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ARTICLE INFO ABSTRACT
Keywords: Tannic acid (TA) is an herbal polyphenol containing a galloyl group that has been prescribed to treat gastroen-
Herbal polyphenol teritis, diarrhea, and irritable bowel syndrome. TA has anti-inflammatory, anti-cancer, and anti-viral properties;

Tannic acid
Galloyl group
Dopamine receptor

however, the molecular mechanisms of these potential therapeutic effects are still largely unknown. Here, we
examined the ability of TA to induce anti-inflammatory responses. TA was found to be an agonist of the dopamine
D2L receptor. TA reduced interferon (IFN)-y and interleukin (IL)-1p secretion but upregulated tumor necrosis

Ei}’;ssgl];saccharide factor a and IL-10 secretion from lipopolysaccharide (LPS)-stimulated mouse splenocytes. TA also reduced IFN-y
T cell receptor secretion but enhanced IL-10 secretion from anti-cluster of differentiation (CD) 3/CD28 antibody-stimulated
T-helper splenocytes. An immune subset study confirmed that TA regulated cytokine secretion by various types of im-
Inflammation mune cells in the context of stimulation with LPS or anti-CD3/CD28 antibodies. Administration of TA to mice with
Inflammatory bowel disease experimentally induced colitis strikingly suppressed weight loss, colon shrinkage, and IL-17 secretion from

mesenteric lymph node lymphocytes in response to CD3/CD28 stimulation. These data suggest that TA suppresses
inflammatory responses in colitis by regulating cytokine secretion by immune cells in the colon.

mediators such as cytokines (Feldman et al., 2001), inducible nitric oxide
synthase (iNOS), and cyclooxygenase-2 (COX-2) (Lee et al., 2003). In-
hibition of the expression of the inflammatory mediators should be
dependent on the inhibition of cell signaling. Indeed, it has been shown
that TA inhibits protein phosphatase 1 (PP1) and 2A (PP2A) in epithelial
cells (Erdelyi et al., 2005). However, the molecular mechanisms through
which TA inhibits cell signaling are largely unclear.

Here, we show that TA is a dopamine (DA) D2L receptor (D2LR)
agonist. The DA receptor (DAR) family consists of five cognate receptors,
D1R, D2R, D3R, D4R, and D5R. D2R possesses two isoforms called D2SR
(short isoform) and D2LR (long isoform). The five DARs belong to a su-
perfamily of membrane proteins called the G-protein-coupled receptor
family of class A seven-transmembrane domain receptors. These are sub-
categorized as D1-like receptors (D1-like-Rs) (D1R and D5R) and D2-like
receptors (D2-like-Rs) (D2R, D3R, and D4R), depending on their effect on
the cytosolic cAMP level.

In neuronal cells, stimulation of D1-like-Rs triggers cAMP synthesis,
which in turn activates protein kinase A. By contrast, stimulation of D2-
like-Rs triggers cAMP degradation. In addition, stimulation of DARs in-
creases intracellular calcium, which in turn activates calcium-binding

1. Introduction

Tannins are water-soluble herbal polyphenols (Erdelyi et al., 2005)
and can be categorized into four major groups: gallotannins, which are
also known as tannic acid (TA); ellagitannins; complexes of TA and
ellagitannins; and condensed tannins. TA is hydrolyzable and is the most
abundant tannin. The typical structure of TA is five polygalloyl esters
binding radially to one glucose molecule through ester bonds.

TA has been prescribed to treat gastroenteritis (Michalek et al., 2016;
Ruszcezynski et al., 2014) and acute diarrhea (Lambelin, 2013). TA can
also react with protein in the mucous membrane, causing it to precipitate
and form a thin layer on top of the mucosa that protects it from inflam-
matory damage (de Jesus et al., 2012). In addition, TA directly sup-
presses inflammation (Feldman et al., 2001; Mota et al., 1985), cancer
cell proliferation (Fong et al., 1972), and the proliferation of viruses in
host cells (Uchiumi et al., 1996).

It has been suggested that the anti-inflammatory effects of TA are
induced through the scavenging of radicals (antioxidant effect) (Hager-
man et al., 1999) and inhibition of the expression of inflammatory
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Abbreviations: RLU relative light units
BM-DC bone marrow-derived dendritic cell
TA tannic acid GM-CSF granulocyte-macrophage colony stimulating factor
iNOS inducible nitric oxide synthase CD cluster of differentiation
COX-2  cyclooxygenase-2 BM bone marrow
PP1 protein phosphatase 1 MAPK  mitogen-activated protein kinase
PP2A protein phosphatase 2A ERK1/2 extracellular signal-regulated kinase 1/2
DA dopamine; JNK c-jun N-terminal kinase
D2LR D2L receptor MLN mesenteric lymph node
DAR DA receptor IFN interferon
D1-like-R D1-like receptor TNF tumor necrosis factor
D2-like-R D2-like receptor ANOVA analysis of variance
Th T-helper ED a fragment p-galactosidase enzyme donor
IL interleukin TCR T cell receptor
M¢ macrophage IBD inflammatory bowel disease
DSS dextran sodium salt AD Alzheimer’s disease
LPS lipopolysaccharide; NK natural killer
PBS(-)  phosphate buffered saline without calcium/magnesium PD Parkinson’s disease
HBSS Hank’s Balanced Salt Solution SD standard deviation
ECgo 80% effective concentration
proteins such as protein kinase C. D2R signaling induces activation of (Sigma).

phosphoinositide 3-kinase, followed by activation of Akt and mammalian
target of rapamycin (Girgis et al., 2008; Nair and Sealfon, 2003). On the
other hand, the D2R-mediated signaling is desensitized and dampened by
B-arrestin 2 recruitment (Amar et al., 2008).

DARs are expressed on various immune cells, and DA is also produced
by these cells (Arreola et al., 2016; Nakano et al., 2009). It has been
suggested that DA modulates the cytokine profile during inflammatory
immune responses (Arreola et al., 2016) and facilitates T-helper (Th) 2
and Th17 differentiation (Nakano et al., 2009, 2011). DAR antagonists
have anti-inflammatory effects (Kawano et al., 2015), and D1R antago-
nists in particular have been found to ameliorate various inflammatory
autoimmune diseases (Hashimoto et al., 2009; Nakagome et al., 2011;
Nakano et al., 2008, 2011; Okada et al., 2009). In a previous study,
D1R-mediated signaling suppressed interleukin (IL)-1f processing and
secretion in bone marrow-derived macrophages (M¢s) (Yan et al., 2015).
In addition, D2R knockout mice showed inflammatory responses in the
central nervous system (Shao et al., 2013). These observations collec-
tively indicate that modulation of the constitutive and/or temporal ac-
tivities of DARs by DAR agonists and antagonists induces an
anti-inflammatory response (Kenakin, 2001; Nicola et al., 2000;
Prather, 2004). Hence, TA, acting via DARs, would also be expected to
modulate the cytokine profile during inflammatory immune responses. In
this study, we address the effect of TA on cytokine secretion during im-
mune cell activation and its therapeutic activity in a dextran sodium salt
(DSS)-induced mouse model of colitis (Kawano et al., 2015; Perse and
Cerar, 2012; Yan et al., 2012). Our findings indicate that TA, which is
found in tea, grains, and fruits, regulates immune responses by acting on
DARs. It is therefore possible that TA could be used to suppress inflam-
mation in the context of inflammatory disease.

2. Materials and methods
2.1. Reagents

TA was purchased from Wako (Osaka, Japan). Lipopolysaccharide
(LPS) and L-741,626 were purchased from Sigma (St. Louis, MO). To
make a stock solution, TA was dissolved in RPMI medium containing
10% fetal calf serum, 100 U/ml penicillin, 100 pg/ml streptomycin, 2
mM L-glutamine, and 50 pM 2-mercaptoethanol (R10 medium). Stock
solutions of other chemicals were prepared by dissolving them in DMSO

2.2. D2LR agonist assay for TA

The cAMP modulation was determined using the HitHunter cAMP XS
+ assay (Discoverx, Fremont, CA) (Eglen and Singh, 2003; Weber et al.,
2004; Zhang and Xie, 2012). The cAMP Hunter CHO-K1 DRD2L (Long
Isoform) Gi Cell Line (Discoverx) was seeded in a total volume of 20 pl in
white-walled, 384-well microplates and incubated at 37 °C for the
appropriate times prior to testing. For agonist determination, the cells
were incubated with sample in the presence of forskolin at the ECgg (25
pM) to induce a response. After overnight incubation, medium was
aspirated from the cells and replaced with 10 pl of HBSS and 10 mM
HEPES. Stock solutions of the test compounds or DA were diluted to 4 x
in assay buffer (Discoverx) immediately prior to use, and 5 pl of the 4 x
dilution was added to the cells, followed by the addition of 5 pl of 4 x
forskolin. The cells were then incubated at 37 °C for 30 min. Following
incubation, an assay signal was generated by incubation with 5 pl of
cAMP XS + Ab reagent (Discoverx) and 20 pl of cAMP XS + ED/CL lysis
cocktail (Discoverx). After incubation for 1 h at room temperature, 20 pl
of cAMP XS + EA reagent (Discoverx) was added, and the cells were
incubated for 2 h at room temperature. Microplates were read on a
PerkinElmer Envision following chemiluminescent signal generation.
Compound activity was analyzed using the CBIS data analysis suite
(ChemlInnovation). The percent agonist activity relative to the maximum
effect of DA was calculated as follows: (mean RLU of control buffer -
mean RLU of test sample)/(mean RLU of control buffer - mean RLU of the
maximum response by DA) x 100, where the control buffer was
Opti-MEM (Thermo Fisher Scientific, Waltham, MA) supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, and 1%
BSA.

2.3. Mice

C57BL/6 mice were obtained from Japan SLC (Shizuoka, Japan).
Mice were housed in appropriate animal care facilities at Saitama Med-
ical University, and handled according to international guidelines for
experiments with animals. All experiments in the present study were
approved by the Animal Research Committee of Saitama Medical
University.
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2.4. Preparation of splenocytes

Spleens were excised from C57BL/6 mice, placed in 10 ml of RPMI
medium, and teased apart with tweezers to release splenocytes. The
mixture was then centrifuged, and the supernatant was discarded. The
cell pellet was resuspended in 250 pl of 0.75% (w/v) ammonium chloride
and 17 mM Tris-HCI (pH 7.2) to rupture red blood cells and then mixed
immediately with 10 ml of RPMI and centrifuged. After removing the
supernatant, the cell pellet was washed three times with 10 ml of RPMI
medium and resuspended in 1 ml of R10 medium. Splenocytes were then
counted using a hemocytometer. The purity and viability of splenocytes
was routinely >90% (Sup. Fig. 1 and Sup. Table 1, respectively).

2.5. Preparation of peritoneal M¢ps

Peritoneal M¢s were isolated from C57BL/6 mice on day 4 post-
intraperitoneal injection of 3 ml of 3% thioglycolate broth (Nissui
Pharmaceutical, Tokyo, Japan). Briefly, 10 ml of RPMI was injected into
the peritoneal cavity using a 21-gauge needle. The cavity was flushed
three times with the same 10 ml of RPMI medium, which was collected at
the end of the procedure. The medium was centrifuged for 5 min at
270xg at room temperature, and the cells were resuspended in 1 ml of
R10 medium and counted. The cells were then transferred to 6-well
polystyrene plates (3 x 10° cells/well) and incubated for 1 h at 37 °C
in a CO5 incubator. Non-adherent cells were removed, and adherent cells
(the peritoneal M¢s) were scraped using a rubber policeman and coun-
ted. The purity and viability of peritoneal M¢s were >90% and approx-
imately 50%, respectively (Sup. Fig. 1 and Sup. Table 1, respectively).

