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Abstract

Background: Inflammatory bowel diseases (IBDs) are chronic inflammatory disorders that are mediated by
pathogenic Th1 and Th17 cells. Previous studies have demonstrated that taheebo water extract (TWE) derived from
Tabebuia avellanedae Lorentz ex Griseb,, as folk remedy, has been used to treat various inflammatory diseases.
Although TWE has been previously shown to display anti-inflammatory activities, the in vivo effects of TWE on
mucosal immune responses remain unclear.

Methods: We examined the anti-inflammatory effects of TWE on innate immune cells such as dendritic cells (DCs)
and macrophages and also on the differentiation of T helper cells. Lastly, adopting a method for dextran sulfate
sodium (DSS)-induced colitis, we investigated whether the oral administration of TWE can modulate mucosal
inflammatory responses.

Results: We found that TWE could activate DCs to produce immunosuppressive IL10 and polarize macrophages
toward an anti-inflammatory phenotype in the mesenteric lymph node (MLN). Such alterations in DCs and
macrophages resulted in a significant increase in anti-inflammatory Th2 and Foxp3™ Treg cells and a dramatic
decrease in pro-inflammatory Th1 and Th17 cells in the MLN. Upon induction of colitis with DSS treatment, TWE
significantly reduced the clinical symptoms, including body weight loss and colonic tissue inflammation, by up-
regulating type Il T helper immune responses.

Conclusions: Taken together, these data suggest that TWE is an excellent natural product with therapeutic effects
to help improve inflammatory disorders such as colitis.

Keywords: Taheebo water extract, Dextran sulfate sodium, Intestinal inflammation, M2 macrophage, Treg cells, Th2
cells

* Correspondence: shong@sejong.ac.kr

"Equal contributors

'Department of Integrative Bioscience and Biotechnology, Institute of
Anticancer Medicine Development, Sejong University, Seoul 143-747, South
Korea

Full list of author information is available at the end of the article

- © The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
() B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12906-017-1952-4&domain=pdf
mailto:shong@sejong.ac.kr
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Park et al. BMC Complementary and Alternative Medicine (2017) 17:448

Background

Inflammatory bowel diseases (IBDs) are chronic in-
flammatory disorders that are elicited by the break-
down of immune tolerance. IBDs are generally
divided into two primary forms: ulcerative colitis
(UC), which is mediated by a T helper type (Th)2-
dominant condition, and Crohn’s disease (CD), which
is mediated by a Thl-dominant condition [1]. Animal
models for IBD have been established using dextran
sulfate sodium (DSS), trinitrobenzene sulfonic acid
(TNBS), and the adoptive transfer of naive T cells and
these animal models quite faithfully reproduced the
clinical symptoms of human IBD [1]. Host immune
systems profoundly contribute to maintaining intes-
tinal homeostasis and also controlling the pathogen-
esis of IBD. For example, Th17 cells are critically
involved in the pathogenesis of colitis, whereas regu-
latory T (Treg) cells play central roles in the protec-
tion against colitis [2]. Furthermore, intestinal
dendritic cells (DCs) can induce the differentiation of
Th17 cells, but when stimulated by retinoic acid (RA)
DCs can induce Treg cells [3]. The differentiation of
intestinal forkhead box P3 (Foxp3)" Treg cells is in-
duced by RA-producing DCs, and consequently these
Treg cells produce the anti-inflammatory cytokine
interleukin 10 (IL10) for gut homeostasis [4]. In col-
itis, M1 macrophages that are polarized by interferon
y (IFNy) or lipopolysaccharide (LPS) are associated
with inflammation and gut destruction, whereas M2
macrophages that are polarized by IL4 have anti-
inflammatory functions that are associated with tissue
repair, which indicates that the modulation of macro-
phage polarization could be a therapeutic strategy for
IBD [5].

Tabebuia avellanedae Lorentz ex Griseb., a typical tree
of the Brazilian savannah, is indigenous to South America
from Brazil to northern Argentina, and the products from
this tree are named “ipe-roxo”, “lapacho” or “taheebo” [6].
Among these names, “taheebo” is most widely used, so we
use this term hereafter. These products were used as trad-
itional folk remedies for treating a variety of diseases [7].
Moreover, these products have been reported to possess
various functions, including anti-inflammatory [8, 9], anti-
bacterial [10], and anti-ulcer [11]. However, the effects of
taheebo water extract (TWE) on mucosal immune re-
sponses have not been explored. Thus, in this study, we
investigated whether oral administration of TWE can
modulate intestinal inflammatory immune responses by
employing DSS-induced murine colitis model.

