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Abstract

Background and Aim—Luminal nutrients stimulate enteroendocrine L cells to release gut
hormones, including intestinotrophic glucagon-like peptide-2 (GLP-2). Because L cells express
the bile acid receptor TGR5 and dipeptidyl peptidase-1V (DPPIV) rapidly degrades GLPs, we
hypothesized that luminal TGR5 activation may attenuate intestinal injury via GLP-2 release,
which is enhanced by DPPIV inhibition.

Methods—Intestinal injury was induced in mice by administration of dextran sulfate sodium
(DSS) in drinking water (free access to water containing 5% DSS for 7 days). The selective TGR5
agonist betulinic acid (BTA) and the DPPIV inhibitor sitagliptin phosphate monohydrate (STG)
were administered orally for 7 days. Male C57BL/6 mice (6—7 weeks old) were divided into five
groups: normal control group, disease control group, BTA low group (drinking water containing
15 mg/L BTA), BTA high group (50 mg/L BTA), and BTA high + STG (3 mg/kg, i.g.) group.

Results—The selective TGR5 agonist BTA dose-dependently suppressed disease activity index
and mRNA expression of the pro-inflammatory cytokines interleukin (IL)-1p, IL-6, and tumor
necrosis factor-a in the colon. Nevertheless, STG administration had little additive effect on BTA-
induced protection. Fibroblast activation protein mRNA expression, but not expression of other
DPP family members, was increased in the colon of DSS-treated mice with increased mucosal
DPPIV. Co-administration of the selective GLP-2 antagonist GLP-2 (3-33) reversed the effect of
BTA.

Conclusion—The selective TGR5 agonist BTA ameliorated DSS-induced colitis in mice via the
GLP-2 pathway with no effect of DPPIV inhibition, suggesting that other DPP enzymatic activity
is involved in GLP-2 degradation.
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Introduction

Methods

Chemicals

Animals

Luminal nutrients stimulate cognate intestinal epithelial nutrient receptors in order to exert
rapid physiological responses.! Enteroendocrine cells detect luminal nutrients, such as long-
or short-chain fatty acids, bile acids, and amino acids, and secrete peptide hormone via a
number of nutrient-sensing G protein-coupled receptors (GPCRs) expressed in the apical
membranes of enteroendocrine cells.? Enteroendocrine L cells produce glucagon-like
peptide-1 (GLP-1) and GLP-2 simultaneously, processed from the prohormone
proglucagon.3 L cells, principally located on the distal small intestine and colon, also release
the intestinotrophic hormone GLP-2.4 Repeated administration of GLP-2 stimulates crypt
cell growth and reduces enterocyte apoptosis.® So far, it has been elucidated that exogenous
GLP-2 administration reduces parenteral nutrition support in patients with short bowel
syndrome.®

Recently, the bile acid GPCR TGR5 was reported to be expressed in the enteroendocrine
GLP-1 secreting cell line STC-1 and in primary L cells isolated from mice.” In L cell model
GLUTag cells, bile acids increase the release of GLP-1 and GLP-2.8 In rat duodenum,
luminal bile acids modulate bicarbonate secretion via TGR5 activation and GLP-2 release.®

Dipeptidyl peptidase-1V (DPPIV) is a member of the serine protease family, which also
includes three structurally homologous enzymes, DPP-8, DPP-9, and fibroblast activation
protein (FAP).10 DPPIV, DPP-8, DPP-9, and FAP possess similar enzyme activity and cleave
N-terminal dipeptides containing proline or alanine in the penultimate position from
regulatory factors, thereby rapidly deactivating hormones and cytokines.!! Because GLP-2
is also a DPPIV substrate, we hypothesized that luminal TGRS activation may attenuate
intestinal injury via GLP-2 release, which is enhanced by DPPIV inhibition.

The DPPIV inhibitor, sitagliptin phosphate monohydrate (STG), was obtained from
Carbosynth Limited (Berkshire, UK). K-579 and betulinic acid (BTA,; (+)-(3f)-3-
hydroxylup-20(29)-en-28-oic acid) were obtained from Tocris Bioscience (Ellisville, MO,
USA). Dextran sulfate sodium (DSS) with molecular weight of 4000-5000 was from
Nacalai Tesque, Inc. (Kyoto, Japan). Mouse GLP-2 (3-33) (sequence; NH2- DGS FSDEM
STILD NLATR DFINW LIQTK ITD- COOH) was custom synthesized by Eurofins NWG
Operon, Inc (Tokyo, Japan).