2.6. Preparation of bone marrow-derived dendritic cells (BM-DCs)

Bone marrow-derived dendritic cells (BM-DCs) were prepared as
described previously (Lutz et al., 1999). Briefly, the femurs and tibiae of
C57BL/6 mice were removed and cleaned of surrounding muscle tissue
by scraping with a knife. Then, both ends of the bones were cut with
scissors and the bones were flushed with 1 ml of RPMI medium; the
resulting marrow was collected in a 15 ml tube. After centrifuging at
270xg for 5 min at room temperature, the cell pellet was resuspended in
1 ml of R10 medium and counted. On day 0, the bone marrow leukocytes
(2 x 10° cells in 10 ml of R10 medium containing 20 ng/ml
granulocyte-macrophage colony stimulating factor (GM-CSF); R&D Sys-
tems, Minneapolis, MN) were seeded in a 100 mm dish. On day 3,
another 10 ml of R10 medium containing 20 ng/ml GM-CSF was added.
On days 6 and 8, half of the culture supernatant was collected and
centrifuged. The resulting cell pellet was resuspended in 10 ml of fresh
R10 medium containing 20 ng/ml GM-CSF and returned to the original
dish. On day 10, the cells (now termed BM-DCs) were washed, resus-
pended in 1 ml of R10 medium, and counted. The purity and viability of
BM-DCs was >90% (Sup. Fig. 1 and Sup. Table 1, respectively).

2.7. Isolation of cluster of differentiation (CD) 4" T cells, CD8" T cells, B
cells, neutrophils, and monocytes

Mouse cluster of differentiation (CD) 4™ T cells, CD8™ T cells, B cells,
monocytes, and neutrophils were isolated by positive selection from
C57BL/6 splenocytes (CD4" T cells, CD8" T cells, and B cells) or from
C57BL/6 bone marrow (BM) leukocytes (neutrophils) or negative selec-
tion from C57BL/6 BM leukocytes (monocytes) by magnetic-activated
cell sorting (Miltenyi Biotec, Bergisch Gladbach, Germany) according
to the manufacturer’s instructions. Each cell type was resuspended in 1
ml of R10 medium and counted. The purity and viability of CD4™ T cells,
CD8" T cells, B cells, and neutrophils was >90% (Sup. Fig. 1 and Sup.
Table 1, respectively). The purity and viability of monocytes were >80%
and 90%, respectively (Sup. Fig. 1 and Sup. Table 1, respectively).
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2.8. Isolation of naive CD4™ T cells

Mouse CD47CD62L" T cells were isolated by a combination of
negative selection and positive selection from C57BL/6 splenocytes by
magnetic-activated cell sorting (Miltenyi Biotec), according to the man-
ufacturer’s instructions. The CD4"CD62L" T cells were resuspended in 1
ml of R10 medium and counted. Since the percentage of CD4"CD44™ T
cells was >90% of the isolated CD4TCD62L" T cells, the purity and
viability of naive CD4" T cells was >90% (Sup. Fig. 2 and Sup. Table 1,
respectively).

2.9. Immune cell activation in the presence of TA

For CD3/CD28 stimulation, splenocytes (3 x 105), CD4™" T cells (3 x
10%), or CD8™ T cells (3 x 10%) in 50 pl of R10 medium were seeded in
96-well flat-bottom plates. Next, 50 pl of TA (4 or 40 pg/ml in R10 me-
dium) or R10 medium alone was added for 1 h at 37 °C in a CO5 incu-
bator. After incubation, 100 pl of R10 medium containing 2 pg/ml anti-
mouse CD3 antibody (R&D Systems), and 1 pg/ml anti-mouse CD28
antibody (Biolegend, San Diego, CA) or PBS(-) (diluted 1:250) was
added. The final concentration of TA was 1 or 10 pg/ml in 200 pl of R10
medium, and the final concentrations of anti-mouse CD3 antibody and
anti-mouse CD28 antibody were 1 pg/ml and 0.5 pg/ml, respectively.
The viability of CD3/CD28-stimulated immune cells treated with 1 or 10
pg/ml TA was no different from that of CD3/CD28-stimulated immune
cells not treated with TA (Sup. Table 2). The cells were incubated for 24
h at 37 °C in a CO; incubator, and then the culture supernatant was
collected and centrifuged, and supernatants were collected for cytokine
measurement by ELISA. For LPS stimulation, splenocytes (3 x 10°), B
cells (3 x 10°), neutrophils (2 x 10%), monocytes (5 x 104, peritoneal
Mos (1 x 10%), or BM-DCs (3 x 10°) in 50 pl of R10 medium were seeded
in 96-well flat-bottom plates. Next, 50 pl of TA (4 or 40 pug/ml in R10
medium) or R10 medium alone was added for 1 h at 37 °C/5% CO». After
incubation, 100 pl of R10 medium containing LPS (1 pg/ml) or DMSO
(diluted 1:1000) was added. The final concentration of TA was 1 or 10
pg/ml in 200 pl of R10 medium, and the final concentration of LPS was
0.5 pg/ml. The viability of LPS-stimulated immune cells treated with 1 or
10 pg/ml TA was no different from that of LPS-stimulated immune cells
not treated with TA (Sup. Table 3). The cells were incubated for 24 h at
37 °C in a CO4 incubator, and then the culture supernatant was collected
and supernatants were collected for cytokine measurement by ELISA.

2.10. Phosphorylation of mitogen-activated protein kinases (MAPKs) in
immune cells activated in the presence of TA

To examine whether TA affected the phosphorylation of signaling
molecules in LPS-stimulated splenocytes, 50 pl of splenocytes (3 x 10°
cells for analysis of extracellular signal-regulated kinase 1/2 (ERK1/2)
and p38 mitogen-activated protein kinase (MAPK); 3 x 10° cells for
analysis of c-jun N-terminal kinase (JNK)) were seeded in 96-well round-
bottom plates. Next, 50 pl of TA (4 or 40 pg/ml in R10 medium) or R10
medium alone was added to the cells for 1 h. Then, 100 pl of R10 medium
containing LPS (1 pg/ml), 2 pg/ml anti-mouse CD3 antibody (R&D sys-
tems), and 1 pg/ml anti-mouse CD28 antibody (Biolegend), DMSO
(diluted 1:1000), or PBS(-) (diluted 1:250) was added for 15 min. The
final concentration of TA was 1 or 10 pg/ml in 200 pl of R10 medium;
cells were stimulated with a final concentration of 0.5 pg/ml LPS or 1 pg/
ml anti-mouse CD3 antibody and 0.5 pg/ml anti-mouse CD28 antibody.
After stimulation, the cells were centrifuged, and the pellet was resus-
pended in 200 pl of 1 x SDS-PAGE loading buffer to prepare cell lysates.
The cell lysates were sonicated and boiled at 98 °C for 5 min, and 10% (v/
v) of each sample was separated by SDS-PAGE on 10% gels, followed by
Western blotting with antibodies against phosphorylated ERK1/2, JNK,
or p38 MAPK (Cell signaling technology, Danvers, MA). As a control,
expression of total ERK1/2, JNK, and p38 MAPK in the lysates was also
analyzed (Cell signaling technology). Densitometric measurement was
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performed using Image J software (Schneider et al., 2012). Fold changes
were calculated by dividing each density value by that of the medium
control.

2.11. Naive CD4" T cell differentiation in the presence of TA

For naive CD4" T cell differentiation, naive CD4" T cells (3 x 10°) in
125 pl of R10 medium were seeded in 24-well flat-bottom plates. Next,
125 pl of TA (4, 8, 20, or 40 pg/ml in R10 medium) or R10 medium alone
was added for 1 h at 37 °C in a CO5 incubator. After incubation, 250 pl of
R10 medium containing 2 pg/ml of anti-mouse CD3 antibody (R&D
Systems) and 1 pg/ml of anti-mouse CD28 antibody (Biolegend, San
Diego, CA) without (for spontaneous Thl skewing) or with (for Th17
skewing) mouse IL-6 (40 ng/ml) (Peprotech, Rocky Hill, NJ) and human
TGF-p1 (4 ng/ml) (Peprotech) was added. The final concentration of TA
was 1, 2, 5, or 10 pg/ml in 500 pl of R10 medium, and the final con-
centrations of anti-mouse CD3 antibody and anti-mouse CD28 antibody
were 1 pg/ml and 0.5 pg/ml, respectively, with or without IL-6 (20 ng/
ml) and TGF-B1 (2 ng/ml). The viability of CD3/CD28-stimulated im-
mune cells treated with 1, 2, 5, or 10 pg/ml TA with or without IL-6 and
TGF-p1 was the same as that of CD3/CD28-stimulated immune cells not
treated with TA (Sup. Table 4). The cells were incubated for 7 days at 37
°C in a COs incubator, and then the culture supernatants were collected,
centrifuged, and used for cytokine measurement by ELISA.

2.12. Immune cell activation in the presence of TA and a D2R antagonist

For D2R antagonist treatment, wells of a 96-well plate were seeded
with 50 pl of splenocytes (3 x 10° cells) in R10 medium, and 20 pl of R10
medium containing L-741,626 (a D2R antagonist) or DMSO (diluted
1:1000) was added to the wells for 1 h at 37 °C. Next, 50 pl of TA (40 pg/
ml) in R10 medium, or R10 medium alone, was added to the wells for
another 1 h. Splenocytes were then activated with 80 pl of LPS (1.25 pg/
ml) dissolved in R10 medium, anti-mouse CD3 (2.5 pg/ml) and anti-
mouse CD28 (1.25 pg/ml) antibodies dissolved in R10 medium, or the
appropriate negative controls (R10 medium containing DMSO diluted
1:800 for LPS or PBS(-) diluted 1:200 for anti-CD3/CD28 antibodies) for
24 h. The final concentration of D2R antagonist was 1, 2, 5, or 10 pM in
200 pl of R10 medium containing splenocytes (3 x 10° cells); cell
preparations were supplemented with 10 pg/ml TA, 0.5 pg/ml LPS, or 1
pg/ml anti-CD3 antibody and 0.5 pg/ml anti-CD28 antibody. The culture
supernatant was collected, centrifuged, and used for cytokine measure-
ment by ELISA. The viability of the splenocytes at 24 h after DMSO, LPS,
PBS(-), or anti-CD3/CD28 antibody treatment with or without TA in the
presence or absence of the D2R antagonist is shown in Supplementary
Table 5.

2.13. Induction of experimental colitis of mice with DSS

Induction of experimental colitis of mice was induced by DSS as
described previously (Kawano et al., 2015; Yan et al., 2012). C57BL/6
mice were housed for 7 days in a conventional animal facility at the
Saitama Medical University before being used in the study. The mice
were provided with drinking water containing 0, 1, or, 5 mg/ml TA for 3
days before the induction of experimental colitis. To induce colitis, the
mice were provided with drinking water containing 4% DSS with 0, 1, or
5 mg/ml TA for 4 days, and then drinking water with TA alone (0, 1, or 5
mg/ml TA) for another 3 days. Body weights were recorded during colitis
induction. The mice were sacrificed on day 7, their colon lengths were
measured, and their mesenteric lymph nodes (MLNs) were excised.

2.14. Histological analysis of mouse colons
Histological analysis of the colon was performed by excising the colon

at day 7 after colitis induction. Paraffin-embedded tissue sections of the
whole colon were stained with hematoxylin and eosin to assess colon
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injury and inflammation (New histo science laboratory, Tokyo, Japan).
Tissue sections were observed using the light microscopy mode of an
inverted fluorescence phase-contrast microscope (BZ-9000, Keyence,
Osaka, Japan).