Methods

Mice and reagents

C57BL/6 (B6) wild type (WT) mice were purchased
from Jung Ang Lab Animal, Inc. (Seoul, Korea). The
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IL4/GFP (4get) and IFNY/YFP (yeti) cytokine reporter
mice were kindly provided by Dr. R. Locksley (University
of California at San Francisco, CA, USA). Foxp3/GEP re-
porter B6 mice and CD11c-diphtheria toxin receptor
(DTR) transgenic (tg) mice were obtained from Dr. Rho
H. Seong and Dr. E. Choi, respectively (Seoul National
University, Seoul, Korea). All of the mice were on a B6
genetic background, were maintained at Sejong Univer-
sity, and were used for experiments at 6-12 weeks of
age. They were maintained on a 12-h light/12-h dark
cycle in a temperature-controlled barrier facility with
free access to food and water. These mice were fed with
a y-irradiated sterile diet and autoclaved tap water. In
this study, age- and sex-matched mice were used for all
the experiments. The animal experiments were approved
by the Institutional Animal Care and Use Committee at
Sejong University (SJ-20130802). Our experiments were
conducted in a blinded and randomized trial. For the in-
duction of colitis, DSS with a molecular weight of 36—
50 kDa was purchased from MP Biomedicals (Solon,
OH, USA). LPS derived from Escherichia coli (serotype
0111:B4) was purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Preparation of TWE

Taheebo, the dried inner bark of Tabebuia avellanedae
Lorentz ex Griseb., was purchased from Frontier Natural
Products Co-op. (Norway, IA, USA). To prepare the
TWE, five hundred grams of taheebo was stirred in 5 L
cold water at 4 °C for 24 h. After filtration, the solution
was reduced to 10% of the original volume with a 40 °C
rotary evaporator under vacuum. The extracts were
freeze-dried, ground to a fine powder, and stored at 4 °C
until use.

Standardization of TWE by HPLC

TWE was standardized with 6-O-(3,4-dimethoxybenzoyl)-
ajugol and 6-O-(p-dimethoxybenzoyl)-ajugol known as
constituents in Tabebuia avellanedae Lorentz ex Griseb.
[12], using high-performance liquid chromatography
(HPLC; SCL-10A, Shimadzu, Japan) installed with a UV-
VIS detector (SPD-10A; Shimadzu, Japan). Sample filtra-
tion was performed using membrane filter (Maidstone,
Kent, UK) with pore size 0.45 um prior to injection. Sun-
fire C18 column (4.6 mm x 250 mm; Waters, USA) was
used in reversed-phase chromatography. The temperature
within the chamber was maintained at 30 °C. A 10 ul ali-
quot of the sample was injected onto a C18 reversed-
phase column and the absorbance was detected at
260 nm. Sample concentration was calculated from a
standard calibration curve obtained with 6-O-(3,4-
dimethoxybenzoyl)-ajugol and 6-O-(p-dimethoxyben-
zoyl)-ajugol. 6-O-(3,4-dimethoxybenzoyl)-ajugol and 6-O-
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(p-dimethoxybenzoyl)-ajugol were found in TWE at a
mean level of 12.29 mg/g and 16.25 mg/g, respectively.

Flow Cytometry

The following monoclonal antibodies (mAbs) from
BD Bioscience were used: fluorescein isothiocyanate
(FITC)-, phycoerythrin (PE)-Cy7, or allophycocyanin
(APC)-conjugated anti-CD3e (clone 145-2C11); PE- or
APC-conjugated anti-CD11c (clone HL3); PE-conjugated
anti-cytotoxic T lymphocyte-associated protein 4
(CTLA4) (clone UC10-4F10-11); PE-Cy7-conjugated
anti-CD11b (clone M1/70); APC-conjugated anti-F4/80
(clone BMS8); PE-Cy7- or APC-conjugated anti-CD4
(RM4-5); APC-conjugated anti-CD25 (clone PC61); PE-
conjugated anti-MHC II (clone M5/114.15.2); biotin-
conjugated anti-CD86 (clone GL1); PE-conjugated
anti-tumor necrosis factor o (TNFa) (clone MP6-XT22);
PE-conjugated anti-IL6 (clone MP5-20F3); PE-conjugated
anti-IL10 (clone JES5-16E3); PE-conjugated anti-IL12p40
(clone C15.6); and PE-conjugated anti-IFNy (clone
XMG1.2). The following mAbs were obtained from
eBioscience (San Diego, USA): FITC- or PE-conjugated
anti-IL4 (clone BVD6-24G2); FITC- or PE-conjugated
anti-IL17A  (clone eBiol7B7); PE-conjugated anti-
inducible nitric oxide synthase (iNOS) (clone CXNFT);
and FITC- or PE-conjugated anti-Foxp3 (clone NRRF-30).
The following mAb from R&D Systems was used: PE-
conjugated anti-arginase-1. To perform surface staining,
the cells were harvested and washed twice with 0.5% BSA-
containing cold PBS (FACS buffer). To block the Fc recep-
tors, the cells were incubated with anti-CD16/CD32 mAbs
on ice for 10 min and were subsequently stained with
fluorescence-labeled mAbs.