Six- to seven-week-old male C57BL/6 mice (Oriental Bio Service, Inc, Kyoto, Japan),
weighing 20-25 g, were maintained in an animal colony with controlled temperature (23°C)
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and light (12 h light—dark cycle) at the Osaka Medical College, Osaka, Japan, and were
permitted free access to standard mice chow pellets (MM-3, Funabashi Farms, Chiba, Japan)
and water. Ethical permission for the experiments presented in this study was given by the
Animal Ethical Committee of the Osaka Medical College and all procedures were conducted
according to the guidelines of the Institute for Laboratory Animal Research at Osaka
Medical College.

Experimental procedures

For induction of experimental colitis, mice were given water containing 5% DSS for 7 days
instead of tap water. Mice were divided into five groups: normal control group (7= 5),
disease control group (7= 6), BTA low group (7= 6) (free access to water containing 15
mg/L BTA for 7 days), BTA high group (n=5) (free access to water containing 50 mg/L
BTA for 7 days), and BTA high + STG (3 mg/kg, i.g. for 7 days) co-administration group (7
=5). To examine the effect of endogenous GLP-2, a GLP-2 receptor antagonist GLP-2 (3-
33) was administered to DSS-treated mice for 7 days (2.5 or 25 pg/body/day, i.p.).

Evaluation of severity of clinical colitis

Disease activity index (DAI) was determined in all animals during the administration of DSS
by scoring body weight, Hemoccult reactivity, or the presence of gross blood and stool
consistency in accordance with the method described by Murthy et a/12 This method of
scoring is a comprehensive functional measure that correlates well with the degree of
inflammation. The individuals who examined mice and determined the DAI scores were
blinded as to the experimental group to which the animal belonged. For histology, the
rectum was fixed in 10% neutral buffered formalin, paraffin-embedded, sectioned, and
stained with hematoxylin and eosin (HE). Histological score of HE-stained specimens of the
rectum was determined in a blinded fashion according to the method reported by Murthy et
al. as follows: Grade 0, normal colonic mucosa; Grade 1, loss of one-third of the crypts;
Grade 2, loss of two-third of the crypts; Grade 3, the lamina propria is covered with a single
layer of epithelium and mild inflammatory cell infiltration is present; and Grade 4, erosions
and marked inflammatory cell infiltration are present.12:13 In this study, sites with the most
severe inflammation were evaluated. The mean score in each section was calculated.

Real-time quantitative polymerase chain reaction

To measure expression of DPPIV, DPP-8, DPP-9, FAP, and pro-inflammatory cytokines
interleukin (IL)-1p, IL-6, and tumor necrosis factor (TNF)-a mRNA, a small amount of
proximal colonic mucosa was scraped with a glass slide, frozen in liquid nitrogen, and
stored at —80°C until RNA isolation. Total RNA was extracted using a total RNeasy mini-
Kit (Qiagen, Tokyo, Japan). For cDNA synthesis, RNA was reverse-transcribed with a Prime
Script RT reagent Kit (Takara Bio Inc., Shiga, Japan) with a SYBR Premix Ex Taq Kit
(Takara Bio Inc.) on the Thermal Cycler Dice Real Time System TP870 (Takara Bio Inc.).
The sequences of sense and antisense primers for mouse DPPIV, DPP-8, DPP-9, FAP, TNF-
a, IL-1B, IL-6, and B-actin are depicted in Table 1. Cycling conditions were one cycle of
95°C for 30 s for denaturing followed by 40 cycles of 95°C for 5 s and 60°C for 30 s and
one cycle of 95°C for 15 s and 60°C for 30 s. The expression of target genes was normalized
to the expression of B-actin.
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Mucosal DPPIV activity

Mucosal scraped tissues were collected in lysis buffer (TRIS-buffered saline containing
protease inhibitors) (Complete Mini, Roche Diagnostics, Indianapolis, IN, USA) with or
without DPPIV inhibitor (100 pM K-579). Blood samples were also collected into chilled
Eppendorf tubes (Eppendorf Japan, Tokyo, Japan) containing 1 uL each of 0.5 M EDTA and
100 uM K-579. The samples were immediately centrifuged at 3000 x g for 5 min and their
supernatants and plasma were stored at —80°C until measurements. Mucosal DPPIV activity
was determined by the cleavage rate of 7-amino-4-methylcoumarin (AMC; SensoLyte AMC
DPPIV Assay Kit, AnaSpec, Inc., Fremont, CA, USA) from the synthetic substrate
according to the manufacturer’s instruction. In brief, each sample of scraped colon was
homogenized. Lysates containing 10 pg/50 pL of protein was mixed with 50 pL of the
DPPIV substrate AMC (AnaSpec, Inc.). After 30 min of incubation at room temperature,
AMC release was determined using a fluorescence plate reader (excitation at 354 nm and
emission at 442 nm) (Fluoroskan Ascent, Thermo Fisher Scientific K.K., Kanagawa, Japan).
DPP activity in mucosa was expressed as the relative fluorescence units.