2.15. Preparation of lymphocytes from MLNs

To extract MLN lymphocytes, the MLNs were excised, placed into 10
ml of RPMI medium, and dissociated with tweezers to discharge the
lymphocytes into the medium. The medium was passed through a cell
strainer with a 40 nm mesh (Corning, Corning, NY) and then centrifuged.
The supernatant was discarded, and the cell pellet was resuspended in 1
ml of R10 medium. MLN lymphocytes (1 x 10° cells) were then stimu-
lated with 1 pg/ml anti-mouse CD3 antibody and 0.5 pg/ml anti-mouse
CD28 antibody in 200 pl of R10 medium in 96-well flat-bottom plates.
After 24 h, supernatants were collected, and interferon (IFN)-y and IL-17
levels were analyzed by ELISA.

2.16. Cytokine ELISAs

Levels of IFN-y (range, 15.6-2,000 pg/ml), tumor necrosis factor
(TNF)-a (range, 15.6-2,000 pg/ml), IL-1p (range, 15.6-1,000 pg/ml), IL-
4 (range, 15.6-1,000 pg/ml), IL-5 (range, 15.6-2,000 pg/ml), IL-6
(range, 15.6 to 1,000 pg/ml), or IL-17 (15.6 to 1,000 pg/ml) in cell su-
pernatants were measured using specific ELISAs (DuoSet kits, R&D Sys-
tems), according to the manufacturer’s instructions. Any value under the
lower limit of detection of 15.6 pg/ml was set to 0. No cytokine cross-
reactivity was observed within the detection ranges of the kits. If
necessary, samples were diluted appropriately so that the cytokine level
fell within the detection range for each cytokine.

2.17. Statistical analysis

Differences between more than three groups were analyzed by one-
way analysis of variance (ANOVA) with Tukey’s post-hoc tests. Calcu-
lations were performed using KaleidaGraph software (Synergy software,
Reading, PA). A P-value of <0.05 was considered statistically significant.

3. Results
3.1. TA acts as an agonist of D2LR

In our previous studies, a D1R antagonist, SCH2 3390, ameliorated
various types of autoimmune inflammation (Hashimoto et al., 2009;
Nakagome et al., 2011; Nakano et al., 2008, 2011; Okada et al., 2009). In
agreement with these findings, we found that berberine, an herbal
alkaloid that is prescribed for gastroenteritis and diarrhea, is a DIR and
D2LR antagonist and ameliorated DSS-induced experimental colitis in
mice (Kawano et al., 2015). We hypothesized that other herbal com-
pounds used to treat gastroenteritis or diarrhea may act on DARs. During
the screening, TA was found to be a D2LR agonist, and the ECsq of TA for
D2LR agonism was calculated (Fig. 1). For this calculation, we used a cell
line that exogenously overexpresses D2L and was engineered to detect
increases in intracellular cAMP levels in response to agonism of the re-
ceptor (Eglen and Singh, 2003; Weber et al., 2004; Zhang and Xie, 2012).
Since D2LR is coupled with endogenously expresses Gi and D2LR ago-
nism induces cAMP degradation, forskolin at the ECgy was added prior to
and during this experiment to induce cAMP synthesis. To determine the
percent agonist activity on D2LR relative to the maximum effect of DA,
TA (3-fold serial dilutions, starting at 100 pM TA) was added and incu-
bated with the cell line to induce cAMP degradation. The cAMP level was
determined using a competitive immunoassay. The remaining endoge-
nous cAMP and exogenously added cAMP that was conjugated with a
fragment f-galactosidase enzyme donor (ED) were competitively
captured with a cAMP antibody. Then, the uncaptured ED-conjugated
cAMP complexed to complement with the f-galactosidase acceptor,
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Fig. 1. Tannic acid (TA) acts as an agonist of the dopamine D2L receptor
(D2LR). Percentage activities (%) of D2LR are plotted in serial dilutions of
tannic acid (TA). The experiments were performed four times and the ECs, value
of TA for D2LR was calculated.

forming an active p-galactosidase. The active p-galactosidase activity was
detected by chemiluminescence. Hence, a decrease in the intracellular
cAMP level correlates with a decrease in the chemiluminescent signal. In
parallel, the cell line was incubated with DA (3-fold serial dilutions,
starting at 1 pM DA) and the maximum cAMP degradation by DA was
determined. The ECs of TA on D2LR was calculated as 3.23 + 1.20 pM.
This result suggests that TA acts as an agonist of D2LR.

3.2. TA modulates cytokine secretion by mouse splenocytes

Since DA can regulate cytokine secretion during innate immune re-
sponses (Arreola et al., 2016), we next asked whether TA could regulate
immune activity in a similar manner. Mouse splenocytes were treated
with increasing concentrations of TA for 1 h and then stimulated with
LPS for 24 h. After stimulation, levels of IFN-y, IL-6, TNF-a, IL-1p, and
IL-10 in the supernatant were analyzed by ELISA. As shown in Fig. 2A,
secretion of IFN-y and IL-1p was suppressed by the addition of TA in a
dose-dependent manner, but secretion of TNF-a and IL-10 was enhanced
by TA.

We next addressed whether TA also modulated cytokine secretion
from splenocytes treated with immunostimulants other than LPS. For this
purpose, splenocytes were treated with TA for 1 h and then stimulated
with anti-CD3/CD28 antibodies for 24 h to activate T cells within the
splenocytes. As shown in Fig. 2B, TA significantly suppressed IFN-y and
IL-17 secretion but enhanced IL-4 and IL-10 secretion in a dose-
dependent manner. Treatment with TA alone (1 or 10 pg/ml) did not
induce the secretion of any of the cytokines tested (data not shown).
Since IFN-y (Hsieh et al., 1993; Scharton and Scott, 1993), IL-4 (Bot-
tomly, 1988; Min et al., 2004; Shinkai et al., 2002), and IL-17 (Kimura
and Kishimoto, 2010; Kolls and Linden, 2004; Nakae et al., 2002) are
characteristic cytokines produced by activated Th1, Th2, and Th17 cells,
respectively, these suggested that TA would suppress Thl and Th17
immune responses but enhance Th2 immune responses.
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3.3. TA does not inhibit MAPK signaling in splenocytes

In our previous study (Kawano et al., 2018), DA regulated cytokine
secretion by LPS-stimulated splenocytes without suppressing MAPK
signaling. This raised the possibility that TA also modulated cytokine
secretion by LPS- or CD3/CD28-stimulated splenocytes without sup-
pressing MAPK signaling. To address this, splenocytes were treated for 1
h with TA, followed by stimulation with LPS or anti-CD3/CD28 anti-
bodies for 15 min. TA had no effect on the phosphorylation of ERK1/2,
JNK, or p38 MAPK after stimulation with LPS (Fig. 3A, lanes 2-4, and
Fig. 3B, left panels) or anti-CD3/CD28 antibodies (Fig. 3A, lanes 2-4, and
Fig. 3B, right panels). Treatment with TA alone (1 or 10 pg/ml) did not
induce the phosphorylation of ERK1/2, JNK, or p38 MAPK (data not
shown). This suggests that TA does not alter LPS- or T cell receptor
(TCR)-mediated MAPK signaling.

3.4. TA modulates cytokine secretion by immune cell subsets

Next, to determine which immune subsets contributed to TA-
mediated cytokine secretion following stimulation with LPS or anti-
CD3/CD28 antibodies, each immune subset was purified and exposed to
TA for 1 h, followed by stimulation with LPS or anti-CD3/CD28 anti-
bodies for 24 h. Cytokine production was measured by ELISA.

As shown in Fig. 4, TA suppressed the secretion of IFN-y by CD4™" T
cells and CD8" T cells stimulated with anti-CD3/CD28 antibodies in a
dose-dependent manner. TA also suppressed IL-17 secretion by CD3/
CD28-stimulated CD4" T cells in a dose-dependent manner, but
enhanced IL-4 secretion. Since LPS does not induce cytokine production
in T cells (Komai-Koma et al., 2004; Zanin-Zhorov et al., 2007), we did
not analyze cytokine secretion by LPS-stimulated CD4 " or CD8™ T cells.
These results suggest that TA can suppress IFN-y secretion by
TCR-stimulated CD4™ T cells and CD8™ T cells. Furthermore, suppression
of IFN-y and IL-17 secretion but upregulation of IL-4 secretion by
TCR-stimulated CD4 " and CD8™ T cells indicates that TA suppresses Th1
and Th17 immune responses but enhances Th2 immune responses.

TA also significantly enhanced TNF-a and IL-1f secretion by LPS-
stimulated neutrophils, monocytes, peritoneal M¢s, and BM-DCs and
IL-10 secretion by LPS-stimulated B cells, neutrophils, and peritoneal
Mos (Fig. 5). In addition, TA enhanced the secretion of IL-6, which fa-
cilitates differentiation to a Th17 phenotype, by LPS-stimulated perito-
neal M¢s (Fig. 5) (Mosser and Edwards, 2008). Treatment with TA alone
(1 or 10 pg/ml) did not induce cytokine secretion from any of the im-
mune cell subsets tested (data not shown). These results suggest that
TA-treated B cells, neutrophils, and peritoneal M¢s were the source of the
increased IL-10 in supernatants from LPS-stimulated splenocytes. TA also
enhanced the secretion of TNF-a and IL-18 by LPS-stimulated neutro-
phils, monocytes, peritoneal M¢s, and BM-DCs.

3.5. The effect of TA on the generation of Thl and Th17 cells from naive
CD4" T cells

It was hypothesized that TA might suppress the generation of Thl
cells by upregulating IL-10 secretion from activated B cells, neutrophils,
and peritoneal M¢s, resulting in a relatively high proportion of Th2 and
Th17 cells compared with Th1 cells. To analyze the direct effect of TA on
naive CD4'T cell differentiation, CD3/CD28-stimulated naive CD4" T
cells were incubated with TA for 7 days in the presence or absence of IL-6
and TGF-$1 to promote Th17 cell differentiation (Kimura and Kishimoto,
2010; Kolls and Linden, 2004; Nakae et al., 2002). Spontaneous secretion
of IFN-y, which is the characteristic cytokine produced by activated Th1
cells (Hsieh et al., 1993; Scharton and Scott, 1993), decreased in the
presence of 5 and 10 pg/ml TA (Fig. 6, left panel), suggesting that Th1
generation was suppressed by TA at concentrations of 5 and 10 pg/ml. On
the other hand, IL-17 secretion that was induced by the addition of IL-6
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Fig. 2. TA modulates cytokine secretion by lipopolysaccharide (LPS)- or cluster of differentiation (CD) 3/CD28-stimulated splenocytes. A, Splenocytes from
C57BL/6 mice were incubated with TA (1 or 10 pg/ml) or medium alone for 1 h, followed by stimulation with lipopolysaccharide (LPS) (0.5 pg/ml) or medium alone
for 24 h. Next, supernatants were collected and interferon (IFN)-y, interleukin (IL)-6, tumor necrosis factor (TNF)-a, IL-1p, and IL-10 levels were measured by ELISA. B,
Splenocytes from C57BL/6 mice were incubated with TA (1 or 10 pg/ml) or medium alone for 1 h, followed by stimulation with anti-cluster of differentiation (CD) 3
antibody (1 pg/ml) and anti-CD28 antibody (0.5 pg/ml) (CD3/CD28) or medium alone for 24 h. Supernatants were collected, and IFN-y, IL-6, TNF-a, IL-1p, IL-10, IL-4,
IL-5, and IL-17 were measured by ELISA. All experiments were repeated at least three times. Data are expressed as the mean + standard deviation (SD) and were
analyzed by one-way analysis of variance (ANOVA) with Tukey’s post-hoc tests. *P < 0.05 and **P < 0.01, compared with CD3/CD28-stimulated samples not treated

with TA. N.D., not detected.

and TGF-B1 increased in the presence of 1 and 2 pg/ml TA, although
IL-17 secretion was decreased at 10 pg/ml TA (Fig. 6, right panel), sug-
gesting that Th17 differentiation was increased by TA in the 1-2 pg/ml
range and was suppressed by TA at a concentration of 10 pg/ml. These
results suggest that TA can directly suppress the generation of Th1l and
Th17 cells from naive CD4" T cells by TA at a concentration of 10 pg/ml.