Intracellular cytokine staining

To perform intracellular staining, splenocytes were incu-
bated with brefeldin A, an intracellular protein transport
inhibitor (10 pg/ml), in RPMI medium for 2 h at 37 °C.
The cells were stained for cell surface markers, fixed
with 1% paraformaldehyde, washed once with cold FACS
buffer, and permeabilized with 0.5% saponin. The
permeabilized cells were then stained for an additional
30 min at room temperature with the indicated mAbs
(FITC-conjugated anti-IL17 or anti-IL4; PE-conjugated
anti-IFNy, anti-IL4, anti-IL10, anti-IL6, anti-IL12, anti-
TNFa, anti-iNOS, or anti-arginase-1; FITC- or PE-
conjugated isotype control rat IgG mAbs). Fixation and
permeabilization were performed using a Foxp3 staining
kit (eBioscience) with the indicated mAbs (FITC-conju-
gated anti-Foxp3; PE-conjugated anti-Foxp3; or FITC-
or PE-conjugated isotype control rat IgG mAbs). More
than 5000 cells per sample were acquired using a FACS-
Calibur, and the data were analyzed using the FlowJo
software package (Tree Star, Ashland, OR, USA).
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Cell isolation by magnetic activated cell sorting (MACS)
and culture

Splenic CD4" T cells were isolated from mice using a
MACS system (Miltenyi Biotec, Bergisch Gladbach,
Germany), following the manufacturer’s instructions.
The purity of CD4" T cells was >97% after MACS. Mes-
enteric lymph nodes (MLNs) were aseptically removed,
and single-cell suspensions of the MLN were obtained
by homogenization and passing through a 70 pm nylon
cell strainer. Primary macrophages and the RAW?264.7
macrophage cell line were cultured in RPMI 1640 (Gibco
BRL, USA) culture media supplemented with 10% FBS,
10 mM HEPES, 2 mM L-glutamine, 100 units/mL
penicillin-streptomycin, and 5 mM 2-mercaptoethanol.

In vivo depletion of DCs

In order to deplete CD11c¢" DC populations, CD11c-
DTR tg recipient mice were intraperitoneally injected
with diphtheria toxin (DT) (120 ng/mouse) twice 3 days
apart and subsequently mice were sacrificed for experi-
ments 2 days after the second injection.

Determination of cell viability

To examine the effect of TWE on cell viability of
RAW?264.7 cells, RAW?264.7 cells were seeded in 24-well
plates at a cell density of 1 x 10° cells/ml (2 x 10° cells/
well) and stimulated with either TWE (100, 300, 900,
and 2700 pg/ml) or LPS (1 pg/ml) for 12 h at 37 °C in a
CO, incubator. Total cells were washed in PBS, and
100 pl annexin V buffer (BD Pharmingen, San Diego,
CA) containing 10 pl 7-amino actinomycin (7-AAD) was
added for 15 min at room temperature in the dark. Cells
were resuspended in 300 pl annexin V buffer and were
analyzed within 1 h by flow cytometry. The relative cell
viability (%) was expressed as a percentage (7-AAD
negative) relative to the control cells.

Polarization of macrophages with M1 or M2 stimuli

To examine the effect of TWE on the polarization to-
wards the M2 phenotype, RAW?264.7 cells (1 x 10° cells)
were seeded in 24-well plates and stimulated with either
TWE (100, 300, and 900 pg/ml) or vehicle in the pres-
ence of IL4 (20 ng/ml) for 12 h at 37 °C in a CO, incu-
bator. In addition, to test the effect of TWE on M1
polarization, RAW264.7 cells were stimulated with ei-
ther TWE (100, 300, and 900 pg/ml) or vehicle in the
presence of IFNy (100 ng/ml) for 12 h at 37 °C in a CO,
incubator. LPS (1 pg/ml) was used as positive control in
the same culture conditions as above. After treatment,
the polarization status of the RAW?264.7 cells was deter-
mined by evaluating the expression of either iNOS for
M1 or arginase-1 for M2 by flow cytometry.
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Induction of colonic inflammation

Before DSS treatment, two groups of B6 mice were fed
with either TWE-containing or control water for 5 days.
Mice in the TWE-treating group were fed with approxi-
mately 2 mg of TWE per day. Subsequently, these mice
were fed with 3% (w/v) DSS in either TWE-containing
or control water ad libitum for 5 days. After 5 days of
DSS administration, both groups of mice were given
normal control water for 5 days until sacrifice for experi-
ments. To evaluate the clinical symptoms of DSS-
induced colitis, the mice were monitored for a change in
the percentage of body weight (0, none; 1, 1-10%; 2, 11—
20%; 3, >20%), stool consistency (0, normal; 1, loose
stool; 2, diarrhea), and bleeding (0, normal; 1, hemoccult
positive; 2, gross bleeding) on a daily basis during colitis
induction for 10 days. The body weight was expressed as
a percentage of weight change for each individual mouse
and was calculated relative to the starting body weight
on day 0. These data were used to calculate a disease ac-
tivity index (DAI).