Measurement of plasma and mucosal GLPs

Statistics

Results

Plasma and mucosal active GLP-1 (7-36) and total GLP-2 were measured using a GLP-1
(Active 7-36) ELISA kit and GLP-2 (Mouse) ELISA kit (ALPCO Diagnostics, Salem, NH,
USA) according to the manufacturer’s instruction.

All data are expressed as mean + SD. Data were derived from five or six mice in each group.
Comparisons were performed using one-way ANOVA or Kruskal-Wallis followed by
Fisher’s PLSD test. Statistical significance was defined as £< 0.05.

Effects of BTA and STG on clinical index and histological scores

Treatment of C57BL/6 mice with 5% DSS in drinking water for 7 days evoked clinical and
histological signs of colitis. Clinical symptoms of colitis included bloody stool, diarrhea, and
loss of body weight, which progressed over the 7-day experimental duration. BTA
administration significantly and dose-dependently suppressed the DAI and histological
scores on Day 7. Nevertheless, co-administration of STG had no additive effect on the BTA-
induced protection (Table 2). Histologically, specimens obtained from disease control mice
were observed to have sporadic erosions with marked inflammatory cell infiltration in the
lamina propria (Fig. 1b). In contrast, fewer erosions and a less-marked inflammatory rectal
cell infiltration were observed in the BTA high group (Fig. 1c). STG administration did not
potentiate the protective effect of high-dose BTA (Fig. 1d). BTA dose-dependently reduced
histological scores, whereas STG had no additive effect (Table 2).

Effect of BTA and STG on pro-inflammatory cytokine expression

As shown in Figure 2, a significant increase of MRNA expression of the pro-inflammatory
cytokines TNF-a, IL-1B, and IL-6, as measured by real-time quantitative polymerase chain
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reaction, was observed in mice with DSS-induced colitis compared with normal control
mice. The administration of BTA significantly suppressed pro-inflammatory cytokine
MRNA expression. Co-administration of STG significantly potentiated the suppressive
effects of BTA on the mRNA expression of IL-6, but not of TNF-a or of IL-1f.

Mucosal DPPIV activity, DPP family genes expressions, and GLP concentrations in colonic

tissues

Mucosal DPPIV activity was significantly increased in mice with DSS-induced colitis (Fig.
3). The administration of BTA significantly suppressed DPPIV activity compared with
disease control mice. There was no significant difference in DPPIV activity, however,
between the BTA high group and the BTA high + STG group. Mucosal FAP mRNA
expression was significantly increased in the disease control mice, whereas the expression of
other DPP family members (DPPIV, 8, and 9) was unchanged (Fig. 4). While mucosal
concentration of total GLP-2 was significantly decreased in the BTA high + STG group
compared with disease control (Fig. 5a), mucosal concentration of GLP-1 (7-36) was
significantly increased in the BTA-treated mice (Fig. 5b).

Effect of co-administration of GLP-2 (3—33)

GLP-2 (3-33) was co-administered with a high dose of BTA for 7 days (2.5 or 25 pg/body/
day, i.p.) to identify the effect of endogenously active GLP-2. Co-administration of GLP-2
(3-33) significantly increased DAI and histological scores compared with each of the BTA
high dose-treated mice (Fig. 6), suggesting that the protective effect of BTA high dose is
mediated by endogenously active GLP-2.

Discussion

We demonstrated that the selective TGR5 agonist BTA significantly ameliorated DSS-
induced colitis in mice. Co-administration of GLP-2 (3-33) reversed the protective effect of
BTA, suggesting that the effect of BTA is mediated by the released GLP-2. Co-
administration of a DPPIV inhibitor, STG, however did not enhance the effect of BTA.