3.6. D2R antagonism partially reversed the modulation of cytokine
secretion by TA

Our data indicated that TA-mediated D2LR stimulation modulated

cytokine secretion by splenocytes in the presence of LPS and anti-CD3/
CD28 antibodies. It was therefore expected that a D2R antagonist
would reverse the modulation of cytokine secretion by TA. To address
this, splenocytes were incubated with the potent and selective D2R
antagonist L-741,626 (Bowery et al., 1996), and then TA was added,
followed by LPS (Fig. 7A) or anti-CD3/CD28 antibodies (Fig. 7B). As
expected, the suppression of LPS- and anti-CD3/CD28-antibody-induced
IFN-y secretion by TA was partially reversed by the D2R antagonist at 1
and 2 pM (Fig. 7A, black arrowheads) and 1 pM (Fig. 7B, left panel, black
arrowhead), respectively. In addition, the suppression of IL-17 secretion
by TA was partially reversed by the D2R antagonist at 5 pM (Fig. 7B, right
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Fig. 3. TA did not affect mitogen-activated protein kinase (MAPK)
signaling in LPS- or CD3/CD28-stimulated splenocytes. A, Western blots of
phosphorylated and non-phosphorylated signaling molecules detected with
specific antibodies. Splenocytes from C57BL/6 mice were incubated with TA (1
or 10 pg/ml) or medium for 1 h. Each sample was then stimulated with LPS (0.5
pg/ml) (left), anti-CD3 antibody (1 pg/ml), and anti-CD28 antibody (0.5 pg/ml)
(CD3/CD28) (right), or medium alone, for 15 min and then spun down. The cell
pellet was resuspended in 1 x SDS-PAGE loading dye, sonicated, boiled, and
subjected to SDS-PAGE followed by Western blotting using anti-phosphorylated
extracellular signal-regulated kinase 1/2 (ERK1/2), c-jun N-terminal kinase
(JNK), and p38 mitogen-activated protein kinase (MAPK) antibodies. As a
control, the expression of total ERK1/2, JNK, and p38 MAPK was also analyzed.
Data from representative experiments are shown. All experiments were repeated
at least three times. B, Densitometric analysis of the Western blot data in A for
each MAPK. Analyses were performed using blots for each MAPK from the same
gel. The fold change was determined by dividing the density value of each
stimulated sample by that of the medium control for each MAPK. All experi-
ments were repeated at least three times. Data are expressed as the mean + SD
and were analyzed by one-way ANOVA with Tukey’s post-hoc tests. N.S.,
not significant.

panel, black arrowhead). The upregulation of IL-4 secretion by TA was
suppressed by the D2R antagonist at 1 pM (Fig. 7B, center panel, black
arrowhead), and at a 1 pM concentration of the D2R antagonist, there
was no significant difference in IL-4 secretion in the presence of both TA
and the D2R antagonist compared with the D2R antagonist alone. As
observed previously (Kawano et al., 2018), a high concentration (10 pM)
of the D2R antagonist inhibited cytokine secretion by immune cells.
These results indicate that TA modulates cytokine secretion by direct
stimulation of D2LR.

3.7. TA ameliorates inflammation in a mouse model of colitis

TA suppressed IFN-y secretion by CD4" T cells stimulated with anti-
CD3/CD28 antibodies, suggesting that TA can suppress Thl and Th17
immune responses. This result suggests that TA may be able to ameliorate
inflammatory bowel disease (IBD), including Crohn’s disease, which is
dependent on Thl and Th17 immune responses (Hill and Artis, 2010;
Strober et al., 2002). Indeed, it has been reported that some foods con-
taining TA may ameliorate colitis (Orsi et al., 2014; Otari et al., 2012;
Ritchie et al., 2017), but the role of TA in the anti-inflammatory prop-
erties of these foods has not been clearly addressed.

The effect of TA was therefore analyzed in a DSS-induced mouse
model of colitis (Kawano et al., 2015; Perse and Cerar, 2012; Yan et al.,
2012). To induce colitis, C57BL/6 mice were provided with drinking
water containing 4% DSS with or without 1 or 5 mg/ml TA for 4 days,
and then given drinking water with or without 1 or 5 mg/ml TA for an
additional 3 days (Fig. 8). The percent change in the weight of the mice
during the 7 days of experimental colitis induction is shown in Fig. 8A.
Severe weight loss was observed in the mice given no TA on days 5-7 of
colitis induction. By contrast, reduced weight loss was observed on days
5-7 in the mice given 1 mg/ml TA, and significant inhibition of the
weight loss was observed in the mice given 5 mg/ml TA.

Colon shrinkage was also improved in mice given 1 or 5 mg/ml TA
(Fig. 8B). TA therefore showed therapeutic activity in a mouse model of
colitis.

To observe inflammation of the colon, a histological study was per-
formed at day 7 after colitis induction. Intestinal damage and clusters of
infiltrating lymphocytes were observed on the surface of the mucosal
layer in colon sections from mice given no TA (Fig. 8C, left, black ar-
rowheads and insets). However, in the mice given 5 mg/ml TA, the in-
testinal damage and infiltrating lymphocytes were not observed (Fig. 8C,
right), indicating that TA inhibited DSS-induced inflammation of the
colon.

In Fig. 4A, TA suppressed IFN-y and IL-17 secretion by TCR-
stimulated CD4™ T cells. We therefore hypothesized that TA suppressed
colitis by inhibiting T cell-mediated inflammatory immune responses. To
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Fig. 4. TA modulates cytokine secretion by CD3/CD28-stimulated CD47" T cells. CD4" T cells (A) and CD8" T (B) cells from C57BL/6 mice were incubated with
TA (1 or 10 pg/ml) or medium alone for 1 h, followed by stimulation with anti-mouse CD3 antibody (1 pg/ml) and anti-mouse CD28 antibody (0.5 pug/ml) (CD3/
CD28) or medium alone for 24 h. Supernatants were collected, and IFN-y, IL-4, IL-5, IL-6, IL-17, TNF-a, IL-1p, and IL-10 levels were measured by ELISA. All ex-
periments were repeated at least three times. Data are expressed as the mean + SD and were analyzed by one-way ANOVA with Tukey’s post-hoc tests. *P < 0.05 and

**P < 0.01, compared with CD3/CD28-stimulated samples not treated with TA. N.D., not detected.

4. Discussion

confirm this, the effect of TA on lymphocytes isolated from the mesen-
teric lymph nodes (MLN) of mice with DSS-induced colitis was examined.
Lymphocytes from the MLN of mice at 7 days after colitis induction were
collected and stimulated with anti-CD3/CD28 antibodies to activate
CD4™ T cells. As shown in Fig. 8D, MLN lymphocytes from mice given no
TA secreted IFN-y and IL-17 following TCR stimulation. IL-4 secretion
was not detected. On the other hand, IL-17 production (Fig. 8D, right)
was significantly decreased in the MLN lymphocytes of mice given 5 mg/
ml TA. However, no significant difference in IFN-y secretion (Fig. 8D,
left) was observed between the groups, indicating that TA specifically
suppressed Th17 immune responses in mice with DSS-induced colitis.
These findings suggest that TA can suppress weight loss and colon
inflammation by inhibiting Th17-driven immune responses.

In this study, we demonstrate that TA acts as an agonist of D2LR, one
of the D2-like-Rs. TA stimulation of immune cells upregulates constitu-
tive and/or temporal activities of D2LR and its downstream signaling
molecules, including Gi and phosphodiesterase (Kenakin, 2001; Nicola
et al,, 2000; Prather, 2004), and modulates immune cell cytokine
secretion in response to LPS or TCR ligation. Since the characteristic
structure of TA is five galloyl residues binding to one glucose molecule
through ester bonds, we hypothesize that other natural compounds
harboring galloyl residues, such as gallic acid, epicatechin gallate, and
epigallocatechin gallate, may also act as agonists of D2LR. This hypoth-
esis is supported by the finding that a proanthocyanidin-rich fraction
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Fig. 5. Effect of TA on cytokine secretion by LPS-stimulated B cells, neutrophils, monocytes, peritoneal macrophages (M¢s), and bone marrow-derived
dendritic cells (BM-DCs). B cells, neutrophils, monocytes, peritoneal macrophages (M¢s), and bone marrow-derived dendritic cells (BM-DCs) from C57BL/6 mice
were incubated with TA (1 or 10 pg/ml) or medium alone for 1 h, followed by stimulation with LPS (0.5 pg/ml) or medium for 24 h. IFN-y, IL-6, TNF-a, IL-1p, IL-4, and
IL-10 levels in supernatants from B cells (A), neutrophils (B), monocytes (C), peritoneal M¢s (D), and BM-DCs (E) were measured by ELISA. All experiments were
repeated at least three times. Data are expressed as the mean + SD and were analyzed by one-way ANOVA with Tukey’s post-hoc tests. *P < 0.05 and **P < 0.01,

compared with LPS-stimulated samples without TA. N.D., not detected.



M. Kawano et al.

150 2.5x10'

2x10°

1.5x10"

1x10°*

IFN-y (pg/ml)
IL-17 (pg/ml)

5000

Mediyp,
1
2
5
70

TA (ug/ml) TA (ug/ml)

CD3/CD28 CD3/CD28 + IL-6 + TGF-B1

A

(pg/ml) IFN-y (pg/ml)
3000

2500

2000

1500

1000

500

0

L-741,626 (uM) L-741,626 (uM)
LPS (0.5 ug/ml) LPS (0.5 ug/ml)
TA (10 pg/ml)

(pg/ml) IFN-y (pg/ml) (pg/ml) IL-4 (pg/ml)
3.5x10" [ 350 — .

3x10*
2.5x10°"
2x10*
1.5x10"
1x10°*

5000

L-741,626 (uM) L-741,626 (uM) L-741,626 (uM) L-741,626 (uM)
CD3/CD28 CD3/CD28 CD3/CD28 CD3/CD28
TA (10 ug/ml) TA (10 ug/mi)

Brain, Behavior, & Immunity - Health 5 (2020) 100071

Fig. 6. Effect of TA on naive CD4" T cell differen-
tiation. Naive CD4™ T cells from C57BL/6 mice were
incubated with TA (1, 2, or 5 pg/ml) or medium alone
for 1 h, followed by stimulation with anti-mouse CD3
antibody (1 pg/ml) and anti-mouse CD28 antibody
(0.5 pg/ml) (CD3/CD28) supplemented without (left)
or with (right) mouse IL-6 (20 ng/ml) and human TGF-
p1 (2 ng/ml) for 7 days. IFN-y levels in supernatants
from CD3/CD28-stimulated naive CD4" T cells (left)
and IL-17 levels in supernatants from CD3/CD28-
stimulated naive CD4"T cells supplemented with IL-6
and TGF-B1 (right) were measured by ELISA. All ex-
periments were repeated at least three times. Data are
expressed as the mean + SD and were analyzed by
one-way ANOVA with Tukey’s post-hoc tests. **P <
0.01, compared with CD3/CD28-stimulated samples
without TA. N.D., not detected.