Histology

Distal colonic sections were fixed in 4% paraformalde-
hyde, embedded in paraffin, and cut into 6 pum sections
using a microtome (RM 2235, Leica, Germany). The sec-
tions were then stained with H&E for the analysis of
histological changes. The histological score of each indi-
vidual mouse was measured as follows: epithelial damage
(E), 0 = none; 1 = minimal loss of goblet cells; 2 = exten-
sive loss of goblet cells; 3 = minimal loss of crypts and
extensive loss of goblet cells; 4 = extensive loss of crypts;
and infiltration (I), 0 = no infiltrate; 1 = infiltrate around
the crypt basis; 2 = infiltrate reaching the muscularis
mucosa; 3 = extensive infiltration reaching the muscu-
laris mucosa and thickening of the mucosa with abun-
dant edema; 4 = infiltration of the submucosa. The total
histological score was calculated as E + L.

Statistical analysis

Statistical significance was determined using the Excel
software (Microsoft, USA). To compare two groups, Stu-
dent’s t-test was performed. *P < 0.05, **P < 0.01, and
**#*P < 0.001 were considered significant.

Results

TWE induces an increase in maturation and production of
anti-inflammatory cytokine but does not alter pro-
inflammatory cytokine production in DCs

TWE is known to have anti-inflammatory properties be-
cause TWE can suppress the production of inflamma-
tory mediators such as prostaglandin E2 and nitric oxide
(NO) [8, 9]. However, the effects of TWE on innate im-
mune cells such as DCs have not been clearly defined.
Thus, we decided to investigate whether in vivo
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treatment with TWE might affect the maturation of
DCs. To test this possibility, we chose to deliver TWE
orally into mice because taheebo is typically ingested as
a tea. B6 mice were fed with 2 mg TWE per day in their
drinking water for 5 days. Subsequently, the expression
of MHC II and CD86, which are markers for DC matur-
ation, was examined using splenic DCs isolated from
mice fed with TWE-containing water. We found that
TWE induced the up-regulation of both MHC II and
CD86 in DCs, which indicated that TWE possesses some
adjuvant abilities (Fig. la). However, TWE had little
influence on the production of pro-inflammatory
cytokines, including IL12, IL6, and TNFa, in both
splenic and MLN DCs. Notably, TWE could induce an
increase in IL10 secretion in MLN DCs, but not in
splenic DCs (Fig. 1b). These results indicate that the
oral administration of TWE enhanced the maturation
of DCs but did not alter pro-inflammatory cytokine
production in DCs.

DCs are dispensable for helper T cell polarization by in
vivo TWE treatment

To investigate whether TWE could regulate the adaptive
immune system, we evaluated the profile of CD4" T cell
subsets in TWE-treated mice. TWE treatment markedly
reduced the frequency of IFNy-producing CD4" and
CD8" T cells but increased the frequency of IL4-
producing or Foxp3-expressing CD4" T cells compared
with the control mice (Fig. 2a). Because DCs are the
most efficient initiator of the adaptive immune response,
we next assessed whether the TWE-mediated
polarization of T helper cells is dependent on DCs. To
test this idea, we took advantage of CD11c-specific DTR
tg mice, in which CD11¢" DCs can be depleted by a sin-
gle intraperitoneal injection of DT. DT-induced deple-
tion of DCs could not alter the differentiation of CD4"
T cells despite TWE treatment, which indicated that
DCs are dispensable for TWE-mediated T helper cell
differentiation (Fig. 2b). Collectively, these data suggest
that antigen-presenting cells (APCs) other than DCs
(e.g., macrophages and B cells) might be sufficient for
the induction of T helper cell differentiation by in vivo
TWE treatment.

TWE enhances both maturation and M2 polarization of
macrophages

Because emerging evidence indicates that macro-
phages are involved in regulating various immune
responses, such as experimental autoimmune en-
cephalomyelitis (EAE), we next investigated whether
TWE regulates both maturation and phenotypes of
macrophages. To this end, we isolated mononuclear
cells from the spleen and MLN of mice at day 5
after vehicle or TWE treatment. First, we found that
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TWE treatment induced a significant increase of
MHC II molecules in macrophages from the spleen
and MLN. However, TWE-mediated up-regulation of
CD86 expression was only seen in macrophages from
the MLN but not from the spleen (Fig. 3a). Second,
the production of iNOS (M1 marker) and pro-
inflammatory cytokines, including IL12, IL6, and
TNFa, in macrophages was significantly decreased in
the MLN but not in the spleen following TWE treat-
ment (Fig. 3b), whereas the production of arginase-1
(M2 marker) and the anti-inflammatory cytokine
IL10 in macrophages was significantly increased in
the MLN by TWE treatment (Fig. 3c). These find-
ings suggest that TWE treatment induces macro-
phages to polarize towards the M2 phenotype in the
MLN.

