3. Astilbin induced DCs and RAW264.7 cells to secrete IL-10 and TGF-
B ex vivo

To confirm the effect of astilbin on the induction of regulatory
DCs, splenic CD11c¢" cells of healthy mice sorted by MACS were cul-
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Fig. 1. Astilbin ameliorated the severity of DSS-induced colitis in a mouse model. Murine colitis was induced by orally administering 2.5% DSS from day 1 to day 7. Astilbin
(25 or 50 mg/kg) or vehicle was administered through intraperitoneal injection from day 1 to day 7. Mice were sacrificed on day 8. (A) The body weight and the disease
activity level of each group was recorded. (B) A representative view of the macroscopic colon among the different treatments. (C) Histopathological changes of inflamed
colons using different treatments. Original magnification 40x (upper panel) and 100x (lower panel). All data are presented as mean + SEM for each group. Each experiment

was performed four times (*P < 0.05; **P < 0.01).
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Fig. 2. Induced regulatory DCs and CD4*CD25"Foxp3" T cells in mice with DSS-induced colitis after astilbin treatment. (A) The levels of serum cytokines IL-10, TGF-p, and IL-
1B in DSS-treated mice were detected by ELISA. (B) The surface expression of CD86 in splenic DCs was detected by flow cytometry gated on CD11c" cells. IL-10, TGF-B, IL-1p
and IL-12 p40 secretion in splenic DCs was detected by intracellular staining methods gated on CD11c" cells. (C) Statistical graph of mean fluorescence intensity (MFI). (D)
Statistical analysis of the frequency of splenic CD4"CD25"Foxp3* T cells. (E) The surface expression of CD103 of colonic DCs was detected by flow cytometry gated on CD11c*
cells. (F) Statistical graph of frequency of CD103"* DC. All data are presented as mean + SEM for each group. Each experiment was repeated thrice (*P < 0.05; **P < 0.01).

tured with different levels of astilbin. Variations in CD86 expres-
sion and cytokine secretion were measured. CD86 was downregu-
lated in a dose-dependent manner, whereas IL-18 and IL-12 p40
secretion in DCs was inhibited by astilbin treatment. Furthermore,
the production of IL-10 and TGF-B in DCs was significantly in-
creased after astilbin treatment (Fig. 3A). Considering the purity
(95%) of the sorted CD11c" cells of the spleen, we stimulated a
macrophage cell line, RAW264.7, with different levels of astilbin
to rule out the effects of other cells in our culture system. As ex-
pected, the RAW264.7 cells showed a decreased secretion of IL-
1B and IL-12 p40 and an increased secretion of IL-10 and TGF-B
after astilbin stimulation (Fig. 3B). Human monocyte-derived DCs
from IBD patients were also detected. Astilbin could promote IL-
10 and TGF-B production in patients’ monocyte-derived DCs. In
addition, astilbin downregulated CD86 expression and promoted
IL-1B and IL-12 p40 production (Fig. 3C). The effect of the highest
dose of astilbin on DCs is shown in Fig. 3. The results of the other
doses and the isotype controls are presented as the Supplementary
material.

3.4. DCs pretreated with astilbin induced the generation of Treg cells

Because TGF-B is a key cytokine for Treg cell development
ex vivo, we next examined whether BM-derived DCs (BM-DCs)

pretreated with astilbin could promote induction of regulatory
CD4*CD25*Foxp3* T cells. After astilbin treatment, BM-DCs were
cocultured with splenic CD4'T cells for 48 h, and absolute cell
numbers of CD4*CD25"Foxp3* T cells were then calculated. CD4"
CD25*Foxp3™ T-cell numbers were significantly enhanced in a
dose-dependent manner (Fig. 4A and B). When a neutralized
TGF-B monoclonal antibody was added to the cell coculture sys-
tem, the induction of CD4*CD25Foxp3* T cells was inhibited. Thus,
the induction of regulatory T cells by DCs pretreated with astilbin
was partly through the secretion of TGF-B.