L-741,626 (uM) L-741,626 (uM)
CD3/CD28 CD3/CD28
TA (10 ug/ml)

Fig. 7. Effect of a dopamine D2 receptor antagonist on cytokine secretion by LPS- or CD3/CD28-stimulated splenocytes. A and B, Splenocytes from C57BL/6
mice were incubated with D2R antagonist (L-741,626) or with medium containing DMSO (control) for 1 h, treated with TA (10 pg/ml) or medium alone, and then
stimulated with LPS (0.5 pg/ml) or medium containing DMSO (A), or anti CD3/CD28 antibodies (CD3/CD28) or medium containing PBS(-) (B) for 24 h. Supernatants
were then collected, and IFN-y, IL-4, and IL-17 levels were measured by ELISA. All experiments were repeated at least three times. Data are expressed as the mean +
SD. One-way ANOVA with Tukey’s post-hoc tests were performed for comparison of data. *P < 0.05, **P < 0.01, compared with LPS-stimulated samples containing
DMSO (A, left) or LPS-stimulated samples containing DMSO and TA (10 pg/ml) (A, right). *P < 0.05, **P < 0.01, compared with CD3/CD28-stimulated samples
containing PBS(-) (B, left panels) or CD3/CD28-stimulated samples containing PBS(-) and TA (10 pg/ml) (B, right panels). N.D., not detected.
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containing an epicatechin gallate unit and an epigallocatechin gallate
unit was able to stimulate D2R (DalBo et al., 2006; Savitri Kumar et al.,
2009). We also hypothesized that TA would have similar effects on
cytokine secretion as DA. In agreement with this, TA suppressed IFN-y
and IL-1B secretion but enhanced IL-10 secretion by LPS-stimulated
splenocytes, which was also observed in response to DA treatment
(Kawano et al., 2018). Moreover, we showed that TA modulated the
secretion of IFN-y by LPS-stimulated splenocytes and the secretion of
IFN-y, IL-4, and IL-17 by CD3/CD28-stimulated splenocytes; this modu-
lation was partially reversed by the addition of a D2R antagonist, indi-
cating that TA mainly acts on D2LR. However, as seen with other D2R
agonists such as B-HT 920, which is also an a2 adrenoceptor agonist;
5-HT3 antagonists (Maina and Mathews, 2010; Nishio et al., 1996; Ricci
and Taira, 1999); and rotigotine, which is also a D3R agonist (Scheller
et al., 2009), TA may have agonist or antagonist effects on G
protein-coupled receptors other than D2LR. In addition, in the previous
study, DA did not suppress MAPK signaling in splenocytes stimulated
with LPS but did suppress IFN-y secretion (Kawano et al., 2018). As ex-
pected, TA also did not suppress MAPK signaling in LPS-stimulated
splenocytes. It has been suggested that TA inhibits the enzymatic activ-
ity of poly(ADP-ribose) glycohydrolase (Aoki et al., 1993; Tsai et al.,
1992) and may inhibit AP-1 transcriptional activity by inhibiting PP1 and
PP2A (Erdelyi et al., 2005). These inhibitory effects of TA may contribute
to its net effect on cytokine secretion by immune cells when TA is
endocytosed and transferred into the cytosol of immune cells. There is a
possibility that such cytosol-transferred TA may stimulate
D2LR-mediated signaling molecules such as Gi and phosphodiesterases
or inhibit adenyl cyclase activity, and that this could be responsible for
the decrease in cAMP observed when cells were incubated with TA to
detect D2LR agonist activity. The observation that TA-mediated modu-
lation of cytokine secretion was partially reversed by the addition of the
D2R antagonist suggests that TA mainly acts as a direct agonist of D2LR
rather than by activating D2LR downstream signaling molecules. How-
ever, more precise studies are needed to elucidate the specific molecular
mechanisms through which TA affects cytokine secretion.

TA also reduced mortality rates in patients with burn injuries
(Hupkens et al., 1995) and has been shown to alleviate diarrhea (Lam-
belin, 2013; Michalek et al., 2016; Ruszczynski et al., 2014). In partic-
ular, albumin tannate is frequently prescribed for the treatment of
diarrhea in Japan. Some foods containing TA have been shown to
improve diabetes (Banihani et al., 2013), arthritis (Shukla et al., 2008),
and even Alzheimer’s disease (AD) (Braidy et al., 2017; Fernando et al.,
2017). These reports suggested that TA may have anti-inflammatory
properties. However, TA also increased production of neutrophil che-
moattractants, iNOS, and COX-2 from M¢s (Rapizzi et al., 2004; Rohr-
bach et al., 1989), which are consistent with a proinflammatory role for
TA.

In this study, TA suppressed IFN-y and IL-17 secretion but upregu-
lated IL-4 secretion from TCR-stimulated CD4" T cells. TA also sup-
pressed IFN-y secretion from CD8" T cells. IFN-y production from TCR-
stimulated CD4" T cells was strongly suppressed by TA, but IL-17
secretion was only weakly suppressed by TA treatment, indicating that
TA suppresses Thl immune responses more strongly than Thl7 re-
sponses. TA also suppressed IFN-y production by LPS-stimulated natural
killer (NK) cells (data not shown). By contrast, TA enhanced IL-4 secre-
tion from TCR-stimulated CD4" T cells. These data suggest that TA
suppresses activated Th1 and Th17 responses but enhances Th2 immune
responses. On the other hand, we noticed that IL-17 secretion by TCR-
stimulated naive CD4" T cells in the presence of IL-6 and TGF-p1 was
induced by TA in the 1-2 pg/ml range. One of the reasons of such
different responses in IL-17 secretion between TCR-stimulated naive
CD4" T cells and TCR-stimulated CD4" T cells might be due to the
differing TCR-coupled signaling pathways (Ahmadzadeh et al., 1999;
Berard and Tough, 2002; Farber, 2009).

In addition, TA significantly enhanced TNF-« and IL-1p secretion by
LPS-stimulated neutrophils, monocytes, peritoneal M¢s, and BM-DCs.
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This is consistent with previous studies in which TA acted as a proin-
flammatory stimulus in macrophages (Rapizzi et al., 2004; Rohrbach
et al.,, 1989), and with studies showing that TA enemas promoted
extensive local inflammation in the colon and cecum, resulting in
mucosal ulceration, acute hemorrhagic hepatic necrosis, and hemor-
rhagic cystitis (Dukes, 1975; Singleton, 1981). TA also significantly
upregulated IL-10 secretion by LPS-treated B cells, neutrophils, and
peritoneal M¢ps. TA-mediated upregulation of IL-10 might be an addi-
tional mechanism through which TA suppresses Thl immune responses.

Overall, these data suggest that in the presence of TA, CD4™ T cells,
CD8™" T cells, NK cells, B cells, and peritoneal M¢s would inhibit Th1 and
Th17 immune responses and promote Th2 immune responses. Suppres-
sion of Th1l and Th17 immune responses by TA is expected to result in
reduced migration and activation of M¢s and neutrophils at the site of
inflammation, which may explain the therapeutic effect of TA in exper-
imental colitis. Based on these results, we would hypothesize that the
local inflammation, mucosal ulceration, hemorrhagic hepatic necrosis,
and hemorrhagic cystitis (Dukes, 1975; Singleton, 1981) observed in
response to TA enemas in previous studies could have resulted from TA
activation of M¢s and neutrophils in the absence of a polarized T cell
response. Since TA significantly suppressed IFN-y and IL-17 secretion by
TCR-stimulated splenocytes, TA should suppress IFN-y- and
IL-17-mediated inflammatory responses. It was hypothesized that a D2R
antagonist would inhibit the therapeutic effect of TA on DSS-induced
colitis and might even exacerbate the colitis due to its ability to reverse
TA-mediated modulation of cytokine secretion by LPS- and
CD3/CD28-stimulated splenocytes (Fig. 7). However, when 1 or 10 uM
D2R antagonist (L-741, 626) was added with 5 mg/ml TA in the drinking
water prior to and during colitis induction, the D2R antagonist did not
inhibit the therapeutic effects of TA, including inhibition of weight loss
and colon shrinkage (data not shown). The failure of the D2R antagonist
to inhibit the effects of TA on colitis induction may be related to the
narrow effective range of the D2R antagonist on TA-mediated modula-
tion of cytokine secretion by immune cells in vitro; it may be difficult to
achieve an effective concentration of D2R antagonist in vivo. Another
possibility is that the D2R antagonist failed to negate the therapeutic
effects of TA and exacerbate DSS-induced colitis because it did not fully
reverse the agonistic effects of TA on D2LR.

In our previous study, DA suppressed IFN-y secretion by LPS-
stimulated NK cells but enhanced IL-10 secretion from LPS-stimulated
B cells, neutrophils, monocytes, peritoneal M¢s, and BM-DCs. DA
enhanced IL-6 secretion by LPS-stimulated peritoneal M¢s but did not
affect the secretion of TNF-a and IL-1f (Kawano et al., 2018). DA did not
affect the secretion of IL-6, TNF-a, or IL-1p from LPS-stimulated BM-DCs
(Kawano et al., 2018). Compared with DA, TA suppressed IFN-y secretion
by LPS-stimulated splenocytes but enhanced IL-10 secretion from
LPS-stimulated splenocytes, B cells, neutrophils, and peritoneal M¢ps. TA
also enhanced IL-6 secretion by LPS-stimulated peritoneal M¢s. There-
fore, the effects of DA and TA on cytokine secretion by immune cells are
similar. These observations support our hypothesis that TA uses D2LR to
modulate cytokine secretion by immune cells. However, TA, but not DA,
enhanced TNF-a and IL-1p secretion by LPS-stimulated neutrophils,
monocytes, peritoneal M¢s, and BM-DCs. We hypothesize that when TA,
which has a relatively high molecular weight of 1701.2 Daltons, endo-
cytosed within the cells, TA might trigger inflammasome formation,
resulting in IL-1p secretion (Shirasuna et al., 2019). However, the mo-
lecular mechanism through which TA enhances TNF-a secretion is un-
known. The other difference between the effects of TA and DA was the
relatively weak upregulation of IL-10 secretion by TA. One of the reasons
for this might be that TA preferentially induces the secretion of TNF-a
and IL-1p by monocytes, peritoneal M¢s, and BM-DCs. TA, unlike DA, has
been shown to inhibit poly(ADP-ribose) glycohydrolase (Aoki et al.,
1993; Tsai et al., 1992) and PP1 and PP2A (Erdelyi et al., 2005). These
inhibitory effects may contribute to the overall production of IL-10 by
cells activated in the presence of TA. Interestingly, IL-10 upregulation
was observed in TA-treated splenocytes stimulated with anti-CD3/CD28
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Fig. 8. Effects of TA on experimentally induced colitis in C57BL/6 mice. A, Body weights of mice were monitored during the 7 days of experimental colitis
induction (4 days of 4% dextran sodium salt (DSS) water containing 0, 1, or 5 mg/ml TA, followed by 3 days of normal tap water containing 0, 1, or 5 mg/ml TA). The
percent change from the initial weight (vertical axis) on each day (horizontal axis) was calculated by setting the weight at day 0-100%. All experiments were repeated
at least three times. B, Mice were sacrificed after 7 days of colitis induction, and their colons were excised and measured. *P < 0.05 and **P < 0.01, compared with
mice given 4% DSS water and normal drinking water without TA. All experiments were repeated at least three times. C, Paraffin-embedded colon sections were stained
with hematoxylin and eosin for assessment of colon inflammation. Mice were administered drinking water containing 4% DSS with 0 or 5 mg/ml TA for 4 days, and
then drinking water with 0 (left) or 5 mg/ml TA (right) for another 3 days. The black arrowhead indicates infiltrating lymphocytes. Insets in the left panel show the
characteristic lymphocyte infiltration at a higher magnification. All experiments were repeated at least three times. Representative images are shown. D, IFN-y and IL-
17 secretion by CD3/CD28-stimulated mesenteric lymph node (MLN) lymphocytes obtained from mice with experimentally induced colitis given drinking water
containing 4% DSS with 0, 1, or 5 mg/ml TA for 4 days, and then drinking water containing 0, 1, or 5 mg/ml TA for another 3 days. On day 7 after colitis induction,
mice were sacrificed, MLN lymphocytes were harvested and stimulated with anti-CD3/CD28 antibodies, and secretion of IFN-y (left) and IL-17 (right) was analyzed. All
experiments were repeated at least three times. *P < 0.05, compared with CD3/CD28-stimulated MLN lymphocytes from mice given 4% DSS water and normal
(irinking water without TA.

antibodies, while TA treatment did not induce upregulation of IL-10 the copyright-holder. All financial supports including third party for the

secretion from TCR-stimulated purified CD4" T cells or CD8" T cells. work were described at the Acknowledgments section in the manuscript.
This may be because TCR-stimulated CD4 " T cells subsequently stimulate Sho Matsushita is an employee of iMmno, Inc. The authors have no other
other immune cells such as B cells to secrete IL-10. conflict interest of this work.