To directly confirm whether TWE treatment was
able to change the phenotype of macrophages by af-
fecting macrophage polarization, we examined the in
vitro TWE-mediated polarization of macrophages. To

this end, first of all, the effect of TWE on cell viabil-
ity was evaluated using RAW264.7 macrophage cell
line and 7-AAD method. Compared to controls, cell
viability was not significantly decreased in TWE con-
centrations ranging from 100 pg/ml to 900 pg/ml,
which were thus used in the next experiments
(Fig. 3d). Upon in vitro stimulation of macrophages
with TWE, we found that TWE treatment had little
effect on iNOS expression in LPS- or IFNy-primed
macrophages. Because IL4 is known to promote mac-
rophages toward the M2 type, however, IL4-primed
macrophages exhibited a decreased expression of
iNOS upon in vitro TWE stimulation (Fig. 3e). In
contrast, in vitro TWE stimulation significantly en-
hanced arginase-1 expression (M2 marker) in both
unprimed and LPS-primed macrophages. Furthermore,
to some extent, TWE could induce macrophages that
were polarized to the M1 phenotype by IFNy to in-
crease arginase-1 expression. Under the M2-inducing
IL4 priming condition, TWE treatment significantly
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Fig. 2 DCs are dispensable for TWE-mediated T cell polarization. a Either TWE or vehicle was supplemented in the drinking water of yeti
(IFNY/YFP), 4get (IL4/GFP), and Foxp3 (GFP) reporter mice for 5 days. Subsequently, the level of reporter protein expression was assessed
in CD4" T cells (CD3"CD4"), CTLs (CD3*CD8"), and Treg cells (CD3"CD4"CD25") using flow cytometry. The mean values + SD (n = 4, * P < 0.05, **
P < 0.01) are shown. b Either TWE or vehicle was supplemented in the drinking water of DT (120 ng/mouse)-treated CD11c-DTR tg mice. Three days
later, DT was intraperitoneally reinjected for the further depletion of DCs. Two days after the second DT injection, the mice were sacrificed and
subsequently single cells were prepared from the spleen and MLN. Intracellular IFNy, 1.4, and Foxp3 productions were assessed in CD4* T cells
(CD3"CD4") and Treg cells (CD3"CD4"CD25%) by flow cytometry. The data are representative of two independent experiments (n = 4, * P < 0.05,

increased the expression of arginase-1 in macrophages
in a dose-dependent manner (Fig. 3f). Taken together,
these results indicate that TWE modulates macro-
phage maturation and polarization towards the anti-
inflammatory cytokine-producing M2 macrophage
phenotype.

Oral administration of TWE protects mice from DSS-
induced colitis

The pathogenesis of IBD is characterized by the ex-
cessive expansion of pro-inflammatory Thl and Th17
cells and by the simultaneous reduction of Treg cells
[1]. Because TWE has potent anti-inflammatory ef-
fects on innate and adaptive immunity, we investi-
gated whether the oral administration of TWE could
modulate the development of experimental colitis in
mice. To test this hypothesis, we adopted a method
for DSS-induced colitis, as described in the Methods
section. Briefly, the mice were fed with either TWE
in their drinking water or normal water without TWE
as a negative control for 5 days (approximately 2 mg
TWE per day). These mice were subsequently fed
with either 3% DSS plus TWE or 3% DSS without
TWE in their drinking water for 5 days to induce
acute colitis. After DSS treatment, the two groups of
mice were fed with DSS-free normal water for five
more days before sacrifice for analysis (Fig. 4a). We
found that the body weight of the TWE-untreated
mice was decreased from day 4 to day 7 post-DSS
treatment and then slowly returned to the normal
level through day 10, whereas the body weight loss of
TWE-fed mice was noticeably attenuated (Fig. 4b).
Furthermore, the TWE-treated group of mice had
much lower levels of DAI (i.e.,, weak diarrhea and less
bleeding in the feces) than did the controls (Fig. 4c).
In addition, we found that the TWE-treated mice dis-
played a much less shortened length of the colon
than did the control mice during DSS-induced colitis
(Fig. 4d). From histological sections of colonic tissues,
we found that TWE-treated mice displayed less severe
signs of colonic inflammation (i.e., loss of epithelial
crypts, mucosal edema, and infiltration of inflamma-
tory cells) compared with the vehicle group (Fig. 4e).

Taken together, these results demonstrated that the
oral administration of TWE could prevent mice from
DSS-induced colitis.

TWE treatment attenuates the inflammatory immune
response in experimental colitis

We next investigated the immunological mechanisms
by which TWE treatment inhibited DSS-induced col-
itis in mice. Mucosal immune responses are counter-
balanced through the interaction between pro- and
anti-inflammatory cytokines. For instance, intestinal
inflammation is mediated by IL12-induced Thl cells
and IL6-induced Thl17 cells [1, 2]. In contrast, the
anti-inflammatory cytokine IL10 is known to contrib-
ute to mucosal homeostasis in the intestinal epithe-
lium [13]. Thus, we examined the cytokine profile
following TWE treatment during DSS-induced colitis.
To this end, we measured the production of IL12,
IL6, TNFa, and IL10 in DCs and macrophages at day
10 post-DSS treatment. The oral administration of
TWE significantly decreased the levels of pro-
inflammatory cytokines (IL12, IL6, and TNFa) but in-
creased the anti-inflammatory cytokine IL10 in DCs
and macrophages from the MLN (Fig. 5a and b).
Upon TWE stimulation during DSS-induced colitis,
the frequencies of both Thl and Thl7 cells were sig-
nificantly diminished in both the spleen and MLN,
whereas IL4-producing Th2 cells were remarkably
increased in the MLN (Fig. 5c). Additionally, the
frequency and expression level of the suppressive
molecule CTLA4 on Treg cells were significantly in-
creased by TWE treatment in both the spleen and
MLN (Fig. 5d). These findings clearly indicate that
TWE treatment induces the differentiation of anti-
inflammatory T helper cells, such as Th2 and Treg
cells, ultimately leading to the overall inhibition of in-
flammatory responses induced by DSS-induced colitis.