4. Discussion

In this study, we provided the experimental evidence that astil-
bin could induce IL-10 and TGF-B production in DCs to suppress the
severity of DSS-induced colitis in mice. Astilbin treatment resulted
in a higher number of IL-10* DCs and TGF-B* DCs and a lower num-
ber of CD86" DCs, IL-1p* DCs and IL-12 p40" DCs in the spleen of
mice with colitis. Astilbin also directly stimulated DCs to secrete
IL-10 and TGF-B ex vivo, furthermore it inhibited DCs from secret-
ing IL-1B and IL-12 p40. The production of endogenous TGF-B in
DCs through astilbin treatment promoted the induction of CD4"
CD25*Foxp3™ Treg cells; this effect was antagonized by the addi-
tion of a TGF-B antibody. Thus, astilbin could serve as a candidate
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Fig. 3. Astilbin induced DCs and RAW264.7 to secrete IL-10 and TGF-B. (A) Splenic CD11c" cells of healthy mice sorted by MACS were treated with astilbin for 24 h. The
expression of CD86, IL-10, TGF-B, IL-1B, and IL-12 p40 in DCs was measured by flow cytometry gated on CD11c" cells. (B) RAW264.7 cells were treated with astilbin for 24 h.
Production of IL-10, TGF-B, IL-1B, and IL-12 p40 in RAW264.7 cells was detected by intracellular staining. (C) Human monocyte-derived DCs from IBD patients were
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drug to antagonize local inflammation by inducing DCs to mediate
its regulatory functions.

Astilbin directly downregulates the activities of T cells in
hypersensitivity [27,30], collagen-induced arthritis [25], and
acute heart allograft rejection [31]. Astilbin not only inhibited
the proliferation and activation of T cells but also suppressed
the adhesion of ConA or PMA-activated Jurkat cells to fibronectin
and type IV collagen. In addition, astilbin inhibited the CD44
expression and TNF-a production in Jurkat cells [26]. The molec-
ular mechanism of T-cell suppression by astilbin involves the
inhibition of phosphorylation of nuclear factor (NF-xB) and p38
[31]. Although the conditions of T cells in mice with colitis were
not analyzed in detail before and after the astilbin treatment, the
suppressive effects of astilbin on the murine T cells could not be
excluded.

The mature and antigen-presenting functions of DCs were
inhibited by astilbin, as determined by morphological

observations, flow cytometry, and mixed lymphocyte reaction.
Downregulation of CD86 expression and IL-12 p40 production
by astilbin in mouse BM-DCs was previously confirmed by Song
et al. [32]. Astilbin significantly induced the in vivo IL-10 expres-
sion of lymph node cells at an earlier time and decreased TNF-o
and IFN-y expression at a later time in contact dermatitis [27].
However, we could not determine which cell produced IL-10,
because there are a few DCs in the lymph nodes.

As many suppressive drugs downregulate T-cell functions
without antigen specificity, the induction or expansion of anti-
gen-specific Foxp3* Tregs from the polyclonal T-cell repertoire
is an important issue for future clinical therapy [33,34]. Astilbin
may act as an efficient therapeutic agent for inflammatory dis-
ease such as CsA, but with less toxicity [25,30]. Astilbin mediates
its immune suppressive effects not only through the inhibition of
T lymphocytes but also through the induction of DCs to mediate
regulatory functions. The induction of CD4'CD25*Foxp3* Treg
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cells by DCs pretreated with astilbin suggests that astilbin is safer
than conventional approaches.

Inflammatory bowel disease (IBD) is a chronic inflammatory
disorder involving the gastrointestinal tract. Current therapeutic
options and approaches for IBD continue to evolve. As suggested
by mouse models of colitis and by observations in humans, mod-
ulation of DC functions has been regarded as an essential player
in fine tuning the immune system [35,36]. However, mechanisms
involved in the induction of regulatory DCs by astilbin still re-
quire further investigations. For example, the actual molecular
events occurring in DCs that lead to the induction of IL-10 and
TGF-B production after astilbin treatment requires further study.

In conclusion, our study explored the therapeutic effect of astil-
bin on DSS-induced colitis in vivo and in vitro through the modula-
tion of DC functions. The effects mediated by astilbin suggest this
natural agent can be used in IBD and in other inflammatory dis-
eases such as multiple sclerosis, psoriasis, and rheumatoid
arthritis.
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