Administration of TA-containing extracts from foods such as fruits
and vegetables has been shown to ameliorate IBD (Orsi et al., 2014; Acknowledgments
Yoshioka et al., 2008). In agreement with this finding, our data indicate
that TA ameliorated colitis in a mouse model. TA reduced IL-17 secretion This work was supported by awards from the Japanese Society for the

by MLN lymphocytes stimulated with anti-CD3/CD28 antibodies, indi- Promotion of Science, including a Grant-in-Aid for Scientific Research (C)
cating that TA suppresses Thl7 immune responses in the colon,  (no, 16K08412 and 19K07201), awarded to M.K.; a Grant-in-Aid for
ameliorating the inflammation. In Fig. 4A, TA suppressed both IFN-y and Young Scientists (B) (no. 18K15327), awarded to R.T.; a Grant-in-Aid for
IL-17 secretion by CD4" T cells stimulated with anti-CD3/CD28 anti- Scientific Research (C) (no. 18K06631), awarded to M.M.; and a Grant-
bodies, suggesting that TA can inhibit both Thl and Th17 immune re- in-Aid for Challenging Exploratory Research (no. 15K15375) and a
sponses. It is possible that TA did not suppress IFN-y secretion by MLN Grant-in-Aid for Scientific Research (C) (no. 19K08887), awarded to S.M.

lymphocytes because it precipitates on top of the colon and does not  This work was also supported by the 43rd and 44rd Science Research
penetrate into the colon tissue (de Jesus et al., 2012), resulting in the Promotion Fund, awarded to M.K., from the Promotion and Mutual Aid
suppression of Th17 responses since Th17 preferentially accumulates on Corporation for Private Schools of Japan.

the colon membrane rather than Thl in experimental colitis in mice. TA
has been shown to partly precipitate and accumulate at the surface of the
colon (de Jesus et al., 2012), which may increase its local concentration
and enhance its efficacy, resulting in improvement of experimental
colitis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://do
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5. Conclusion
References
Taken together, these results %ndlca}te that TA may !)e EffeCt%ve n Fhe Ahmadzadeh, M., Hussain, S.F., Farber, D.L., 1999. Effector CD4 T cells are biochemically
treatment of Thl- and Th17-driven inflammatory diseases, including distinct from the memory subset: evidence for long-term persistence of effectors in

inflammatory autoimmune diseases such as nephritis, psoriasis, peri- vivo. J. Immunol. 163, 3053-3063.
Amar, S., Shaltiel, G., Mann, L., Shamir, A., Dean, B., Scarr, E., Bersudsky, Y.,

O.Clontal .dlsease’ e'.nceph.ellomyelltls’ .rheumatOId arthritis, neutrop hlll.C Belmaker, R.H., Agam, G., 2008. Possible involvement of post-dopamine D2 receptor
airway inflammation, diabetes mellitus, and IBD. Moreover, there is signalling components in the pathophysiology of schizophrenia. Int. J.
some evidence that TA-containing foods may improve the symptoms of Neuropsychopharmacol. 11, 197-205. https://doi.org/10.1017/
AD (Braidy et al., 2017; Fernando et al., 2017) and that DAR agonists may $1461145707007948. .
. i . 1 i Aoki, K., Nishimura, K., Abe, H., Maruta, H., Sakagami, H., Hatano, T., Okuda, T.,
inhibit the progression of Parkinson’s disease (PD) (Lertt, 2015; RaSCOL Yoshida, T., Tsai, Y.J., Uchiumi, F., et al., 1993. Novel inhibitors of poly(ADP-ribose)
1999; Unti et al., 2015). TA may improve AD and PD by activating DARs glycohydrolase. Biochim. Biophys. Acta 1158, 251-256.
in the central nervous system, similar to its effects on the enteric nervous Arreola, R., Alvarez-Hezrerfa, S., Perez-Sanchez, G., Becerril-Villanueva, E., C‘ruz-
. . i . Fuentes, C., Flores-Gutierrez, E.O., Garces-Alvarez, M.E., de la Cruz-Aguilera, D.L.,
system of the colon (Caputi and Giron, 2018; Sinclair et al., 2018; Zhu Medina-Rivero, E., Hurtado-Alvarado, G., Quintero-Fabian, S., Pavon, L., 2016.
et al., 2018). Immunomodulatory effects mediated by dopamine. J. Immunol. Res. 2016, 3160486.
https://doi.org/10.1155/2016/3160486.
. . Banihani, S., Swedan, S., Alguraan, Z., 2013. Pomegranate and type 2 diabetes. Nutr. Res.
Author contributions 33, 341-348. htps://doi.org/10.1016/j.nutres.2013.03.003.
Berard, M., Tough, D.F., 2002. Qualitative differences between naive and memory T cells.
M.K., K.S., and R.T. performed the experiments. M. K., K.S., R.T., and 5 Imr}““‘;(“"fg;;"% ft27i138'1 ];F‘I}’ls‘/ / d"i‘f’rg(:/ég'19r4f/ i1 365'556?2002'011 ‘fr47d"" 0
. . R ottomly, K., . nctional dichotomy in + T lymphocytes. Inmunol. Today 9,
S.M. conceived and designed the experiments. M.K., M.M., and S.M. 268-274. hitps://doi.org/10.1016/0167-5699(88)91308-4.
wrote the manuscript. All authors discussed the results and commented Bowery, B.J., Razzaque, Z., Emms, F., Patel, S., Freedman, S., Bristow, L., Kulagowski, J.,
on the manuscript. Seabrook, G.R., 1996. Antagonism of the effects of (+)-PD 128907 on midbrain

dopamine neurones in rat brain slices by a selective D2 receptor antagonist L-
741,626. Br. J. Pharmacol. 119, 1491-1497. https://doi.org/10.1111/j.1476-
5381.1996.tb16063.x.

Braidy, N., Jugder, B.E., Poljak, A., Jayasena, T., Nabavi, S.M., Sachdev, P., Grant, R.,
2017. Molecular targets of tannic acid in Alzheimer’s disease. Curr. Alzheimer Res.

Declaration of competing interest

We confirm that this manuscript has not been published elsewhere, 14, 861-869. https://doi.org/10.2174/1567205014666170206163158.
nor is it under consideration by another journal and that, if accepted, it Caputi, \{., Giron, .M‘C., 2018. Mlcroblqme-gut»Bram A?(ls and toll-hkgl receptors in
. . . . . . Parkinson’s disease. Int. J. Mol. Sci. 19 https://doi.org/10.3390/ijms19061689.
will not be pubhshed elsewhere in the same form, in EnghSh or in any DalBo, S., Jurgensen, S., Horst, H., Soethe, D.N., Santos, A.R., Pizzolatti, M.G., Ribeiro-do-
other language, including electronically without the written consent of Valle, R.M., 2006. Analysis of the antinociceptive effect of the proanthocyanidin-rich

13


https://doi.org/10.1016/j.bbih.2020.100071
https://doi.org/10.1016/j.bbih.2020.100071
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref1
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref1
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref1
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref1
https://doi.org/10.1017/S1461145707007948
https://doi.org/10.1017/S1461145707007948
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref3
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref3
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref3
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref3
https://doi.org/10.1155/2016/3160486
https://doi.org/10.1016/j.nutres.2013.03.003
https://doi.org/10.1046/j.1365-2567.2002.01447.x
https://doi.org/10.1016/0167-5699(88)91308-4
https://doi.org/10.1111/j.1476-5381.1996.tb16063.x
https://doi.org/10.1111/j.1476-5381.1996.tb16063.x
https://doi.org/10.2174/1567205014666170206163158
https://doi.org/10.3390/ijms19061689

M. Kawano et al.

fraction obtained from Croton celtidifolius barks: evidence for a role of the
dopaminergic system. Pharmacol. Biochem. Behav. 85, 317-323. https://doi.org/
10.1016/j.pbb.2006.08.014.

de Jesus, N.Z., de Souza Falcao, H., Gomes, LF., de Almeida Leite, T.J., de Morais
Lima, G.R., Barbosa-Filho, J.M., Tavares, J.F., da Silva, M.S., de Athayde-Filho, P.F.,
Batista, L.M., 2012. Tannins, peptic ulcers and related mechanisms. Int. J. Mol. Sci.
13, 3203-3228. https://doi.org/10.3390/ijms13033203.

Dukes, M.N.G., 1975. Meyler’s Side Effects of Drugs. A Survey of Unwanted Effects of
Drugs Reported in 1972-1975, vol. 8. Excerpta Medica, Amsterdam, The Netherlands
and 52 Vanderbilt Avenue, New York, NY.

Eglen, R.M., Singh, R., 2003. Beta galactosidase enzyme fragment complementation as a
novel technology for high throughput screening. Comb. Chem. High Throughput
Screen. 6, 381-387.

Erdelyi, K., Kiss, A., Bakondi, E., Bai, P., Szabo, C., Gergely, P., Erdodi, F., Virag, L., 2005.
Gallotannin inhibits the expression of chemokines and inflammatory cytokines in
A549 cells. Mol. Pharmacol. 68, 895-904. https://doi.org/10.1124/mol.105.012518.

Farber, D.L., 2009. Biochemical signaling pathways for memory T cell recall. Semin.
Immunol. 21, 84-91. https://doi.org/10.1016/j.smim.2009.02.003.

Feldman, K.S., Sahasrabudhe, K., Lawlor, M.D., Wilson, S.L., Lang, C.H.,
Scheuchenzuber, W.J., 2001. In vitro and in vivo inhibition of LPS-stimulated tumor
necrosis factor-alpha secretion by the gallotannin beta-D-pentagalloylglucose. Bioorg.
Med. Chem. Lett 11, 1813-1815.

Fernando, W., Somaratne, G., Goozee, K.G., Williams, S., Singh, H., Martins, R.N., 2017.
Diabetes and Alzheimer’s disease: can tea phytochemicals play a role in prevention?
J. Alzheimers Dis. 59, 481-501. https://doi.org/10.3233/JAD-161200.

Fong, H.H., Bhatti, W., Farnsworth, N.R., 1972. Antitumor activity of certain plants due to
tannins. J. Pharmacol. Sci. 61, 1818.

Girgis, R.R., Javitch, J.A., Lieberman, J.A., 2008. Antipsychotic drug mechanisms: links
between therapeutic effects, metabolic side effects and the insulin signaling pathway.
Mol. Psychiatr. 13, 918-929. https://doi.org/10.1038/mp.2008.40.

Hagerman, A.E., Riedl, K.M., Rice, R.E., 1999. Tannins as biological antioxidants. Basic
Life Sci. 66, 495-505.

Hashimoto, K., Inoue, T., Higashi, T., Takei, S., Awata, T., Katayama, S., Takagi, R.,
Okada, H., Matsushita, S., 2009. Dopamine D1-like receptor antagonist, SCH2 3390,
exhibits a preventive effect on diabetes mellitus that occurs naturally in NOD mice.
Biochem. Biophys. Res. Commun. 383, 460-463. https://doi.org/10.1016/
j.bbre.2009.04.034.