Discussion

As public interest in natural products as a source of
potential candidates for medicine is increasing, com-
plementary and alternative medicines that use scien-
tifically verified natural products have rapidly grown
over the last decades in both the Eastern and



Park et al. BMC Complementary and Alternative Medicine (2017) 17:448

Page 8 of 14

MHC Il MFI

CD86 MFI

(7]

% of Arginase-1*

None

LPS

IFNy

IL4

F4/80

b
350 ~ O Veh 20 1~ *x 20 ~
300 4 s W TWE o Veh ns
250 - " +8 15 A TWE 5 15 A
200 - Z 10 - ns =10 -
150 - 5 — 5
100 - X 5 X 54 NS
0 ] Cm ~min
0 0 T 0 T
SPL MLN SPL MLN SPL MLN
400 - * 20 - . 30 - *
300 - . 15 - i 25 1
ns S I-ZI- 20 1
200 o —_— % 10 A = 15 4
5 4
0 i 1 o I mim
SPL MLN SPL MLN SPL MLN
15 1[0 veh . 257 — 1207
B TWE . 20 - 100 A .
i o 4
10 - 5 15 2 %
S 10 8o
5 1 RS | ns 2 401
5 4 —i 8 20 1
0 T 0 T 0 -
SPL MLN SPL MLN Con 100 300 900 2700 LPS
TWE (ug/ml)
TWE f TWE
Vehicle 100 pg/ml 300 pg/ml 900 pg/ml Vehicle 100 pg/ml 300 pg/ml 900 pg/ml
" ) None [ , .
4] > H dE SEE AR NEE N
102 1% ) : 102
101 10.1 12.3 134 100 10.4 10.5 14.7 20.2
10010" 10" 102 10° 10¢ 10010“ 10" 102 10% 104
Lps
S i 10° F & ] 4
b= e[ %
49.8 101 19.9 22.6 30.1 42.6
109 10" 102 10% 104 10010” 10" 102 10° 104
IFNy
i 10° A 3 3 5
. e e A A
101 53.2 101 5.45 5.36 7.36 13.6
10010" 10" 102 103 10* 1DD‘\O“ 10" 102 10% 104
104 104
. IL4
p e lfe][®][ e
o) JEBIE N
100 3.73 3.8 4.25 4.33 Q[ 17.6 20.6 28.6 39.1
100 = |1
109 10" 102 10% 104 [V 100 10" 102 103 10*

iNOS

Fig. 3 (See legend on next page.)

Arginase-1




Park et al. BMC Complementary and Alternative Medicine (2017) 17:448

Page 9 of 14

(See figure on previous page.)

Fig. 3 TWE enhances maturation and M2 polarization of macrophages. a-c Either TWE or vehicle was supplemented in the drinking water
of B6 mice for 5 days (approximately 2 mg TWE/day). Subsequently, the surface expression of MHC Il and CD86 molecules (a) and
intracellular 1L12p40, IL6, TNFa, iNOS (M1 markers) (b), arginase-1, and IL10 (M2 marker) (c) secretions were assessed by flow cytometry in
macrophages (CD11¢”CD11b*F4/80%) from the spleen and MLN. The mean values + SD (n = 5, * P < 0.05, ** P < 0.01) are shown. d
RAW264.7 cells (1 x 10° cells) were stimulated with TWE (100, 300, 900, and 2700 pg/ml), LPS (1 pg/ml), or vehicle for 12 h. The cell viability (%) was
expressed as 7-AAD negative percentage relative to the untreated control cells (n = 3, ** P < 0.01). e, f RAW264.7 cells (1 x 10° cells) were stimulated
with TWE (100, 300, and 900 ug/ml) or vehicle in the absence or presence of LPS (1 ug/ml), IFNy (100 ng/ml), or IL4 (20 ng/ml) for 12 h. The cells were
collected, and their productions of iNOS (e) and arginase-1 (f) were determined by flow cytometry

Western world [14]. Bark products from the taheebo
tree have been one of the natural products used as a
traditional folk remedy for various diseases such as
arthritis. Although many people drink taheebo as a
tea, TWE has been noted as a source of natural
products that can provide a health benefit beyond
basic nutrition. Although the in vitro and in vivo
anti-inflammatory effects of taheebo have previously
reported [8, 9], the effects of TWE on intestinal im-
mune responses have been poorly understood. Herein,
we demonstrate that the oral administration of TWE
led to the induction of Th2 and Treg differentiation
via alterations in APCs, such as M2 polarization, and
resulted in the inhibition of Thl cells and IFNy pro-
duction by CD8" T cells in the MLN. Furthermore,
by employing the DSS-induced murine model of col-
itis, we clearly showed that TWE treatment was cap-
able of attenuating the clinical symptoms of colitis in
mice, which suggests that TWE could be an excellent
reagent as natural products to improve the clinical
symptoms of IBD.