In the small and large intestines, TGR5 is localized to the enteric ganglia of the myenteric
and submucosal plexuses, and is also present in villous and crypt enterocytes and in
unidentified cells such as mucosal enteroendocrine L cells.241% TGR5 is a class A GPCR
expressed in enteroendocrine L cells localized principally in the distal small and proximal
large intestines, transducing the chemical signal through the G subunit, which mediates
cAMP synthesis and evokes GLP-1 release.18 Because TGR5 activation stimulates GLP-1
release from L cells, TGR5 is an attractive target for the potential treatment of metabolic
disorders.1” With regard to the association of TGR5 and GLP-2, we have demonstrated that
TGRS agonist induced bicarbonate secretion via GLP-2 release and that DPPIV inhibition
potentiated the effect of a TGR5 agonist on bicarbonate secretion.® These results suggest
that the combination of TGR5 agonists and DPPIV inhibition may be a novel approach to
GLP-2-related therapeutics for intestinal mucosal injury. Because TGR5 expressing, GLP-2
releasing L cells are primarily located in the distal small intestine and colon,*8 we focused
on the effect of the TGRS agonist on DSS-induced colitis.
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Whether DPPIV inhibitors are potential therapeutic agents for inflammatory bowel disease
remains conjectural because of conflicting data.1%-21 Yazbeck et a/. evaluated the effect of
DPPIV inhibitor, lle-Pyrr-(2-CN)TFA or lle-Thia, in DPPIV—-/- and wild type mice with
DSS colitis demonstrating that disease activity was reduced in wild type mice treated with
the DPPIV inhibitor but not in DPPIV-/- mice.22 DPPIV-/- mice still possessed a
significant level of plasma DPPIV-like activity. Although DPPIV shares sequence homology
with the enzymes FAP, DPP8, and DPP9, their expression and activities are differentially
regulated.11:23 Therefore, they concluded that loss of DPPIV activity does not increase
resistance to experimental colitis and hypothesized that other DPP family members may also
be involved in the cleavage of GLP-2.2224 In this study, the DPPIV inhibitor sitagliptin did
not potentiate the protective effect of TGR5 in the colitic mice. Regarding GLP-2, it was
interesting to observe that the mucosal concentration of GLP-2 was significantly decreased
in the BTA and BTA + STG groups. BTA dose-dependently suppressed mucosal expression
of pro-inflammatory cytokines, especially IL-6, which enhances GLP secretion from
enteroendocrine cells. Therefore, we consider that mucosal total GLP-2 could be suppressed
via a suppressed IL-6 pathway.2® In the colitic mice, mucosal DPPIV activity and FAP
MRNA expression were significantly increased, and so the concentration of mucosal active
GLP-1 was significantly decreased in the disease control mice and reversed in the BTA
groups. Unfortunately, as no ELISA kit for active GLP-2 is available yet, we measured
active GLP-1 instead of measuring active GLP-2. Because GLP-1 and GLP-2 are equally
cleaved by DPPIV, we considered that a significantly decreased active GLP-1 level indicates
a decreased active GLP-2 level even though the mucosal concentration of total GLP-2 was
not different. Ban et al. evaluated the effect of DPPIV inhibitor ER-319711 on DSS-induced
colitis in mice and reported that DPPIV inhibitor showed a minimal effect in the acute phase
of colitis, and Mimura et a/. reported that DPPIV inhibitor facilitates restoration of colitis in
the recovery phase.28 We consider that these results are based on increased and decreased
mucosal FAP-induced DPP activity. Indeed, in this study, co-administration of STG did not
affect mucosal DPP activity in the colitic mice, consistent with FAP influencing DPP
activity in induced colitis.

Because BTA is a bile acid-type TGR5 agonist and a naturally occurring pentacyclic
triterpene,2’ BTA may exhibit a variety of biological activities including anti-inflammatory
and anti-tumor properties independent of the GLP-2 pathway. Actually, in this study, we
administered GLP-2 (3-33), as a GLP-2 receptor antagonist, and attempted to reverse the
anti-inflammatory effect of BTA. However, low dose GLP-2 (3-33) treatment did not
improve the histological score.