Hill, D.A., Artis, D., 2010. Intestinal bacteria and the regulation of immune cell
homeostasis. Annu. Rev. Immunol. 28, 623-667. https://doi.org/10.1146/annurev-
immunol-030409-101330.

Hsieh, C.S., Macatonia, S.E., Tripp, C.S., Wolf, S.F., O’Garra, A., Murphy, K.M., 1993.
Development of TH1 CD4+ T cells through IL-12 produced by Listeria-induced
macrophages. Science 260, 547-549.

Hupkens, P., Boxma, H., Dokter, J., 1995. Tannic acid as a topical agent in burns:
historical considerations and implications for new developments. Burns 21, 57-61.

Kawano, M., Takagi, R., Kaneko, A., Matsushita, S., 2015. Berberine is a dopamine D1-
and D2-like receptor antagonist and ameliorates experimentally induced colitis by
suppressing innate and adaptive immune responses. J. Neuroimmunol. 289, 43-55.
https://doi.org/10.1016/j.jneuroim.2015.10.001.

Kawano, M., Takagi, R., Saika, K., Matsui, M., Matsushita, S., 2018. Dopamine regulates
cytokine secretion during innate and adaptive immune responses. Int. Immunol. 30,
591-606. https://doi.org/10.1093/intimm/dxy057.

Kenakin, T., 2001. Inverse, protean, and ligand-selective agonism: matters of receptor
conformation. Faseb. J. 15, 598-611. https://doi.org/10.1096/fj.00-0438rev.

Kimura, A., Kishimoto, T., 2010. IL-6: regulator of Treg/Th17 balance. Eur. J. Immunol.
40, 1830-1835. https://doi.org/10.1002/€ji.201040391.

Kolls, J.K., Linden, A., 2004. Interleukin-17 family members and inflammation. Inmunity
21, 467-476. https://doi.org/10.1016/j.immuni.2004.08.018.

Komai-Koma, M., Jones, L., Ogg, G.S., Xu, D., Liew, F.Y., 2004. TLR2 is expressed on
activated T cells as a costimulatory receptor. Proc. Natl. Acad. Sci. U.S.A. 101,
3029-3034. https://doi.org/10.1073/pnas.0400171101.

Lambelin, P., 2013. [Tannate gelatin (Tasectan) in the treatment of acute diarrhea].

J. Pharm. Belg. 4-5.

Lee, S.J., Lee, LS., Mar, W., 2003. Inhibition of inducible nitric oxide synthase and
cyclooxygenase-2 activity by 1,2,3,4,6-penta-O-galloyl-beta-D-glucose in murine
macrophage cells. Arch Pharm. Res. (Seoul) 26, 832-839.

Lewitt, P.A., 2015. Levodopa therapy for Parkinson’s disease: pharmacokinetics and
pharmacodynamics. Mov. Disord. 30, 64-72. https://doi.org/10.1002/mds.26082.

Lutz, M.B., Kukutsch, N., Ogilvie, A.L., Rossner, S., Koch, F., Romani, N., Schuler, G.,
1999. An advanced culture method for generating large quantities of highly pure
dendritic cells from mouse bone marrow. J. Immunol. Methods 223, 77-92.

Maina, F.K., Mathews, T.A., 2010. A functional fast scan cyclic voltammetry assay to
characterize dopamine D2 and D3 autoreceptors in the mouse striatum. ACS Chem.
Neurosci. 1, 450-462. https://doi.org/10.1021/cn100003u.

Michalek, D., Kolodziej, M., Konarska, Z., Szajewska, H., 2016. Efficacy and safety of
gelatine tannate for the treatment of acute gastroenteritis in children: protocol of a
randomised controlled trial. BMJ Open 6, €010530. https://doi.org/10.1136/
bmjopen-2015-010530.

Min, B., Prout, M., Hu-Li, J., Zhu, J., Jankovic, D., Morgan, E.S., Urban Jr., J.F.,
Dvorak, A.M., Finkelman, F.D., LeGros, G., Paul, W.E., 2004. Basophils produce IL-4
and accumulate in tissues after infection with a Th2-inducing parasite. J. Exp. Med.
200, 507-517. https://doi.org/10.1084/jem.20040590.

Mosser, D.M., Edwards, J.P., 2008. Exploring the full spectrum of macrophage activation.
Nat. Rev. Immunol. 8, 958-969. https://doi.org/10.1038/nri2448.

14

Brain, Behavior, & Immunity - Health 5 (2020) 100071

Mota, M.L., Thomas, G., Barbosa Filho, J.M., 1985. Anti-inflammatory actions of tannins
isolated from the bark of Anacardium occidentale L. J. Ethnopharmacol. 13,
289-300.

Nair, V.D., Sealfon, S.C., 2003. Agonist-specific transactivation of phosphoinositide 3-
kinase signaling pathway mediated by the dopamine D2 receptor. J. Biol. Chem. 278,
47053-47061. https://doi.org/10.1074/jbc.M303364200.

Nakae, S., Komiyama, Y., Nambu, A., Sudo, K., Iwase, M., Homma, I., Sekikawa, K.,
Asano, M., Iwakura, Y., 2002. Antigen-specific T cell sensitization is impaired in IL-
17-deficient mice, causing suppression of allergic cellular and humoral responses.
Immunity 17, 375-387.

Nakagome, K., Imamura, M., Okada, H., Kawahata, K., Inoue, T., Hashimoto, K.,
Harada, H., Higashi, T., Takagi, R., Nakano, K., Hagiwara, K., Kanazawa, M.,

Dohi, M., Nagata, M., Matsushita, S., 2011. Dopamine D1-like receptor antagonist
attenuates Th17-mediated immune response and ovalbumin antigen-induced
neutrophilic airway inflammation. J. Immunol. 186, 5975-5982. https://doi.org/
10.4049/jimmunol.1001274.

Nakano, K., Higashi, T., Hashimoto, K., Takagi, R., Tanaka, Y., Matsushita, S., 2008.
Antagonizing dopamine D1-like receptor inhibits Th17 cell differentiation:
preventive and therapeutic effects on experimental autoimmune encephalomyelitis.
Biochem. Biophys. Res. Commun. 373, 286-291. https://doi.org/10.1016/
j.bbrc.2008.06.012.

Nakano, K., Higashi, T., Takagi, R., Hashimoto, K., Tanaka, Y., Matsushita, S., 2009.
Dopamine released by dendritic cells polarizes Th2 differentiation. Int. Immunol. 21,
645-654. https://doi.org/10.1093/intimm/dxp033.

Nakano, K., Yamaoka, K., Hanami, K., Saito, K., Sasaguri, Y., Yanagihara, N., Tanaka, S.,
Katsuki, I., Matsushita, S., Tanaka, Y., 2011. Dopamine induces IL-6-dependent IL-17
production via D1-like receptor on CD4 naive T cells and D1-like receptor antagonist
SCH- 23390 inhibits cartilage destruction in a human rheumatoid arthritis/SCID
mouse chimera model. J. Immunol. 186, 3745-3752. https://doi.org/10.4049/
jimmunol.1002475.

Nicola, S.M., Surmeier, J., Malenka, R.C., 2000. Dopaminergic modulation of neuronal
excitability in the striatum and nucleus accumbens. Annu. Rev. Neurosci. 23,
185-215. https://doi.org/10.1146/annurev.neuro.23.1.185.

Nishio, H., Kohno, Y., Fujii, A., Negishi, Y., Inoue, A., Nakata, Y., 1996. 5-HT3 receptor
blocking properties of the antiparkinsonian agent. talipexole. Gen. Pharmacol. 27,
779-785. https://doi.org/10.1016,/0306-3623(95)02125-6.

Okada, H., Inoue, T., Hashimoto, K., Suzuki, H., Matsushita, S., 2009. D1-like receptor
antagonist inhibits IL-17 expression and attenuates crescent formation in nephrotoxic
serum nephritis. Am. J. Nephrol. 30, 274-279. https://doi.org/10.1159/000225902.

Orsi, P.R., Seito, L.N., Di Stasi, L.C., 2014. Hymenaea stigonocarpa Mart. ex Hayne: a
tropical medicinal plant with intestinal anti-inflammatory activity in TNBS model of
intestinal inflammation in rats. J. Ethnopharmacol. 151, 380-385. https://doi.org/
10.1016/j.jep.2013.10.056.

Otari, K.V., Gaikwad, P.S., Shete, R.V., Upasani, C.D., 2012. Protective effect of aqueous
extract of Spinacia oleracea leaves in experimental paradigms of inflammatory bowel
disease. Inflammopharmacology 20, 277-287. https://doi.org/10.1007/s10787-011-
0114-4.

Perse, M., Cerar, A., 2012. Dextran sodium sulphate colitis mouse model: traps and tricks.
J. Biomed. Biotechnol. 718617. https://doi.org/10.1155/2012/718617, 2012.
Prather, P.L., 2004. Inverse agonists: tools to reveal ligand-specific conformations of G
protein-coupled receptors. Sci. STKE pel. https://doi.org/10.1126/

stke.2152004pel, 2004.

Rapizzi, E., Fossati, S., Moroni, F., Chiarugi, A., 2004. Inhibition of poly(ADP-ribose)
glycohydrolase by gallotannin selectively up-regulates expression of proinflammatory
genes. Mol. Pharmacol. 66, 890-898. https://doi.org/10.1124/mol.104.000968.

Rascol, O., 1999. Dopamine agonists: what is the place of the newer compounds in the
treatment of Parkinson’s disease? J. Neural. Transm. Suppl. 55, 33-45.

Ricci, D., Taira, C.A., 1999. Adrenoceptor involvement in the cardiovascular responses to
B-HT 920 in sinoaortic denervated rats. Gen. Pharmacol. 32, 29-34. https://doi.org/
10.1016/50306-3623(98)00018-4.

Ritchie, L.E., Taddeo, S.S., Weeks, B.R., Carroll, R.J., Dykes, L., Rooney, L.W.,

Turner, N.D., 2017. Impact of novel sorghum bran diets on DSS-induced colitis.
Nutrients 9. https://doi.org/10.3390/1u9040330.

Rohrbach, M.S., Kreofsky, T., Rolstad, R.A., Russell, J.A., 1989. Tannin-mediated
secretion of a neutrophil chemotactic factor from alveolar macrophages. Potential
contribution to the acute pulmonary inflammatory reaction associated with
byssinosis. Am. Rev. Respir. Dis. 139, 39-45. https://doi.org/10.1164/ajrccm/
139.1.39.

Ruszczynski, M., Urbanska, M., Szajewska, H., 2014. Gelatin tannate for treating acute
gastroenteritis: a systematic review. Ann. Gastroenterol. 27, 121-124.

Savitri Kumar, N., Maduwantha, B.W.W.M., Kumar, V., Nimal Punyasiri, P.A.,

Sarath, B.A.I., 2009. Separation of proanthocyanidins isolated from tea leaves using
high-speed counter-current chromatography. J. Chromatogr., A 1216, 4295-4302.
https://doi.org/10.1016/j.chroma.2008.12.025.

Scharton, T.M., Scott, P., 1993. Natural killer cells are a source of interferon gamma that
drives differentiation of CD4-+ T cell subsets and induces early resistance to
Leishmania major in mice. J. Exp. Med. 178, 567-577.

Scheller, D., Ullmer, C., Berkels, R., Gwarek, M., Lubbert, H., 2009. The in vitro receptor
profile of rotigotine: a new agent for the treatment of Parkinson’s disease. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 379, 73-86. https://doi.org/10.1007/500210-008-
0341-4.

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671-675.