Adaptive immune responses are controlled by in-
nate immune cells such as DCs. Depending on the
types of cytokines they secrete, DCs can influence
the differentiation of CD4" T cells that play critical
roles in adaptive immunity. Tolerogenic DCs pro-
duce immunosuppressive IL10 rather than IL12 and
express high levels of costimulatory molecules, such
as MHC II and B7, when induced by thymic stromal
lymphopoietin (TSLP). Because it has been shown
that tolerogenic DCs can prime Th2 and Treg cells
and also contribute to preventing excessive inflam-
mation in the mucosal environment [15], we inferred
that TWE could affect the differentiation of CD4" T
cells towards the Th2 and Treg cells via a DC-
mediated pathway. However, our results showed that
Th2 and Treg cells could be still induced upon
TWE treatment, even in the case of DC depletion.
Although DCs are the most potent APCs at initiat-
ing adaptive immune responses, it could be possible
that other professional APCs such as macrophages
are responsible for the modulation of T helper cells
by TWE treatment. For example, it has been

reported that lamina propria macrophages inhibit
Thl and Th17 differentiation but induce Treg differ-
entiation during the intestinal immune response [3,
16]. Furthermore, gut-resident macrophages play a
central role in oral tolerance and the expansion of
Treg cells during the intestinal immune response to
orally administered food antigen, which implies that mac-
rophages act as local APCs in the intestine [17]. Based on
the above reports, macrophages rather than DCs might be
involved in tolerance in the intestine. Conversely, one re-
cent study has reported that both DCs and macrophages
are essential for optimal Th1 polarization during IBD-like
pathogenesis in mouse infection models [18], which im-
plies that DCs and macrophages participate synergically to
induce Th2 and Treg polarization upon TWE treatment.

Foxp3™ Treg cells are known to play a critical role
in maintaining tolerance against self-antigens. Re-
cently, some studies have reported the reciprocal rela-
tionship between the Treg cell number and the
severity of mucosal inflammation. For example, a de-
creased number of Treg cells was correlated with ac-
tive IBD in patients [19], whereas an increased
number of Treg cells inhibited the severity of an ex-
perimental colitis model [20, 21]. Thus, our finding
that TWE treatment can induce Treg cells can ex-
plain how the oral administration of TWE could pre-
vent DSS-induced colitis in mice. In addition, a
couple of studies have demonstrated that Th2
polarization using helminths can be an effective way
to control mucosal inflammation [22, 23]. Such alter-
native therapeutic approaches to induce the mucosal
Th2 immune response have been shown to suppress
the Th1 response, consequently protecting against col-
itis in mice. Therefore, the expansion of Th2 and
Treg cells by TWE treatment might be one of the
key mechanisms that contribute to inhibiting DSS-
induced colitis.

Our results suggest that macrophages are among
the key players for the TWE-mediated inhibition of
colitis. Classically activated M1 (stimulated by IFNy)
and alternatively activated M2 (stimulated by IL4)
are two major subsets of macrophage in the intes-
tine [5]. Recently, it has been reported that the up-
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are shown. The mean values + SD (n = 5, ** P < 0.01) are shown

Fig. 4 TWE protects mice from DSS-induced colitis. a Experimental scheme for TWE treatment in the DSS-induced colitis model. b Body weight
change, shown as a percentage change relative to the body weight at day 0, was measured daily after DSS-induced colitis with or without TWE
treatment. The mean values + SD (n = 5, * P < 0.05, ** P < 0.01, *** P < 0.001) are shown. ¢ Weight loss, stool consistency, and fecal blood were
scored to provide the DAI for each group. d On day 10, the colons were removed, and their lengths were measured. The photos of representative
colons are shown. The mean values + SD (n = 5, * P < 0.05) are shown. e Histological examination of the colon tissue was performed at day 10
(left panel). The histological score was measured for colon cellular infiltration and tissue disruption (right panel). Representative colon tissue sections

regulation of M2 macrophages suppressed the sever-
ity of colitis via IL10 receptor signaling [13] but
that the down-regulation of M2 macrophages in-
creased the susceptibility to colitis [24, 25]. In
addition, M2 macrophages have been shown to be
involved in Th2 polarization, and the consequent
reciprocal IL4 production by Th2 cells can affect
the phenotypic alteration of macrophages from M1
to M2 [26]. Because M2 macrophages were in-
creased in response to TWE stimulation, our find-
ings suggest that the mutual interaction between
M2 and Th2 cells might account for the suppressive
activities of TWE in colitis. Emerging evidence sup-
ports the idea that the interaction between gut
microbiota and intestinal immunity plays a central
role in maintaining intestinal homeostasis [2]. Intri-
guingly, Jang et al. showed that Lactobacillus spp.
belonging to the Firmicutes phylum ameliorated col-
itis in mice by polarizing M1 macrophages to the
M2 phenotype [27, 28]. Because one previous study
demonstrated that the major component of TWE
helped to maintain lactic acid-producing beneficial
bacteria, such as Lactobacillus spp. and Bifidobacter-
ium spp., but preferentially inhibited the growth of
harmful bacteria such as Clostridia and E. coli [29],
we cannot exclude the possibility that the inhibition
of DSS-induced colitis by TWE treatment could be
attributed to the distinct effects of TWE on gut
microbiota. Further investigations need to be done
to address this issue.