We conclude that the TGR5 agonist protected mice from DSS-induced colitis, which was
partially mediated by active GLP-2 release. Lack of potentiation by pharmacological DPPIV
inhibition suggests that DPP family enzymes other than DPPIV degrade GLP-2 released by
TGRS activation.
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Figure 1.
DSS-induced colitis in mice. (a) Normal control, (b) disease control, (c) BTA high, and (d)

BTA high + STG. Treatment with high-dose BTA produced fewer erosions and decreased
the amount of rectal inflammatory cell infiltration. STG only partially potentiated the effect
of BTA. BTA, betulinic acid; DSS, dextran sulfate sodium; STG, sitagliptin phosphate
monohydrate.
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Figure2.
Inflammatory cytokine mRNA expression in the colon. The administration of BTA

significantly suppressed the mMRNA expressions of pro-inflammatory cytokines. *P < 0.05
versus normal control, TP< 0.05 versus disease control, *£< 0.05 versus BTA high group.
BTA, betulinic acid; IL, interleukin; STG, sitagliptin phosphate monohydrate; TNF, tumor
necrosis factor.
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Figure 3.
Dipeptidyl peptidase-1V (DPPIV) activity in intestinal mucosa expressed by RFU. Mucosal

DPPIV activity was significantly increased in the disease control mice. *£< 0.05 versus
normal, TP < 0.05 versus disease control. BTA, betulinic acid; STG, sitagliptin phosphate
monohydrate.
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Figure 4.
mMRNA expression of DPP family members in the colon. The expression of FAP mRNA was

upregulated in the disease control mice colon. *P< 0.05 versusnormal. (a) DPPIV; (b) FAP;
(c) DPP8; and (d) DPP9. DPP, dipeptidyl peptidase; FAP, fibroblast activation protein.
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Page 13
T t
| I I I
Normmal Disease BTA low BTA high BTA
high+STG

Mucosal concentration of total glucagon-like peptide (GLP)-2 (ng/mg of protein) (a) and
active GLP-1 (pmol/kg of protein) (b). Although mucosal total concentration of GLP-2 was
not changed, the concentration of active GLP-1 was significantly decreased in the disease
control colonic tissues. *P< 0.05 versusnormal, TP < 0.05 versus disease control. BTA,
betulinic acid; STG, sitagliptin phosphate monohydrate.

J Gastroenterol Hepatol. Author manuscript; available in PMC 2016 May 20.



1duosnuey Joyiny wA 1duosnue Joyiny wA

1duosnuen JIoyiny vA

Sakanaka et al. Page 14

(b)

™

4 * 4 *4
1 s * <
3.5 T ) ® 35
3 g 3
25 = 25
< s § 2
o @ -
1.5 215
1 Z 1
0.5 05
0 0
BTA high BTA BTA BTA high BTA BTA
high+GLP-2  high+GLP-2 high+GLP-2  high+GLP-2
(3-33) 2.5pg  (3-33) 25pg (3-33) 2.5pg  (3-33) 25pg

Figure 6.
The effect of the glucagon-like peptide (GLP)-2 receptor antagonist on betulinic acid (BTA)-

induced protection. GLP-2 (3—-33) increased disease activity index (DAI) (a) and histological
scores (b) compared with BTA high group. *~< 0.05 versus BTA high group, T< 0.05
versus BTA high group + GLP-2 (3-33) 2.5 pg.
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Table 1

Primers used to detect gene expression at mMRNA level

Genes

Sequence of primers

DPPIV  Sense

DPP-8

DPP-9

FAP

TNF-a

JL-1B

IL-6

p-actin

Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense

Anti-sense

5-AAATGGGATTTGTGGACAGCAAG-3
5-CCGATCCCAGGACCATTGAG-¥
5-GCGGTAAGCTGATCCCTGACA-3
5-CCAGCCAGCACTTGAAAGCTC-3
5-TCATCCACAAGCCACAAGTGTTC-3’
5-GGGCTACAGACCCTGCCTCATA-3
5-TGGCATAGCAGTGGCTCCAG-3
5-TTCTGCTCTTGCCATCACAGTTG-3
5-TATGGCCCAGACCCTCACA-3
5-GGAGTAGACAAGGTACAACCCATC-3
5-TCCAGGATGAGGACATGAGCAC-3
5-GAACGTCACACACCAGCAGGTTA-3
5-CCACTTCACAAGTCGGAGGCTTA-3
5-CCAGTTTGGTAGCATCCATCATTTC-3
5-CATCCGTAAAGACCTCTATGCCAAC-3
5-ATGGAGCCACCGATCCACA-3
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Table 2

The effect of BTA and STG on clinical index and histological scores

Group n DAI Histological scores
Disease control 6 356+042 2.83+1.17

BTA low 5 3.44+0.60 1.80+0.84

BTA high 5 233+037" 1400557

BTAhigh+STG 5 13+016" 1.40+055"

*
P<0.05 versusdisease control group.
Results are expressed as the mean + SD.

BTA, betulinic acid; STG, sitagliptin phosphate monohydrate.
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