Shao, W., Zhang, S.Z., Tang, M., Zhang, X.H., Zhou, Z., Yin, Y.Q., Zhou, Q.B., Huang, Y.Y.,
Liu, Y.J., Wawrousek, E., Chen, T., Li, S.B., Xu, M., Zhou, J.N., Hu, G., Zhou, JW.,


https://doi.org/10.1016/j.pbb.2006.08.014
https://doi.org/10.1016/j.pbb.2006.08.014
https://doi.org/10.3390/ijms13033203
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref13
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref13
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref13
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref14
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref14
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref14
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref14
https://doi.org/10.1124/mol.105.012518
https://doi.org/10.1016/j.smim.2009.02.003
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref17
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref17
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref17
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref17
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref17
https://doi.org/10.3233/JAD-161200
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref19
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref19
https://doi.org/10.1038/mp.2008.40
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref21
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref21
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref21
https://doi.org/10.1016/j.bbrc.2009.04.034
https://doi.org/10.1016/j.bbrc.2009.04.034
https://doi.org/10.1146/annurev-immunol-030409-101330
https://doi.org/10.1146/annurev-immunol-030409-101330
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref24
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref24
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref24
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref24
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref24
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref25
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref25
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref25
https://doi.org/10.1016/j.jneuroim.2015.10.001
https://doi.org/10.1093/intimm/dxy057
https://doi.org/10.1096/fj.00-0438rev
https://doi.org/10.1002/eji.201040391
https://doi.org/10.1016/j.immuni.2004.08.018
https://doi.org/10.1073/pnas.0400171101
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref32
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref32
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref32
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref33
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref33
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref33
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref33
https://doi.org/10.1002/mds.26082
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref35
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref35
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref35
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref35
https://doi.org/10.1021/cn100003u
https://doi.org/10.1136/bmjopen-2015-010530
https://doi.org/10.1136/bmjopen-2015-010530
https://doi.org/10.1084/jem.20040590
https://doi.org/10.1038/nri2448
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref40
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref40
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref40
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref40
https://doi.org/10.1074/jbc.M303364200
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref42
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref42
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref42
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref42
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref42
https://doi.org/10.4049/jimmunol.1001274
https://doi.org/10.4049/jimmunol.1001274
https://doi.org/10.1016/j.bbrc.2008.06.012
https://doi.org/10.1016/j.bbrc.2008.06.012
https://doi.org/10.1093/intimm/dxp033
https://doi.org/10.4049/jimmunol.1002475
https://doi.org/10.4049/jimmunol.1002475
https://doi.org/10.1146/annurev.neuro.23.1.185
https://doi.org/10.1016/0306-3623(95)02125-6
https://doi.org/10.1159/000225902
https://doi.org/10.1016/j.jep.2013.10.056
https://doi.org/10.1016/j.jep.2013.10.056
https://doi.org/10.1007/s10787-011-0114-4
https://doi.org/10.1007/s10787-011-0114-4
https://doi.org/10.1155/2012/718617
https://doi.org/10.1126/stke.2152004pe1
https://doi.org/10.1126/stke.2152004pe1
https://doi.org/10.1124/mol.104.000968
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref55
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref55
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref55
https://doi.org/10.1016/s0306-3623(98)00018-4
https://doi.org/10.1016/s0306-3623(98)00018-4
https://doi.org/10.3390/nu9040330
https://doi.org/10.1164/ajrccm/139.1.39
https://doi.org/10.1164/ajrccm/139.1.39
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref59
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref59
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref59
https://doi.org/10.1016/j.chroma.2008.12.025
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref61
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref61
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref61
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref61
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref61
https://doi.org/10.1007/s00210-008-0341-4
https://doi.org/10.1007/s00210-008-0341-4
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref63
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref63
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref63

M. Kawano et al.

2013. Suppression of neuroinflammation by astrocytic dopamine D2 receptors via
alphaB-crystallin. Nature 494, 90-94. https://doi.org/10.1038/nature11748.

Shinkai, K., Mohrs, M., Locksley, R.M., 2002. Helper T cells regulate type-2 innate
immunity in vivo. Nature 420, 825-829. https://doi.org/10.1038/nature01202.

Shirasuna, K., Karasawa, T., Takahashi, M., 2019. Exogenous nanoparticles and
endogenous crystalline molecules as danger signals for the NLRP3 inflammasomes.
J. Cell. Physiol. 234, 5436-5450. https://doi.org/10.1002/jcp.27475.

Shukla, M., Gupta, K., Rasheed, Z., Khan, K.A., Haqqi, T.M., 2008. Consumption of
hydrolyzable tannins-rich pomegranate extract suppresses inflammation and joint
damage in rheumatoid arthritis. Nutrition 24, 733-743. https://doi.org/10.1016/
j.nut.2008.03.013.

Sinclair, P., Brennan, D.J., le Roux, C.W., 2018. Gut adaptation after metabolic surgery
and its influences on the brain, liver and cancer. Nat. Rev. Gastroenterol. Hepatol. 15,
606-624. https://doi.org/10.1038/541575-018-0057-y.

Singleton, V.L., 1981. Naturally occurring food toxicants: phenolic substances of plant
origin common in foods. Adv. Food Res. 27, 149-242.

Strober, W., Fuss, 1.J., Blumberg, R.S., 2002. The immunology of mucosal models of
inflammation. Annu. Rev. Immunol. 20, 495-549. https://doi.org/10.1146/
annurev.immunol.20.100301.064816.

Tsai, Y.J., Aoki, T., Maruta, H., Abe, H., Sakagami, H., Hatano, T., Okuda, T., Tanuma, S.,
1992. Mouse mammary tumor virus gene expression is suppressed by oligomeric
ellagitannins, novel inhibitors of poly(ADP-ribose) glycohydrolase. J. Biol. Chem.
267, 14436-14442.

Uchiumi, F., Maruta, H., Inoue, J., Yamamoto, T., Tanuma, S., 1996. Inhibitory effect of
tannic acid on human immunodeficiency virus promoter activity induced by 12-O-
tetra decanoylphorbol-13-acetate in Jurkat T-cells. Biochem. Biophys. Res. Commun.
220, 411-417.

15

Brain, Behavior, & Immunity - Health 5 (2020) 100071

Unti, E., Ceravolo, R., Bonuccelli, U., 2015. Apomorphine hydrochloride for the treatment
of Parkinson’s disease. Expert Rev. Neurother. 15, 723-732. https://doi.org/
10.1586/14737175.2015.1051468.

Weber, M., Ferrer, M., Zheng, W., Inglese, J., Strulovici, B., Kunapuli, P., 2004. A 1536-
well cAMP assay for Gs- and Gi-coupled receptors using enzyme fragmentation
complementation. Assay Drug Dev. Technol. 2, 39-49. https://doi.org/10.1089/
154065804322966306.

Yan, F., Wang, L., Shi, Y., Cao, H., Liu, L., Washington, M.K., Chaturvedi, R., Israel, D.A.,
Cao, H., Wang, B., Peek Jr., R.M., Wilson, K.T., Polk, D.B., 2012. Berberine promotes
recovery of colitis and inhibits inflammatory responses in colonic macrophages and
epithelial cells in DSS-treated mice. Am. J. Physiol. Gastrointest. Liver Physiol. 302,
G504-G514. https://doi.org/10.1152/ajpgi.00312.2011.

Yan, Y., Jiang, W., Liu, L., Wang, X., Ding, C., Tian, Z., Zhou, R., 2015. Dopamine controls
systemic inflammation through inhibition of NLRP3 inflammasome. Cell 160, 62-73.
https://doi.org/10.1016/j.cell.2014.11.047.

Yoshioka, Y., Akiyama, H., Nakano, M., Shoji, T., Kanda, T., Ohtake, Y., Takita, T.,
Matsuda, R., Maitani, T., 2008. Orally administered apple procyanidins protect
against experimental inflammatory bowel disease in mice. Int. Inmunopharm. 8,
1802-1807. https://doi.org/10.1016/j.intimp.2008.08.021.

Zanin-Zhorov, A., Tal-Lapidot, G., Cahalon, L., Cohen-Sfady, M., Pevsner-Fischer, M.,
Lider, O., Cohen, LR., 2007. Cutting edge: T cells respond to lipopolysaccharide
innately via TLR4 signaling. J. Immunol. 179, 41-44.

Zhang, R., Xie, X., 2012. Tools for GPCR drug discovery. Acta Pharmacol. Sin. 33,
372-384. https://doi.org/10.1038/aps.2011.173.

Zhu, C.S., Grandhi, R., Patterson, T.T., Nicholson, S.E., 2018. A review of traumatic brain
injury and the gut microbiome: insights into novel mechanisms of secondary brain
injury and promising targets for neuroprotection. Brain Sci. 8 https://doi.org/
10.3390/brainsci8060113.


https://doi.org/10.1038/nature11748
https://doi.org/10.1038/nature01202
https://doi.org/10.1002/jcp.27475
https://doi.org/10.1016/j.nut.2008.03.013
https://doi.org/10.1016/j.nut.2008.03.013
https://doi.org/10.1038/s41575-018-0057-y
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref69
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref69
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref69
https://doi.org/10.1146/annurev.immunol.20.100301.064816
https://doi.org/10.1146/annurev.immunol.20.100301.064816
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref71
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref71
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref71
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref71
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref71
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref72
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref72
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref72
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref72
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref72
https://doi.org/10.1586/14737175.2015.1051468
https://doi.org/10.1586/14737175.2015.1051468
https://doi.org/10.1089/154065804322966306
https://doi.org/10.1089/154065804322966306
https://doi.org/10.1152/ajpgi.00312.2011
https://doi.org/10.1016/j.cell.2014.11.047
https://doi.org/10.1016/j.intimp.2008.08.021
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref78
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref78
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref78
http://refhub.elsevier.com/S2666-3546(20)30036-3/sref78
https://doi.org/10.1038/aps.2011.173
https://doi.org/10.3390/brainsci8060113
https://doi.org/10.3390/brainsci8060113

	Tannic acid acts as an agonist of the dopamine D2L receptor, regulates immune responses, and ameliorates experimentally ind ...
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. D2LR agonist assay for TA
	2.3. Mice
	2.4. Preparation of splenocytes
	2.5. Preparation of peritoneal Mφs
	2.6. Preparation of bone marrow-derived dendritic cells (BM-DCs)
	2.7. Isolation of cluster of differentiation (CD) 4+ T cells, CD8+ T cells, B cells, neutrophils, and monocytes
	2.8. Isolation of naïve CD4+ T cells
	2.9. Immune cell activation in the presence of TA
	2.10. Phosphorylation of mitogen-activated protein kinases (MAPKs) in immune cells activated in the presence of TA
	2.11. Naïve CD4+ T cell differentiation in the presence of TA
	2.12. Immune cell activation in the presence of TA and a D2R antagonist
	2.13. Induction of experimental colitis of mice with DSS
	2.14. Histological analysis of mouse colons
	2.15. Preparation of lymphocytes from MLNs
	2.16. Cytokine ELISAs
	2.17. Statistical analysis

	3. Results
	3.1. TA acts as an agonist of D2LR
	3.2. TA modulates cytokine secretion by mouse splenocytes
	3.3. TA does not inhibit MAPK signaling in splenocytes
	3.4. TA modulates cytokine secretion by immune cell subsets
	3.5. The effect of TA on the generation of Th1 and Th17 ​cells from naïve CD4+ T cells
	3.6. D2R antagonism partially reversed the modulation of cytokine secretion by TA
	3.7. TA ameliorates inflammation in a mouse model of colitis

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