The TWE used in this study was prepared by extracting
the water-soluble portions from taheebo barks immersed
in 4 °C cold water for 24 h, as described in the Methods
section. Thus, TWE is not a pure compound and instead
consists of several active components, including
naphthoquinone, B-lapachol, and polyphenols, which all
have anti-inflammatory activities. For example, naphtho-
quinone induced the decreased production of NO (M1
phenotype) in macrophages stimulated with LPS [30] and
promoted Th2 immune responses (M2 inducer) in condi-
tions of antigen-related lung inflammation [31, 32].
B-lapachol displayed anti-inflammatory effects in EAE
[33] and polyphenols had potent anti-inflammatory activ-
ities [34, 35]. Therefore, it will be of interest to examine

which components of TWE are primarily responsible for
its anti-inflammatory activity in colitis.

Considering our results, we might anticipate a
couple of concerns about TWE-mediated Th2-
deviation. First, there is one type of colitis called
UC that is known to be mediated by Th2-dominant
immune responses. Unlike Thl-mediated CD, Th2-
mediated UC actually became worse after helminth
infection [36]. If TWE prevents colitis via a Th2-
polarized manner, it could worsen UC upon TWE
treatment. However, although it has been reported
that UC pathogenesis is dependent on IL13 produc-
tion by natural killer T (NKT) cells, we did not find
that TWE treatment activated NKT cells to produce
cytokines such as IL13 (data not shown). This find-
ing implies that TWE may not have much influence
in the pathogenesis of UC, though it should be in-
vestigated to confirm whether TWE has any side ef-
fects on UC in the future. Second, TWE treatment
might increase the induction of Th2-mediated aller-
gic responses, such as atopic dermatitis (AD) and
asthma. Recently, very interesting studies have re-
ported on the correlation between allergy and mu-
cosal immune responses. Feeding food allergens
with Th2-skewing adjuvants alone did not promote
allergic responses in the skin [37] and acute diar-
rhea in the intestine [38] without repeated prior
skin sensitization. In addition, intestinal allergic re-
sponses were suppressed by orally ingested food al-
lergen before skin sensitization occurred [37]. Thus,
we speculate that orally administered TWE has little
influence on causing skin allergic diseases such as
AD. In support of our speculation, we found that
the oral administration of TWE did not affect the
severity of AD in NC/Nga mice (unpublished pre-
liminary data).

Conclusions

The present study suggests the following scenario
whereby TWE can modulate DSS-induced colitis. First,
the oral administration of TWE initiates the phenotypic
alteration of innate immune cells such as DCs and mac-
rophages, which results in the polarization of macro-
phages towards the M2 phenotype as well as the
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Fig. 5 TWE attenuates inflammatory responses in experimental colitis. a-d Mononuclear cells were collected 10 days after 3% DSS treatment in
the presence or absence of TWE. a, b Intracellular IL12p40, IL6, TNFa, and IL10 productions were measured in the DCs (a) and macrophages (b)
from the spleen and MLN using flow cytometry. The mean values + SD (n = 5, * P < 0.05, ** P < 0.01) are shown. ¢ Intracellular IFNy, IL17, and L4
productions were measured in the CD4" T cells (CD3"CD4") from the spleen and MLN using flow cytometry. The mean values + SD (n =5, *

P < 0.05, ** P < 0.01) are shown. d Intracellular Foxp3 expression was measured in the Treg cells (CD3"CD4"CD25") from the spleen and MLN
using flow cytometry. In addition, the expression level of CTLA4 in Treg cells from the spleen and MLN (CD4"CD25"Foxp3*) was analyzed by flow
cytometry. The graphs represent the MFI. The mean values + SD (n = 5, * P < 0.05) are shown

tolerization of DCs. Second, such anti-inflammatory
changes in the innate immune system promotes CD4" T
cells to differentiate into Th2 and Treg cells but re-
strains the development of Thl and Th17 cells in the in-
testine. Consequently, TWE treatment could effectively
prevent acute DSS-induced murine colitis. Taken to-
gether, our findings suggest that TWE will be an excel-
lent natural product to help ameliorate the symptoms of
various inflammatory immune disorders such as IBD.
Very recently, Choi et al. reported that the intake of
TWE could reduce the development of high-fat diet-
induced obesity [39]. Because obesity is closely linked to
macrophage activation, our present findings might pro-
vide experimental evidence that TWE treatment can
help maintain the homeostasis of metabolic diseases, in-
cluding obesity and diabetes, by switching macrophage
polarization from M1 to M2 phenotype. It will be very
interesting to investigate whether this is the case.
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