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ABSTRACT

Luminal nutrient chemosensing during meal ingestion is medi-
ated by intestinal endocrine cells, which regulate secretion and
motility via the release of gut hormones. We have reported that
luminal coperfusion of L-Glu and IMP, common condiments
providing the umami or proteinaceous taste, synergistically
increases duodenal bicarbonate secretion (DBS) possibly via
taste receptor heterodimers, taste receptor type 1, member 1
(T1R1)/R3. We hypothesized that glucose-dependent insulino-
tropic peptide (GIP) or glucagon-like peptide (GLP) is released
by duodenal perfusion with L-Glu/IMP. We measured DBS with
pH and CO, electrodes through a perfused rat duodenal loop
in vivo. GIP, exendin (Ex)-4 (GLP-1 receptor agonist), or GLP-2
was intravenously infused (0.01-1 nmol/kg/h). L-Glu (10 mM)
and IMP (0.1 mM) were luminally perfused with or without bolus
intravenous injection (3 or 30 nmol/kg) of the receptor antago-
nists Pro®GIP, Ex-3(9-39), or GLP-2(3-33). GIP or GLP-2 infu-

sion dose-dependently increased DBS, whereas Ex-4 infusion
gradually decreased DBS. Luminal perfusion of L-GIu/IMP in-
creased DBS, with no effect of Pro®GIP or Ex-3(9-39), whereas
GLP-2(3-33) inhibited L-Glu/IMP-induced DBS. Vasoactive intes-
tinal peptide (VIP)(6—28) intravenously or NC-nitro-L-arginine
methyl ester coperfusion inhibited the effect of L-Glu/IMP. Perfu-
sion of L-Glu/IMP increased portal venous concentrations of
GLP-2, followed by a delayed increase of GLP-1, with no effect on
GIP release. GLP-1/2 and T1R1/R3 were expressed in duodenal
endocrine-like cells. These results suggest that luminal L.-Glu/IMP-
induced DBS is mediated via GLP-2 release and receptor activa-
tion followed by VIP and nitric oxide release. Because GLP-1 is
insulinotropic and GLP-2 is intestinotrophic, umami receptor ac-
tivation may have additional benefits in glucose metabolism and
duodenal mucosal protection and regeneration.

Introduction

The process of digestion is orchestrated in part by the
coordinated release of gut hormones in response to meal
ingestion. Although gut hormones are expressed primarily in
the endocrine cells interspersed in the gut epithelium (en-
teroendocrine cells), the mechanism by which meal-related
luminal molecules elicit hormone release has not been read-
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ily apparent. We have previously reported that the postpran-
dial increase of protective duodenal epithelial HCO; secretion
is elicited by an increase in luminal H* and PCO,, which can
activate submucosal H™ chemosensors in addition to evoking
luminal ATP release (Akiba and Kaunitz, 2011). Although gas-
tric postprandial H™ secretion is a logical trigger for eliciting
duodenal HCO; ™ secretion, luminal nutrients are also present
in high concentrations after a meal, which might serve as al-
ternative activators of HCO; ™ secretion.

The availability of nearly pure populations of enteroendo-
crine cells has facilitated the identification of numerous nu-
trient-sensing G protein-coupled receptors expressed on en-
docrine cells, suggesting a plausible mechanism for the
transduction of the luminal nutrient signal into hormone
release across the enteroendocrine cell basolateral mem-
brane (Engelstoft et al., 2008; Reimann et al., 2008). Thus,
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vasoactive intestinal peptide; VIP-R, VIP receptor; BSA, bovine serum albumin; COX, cyclooxygenase; EIA, enzyme immunoassay; PG, prosta-

glandin.
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one possible mechanism for eliciting duodenal mucosal
HCO;  secretion is by the activation of nutrient sensors
expressed on the enteroendocrine cell apical membrane,
evoking hormone release into the submucosal space, which
then stimulates HCO;~ secretion from nearby epithelial
cells. In support of this mechanism is our report that coper-
fusion of the duodenum of anesthetized rats with L-Glu and
IMP stimulates HCO; secretion, which is typical for activa-
tion of the T1IR1/T1R3 umami taste receptor (Zhang et al.,
2008; Akiba et al., 2009). Because this taste receptor is ex-
pressed on enteroendocrine cells (Jang et al., 2007; Mace et
al., 2007), this mucosal response to luminal nutrients sug-
gested a hormonally mediated mechanism for eliciting
HCO;  secretion and enhancing other mucosal defense
mechanisms.

Of the numerous hormones released in response to luminal
amino acids, the proglucagon-derived hormones glucagon-
like peptide (GLP)-1 and GLP-2 secreted from enteroendo-
crine L cells are appealing as mediators of L-Glw/IMP-evoked
HCO;  secretion: GLP-1 is released by oral glutamine in
humans (Greenfield et al., 2009), whereas GLP-2 modulates
neurally evoked anion secretion in the guinea pig intestine
(Baldassano et al., 2009). A third possible hormone mediator
is gastric inhibitory peptide/glucose-dependent insulino-
tropic peptide (GIP), released from K cells, which is released
by luminal amino acids (O’Dorisio et al., 1976) and enhances
duodenal HCO; ™~ secretion (Flemstrom et al., 1982; Konturek
et al., 1985).

A possible secondary mechanism whereby GLP-2 increases
the rate of HCO3 ™ secretion is through the release of vaso-
active intestinal peptide (VIP) from submucosal enteric
nerves. Compelling data supporting this supposition include
the well established secretagogue activity of VIP for duode-
nal epithelial HCO;  secretion (Isenberg et al., 1984), coex-
pression of VIP and GLP-2 receptor (GLP-2R) on enteric
nerves (Guan et al., 2006), and mediation of the enteric
smooth muscle and vasodilatory effects of GLP-2 by VIP and
nitric oxide (NO) (Guan et al., 2006; Amato et al., 2009).

We thus tested the hypothesis that activation of umami
taste receptors, expressed on enteroendocrine cells, evokes
GLP-1, GLP-2, or GIP release, which then releases VIP from
enteric nerves, eliciting epithelial HCO, ™ secretion. Here, we
show that the umami ligands 1-Glu + IMP evoked GLP-2
release, presumably from L cells, which activated GLP-2R,
increasing the rate of HCO4 ™ secretion, mediated by VIP and
NO. Luminal .-Glu/IMP also increased GLP-1 release into
portal vein (PV). Because GLP-1 is insulinotropic and GLP-2
is intestinotrophic, umami receptor activation by luminal
amino acids may, in addition to evoking HCO,  secretion,
protect and repair the duodenal mucosa while improving
glycemic control.

Materials and Methods

Chemicals and Animals. GIP(1-39), exendin (Ex)-4, rat GLP-2,
Ex-3(9-33), VIP(6-28), and 6-[[2-[[2-(2S)-2-cyano-1-pyrrolidinyl]-2-
oxoethyl]amino]ethyl]amino-3-pyridinecarbononitrile (NVP DPP
728) dihydrochloride were obtained from Tocris Bioscience (Ellis-
ville, MO). Pro®GIP was from Phoenix Pharmaceuticals (Belmont,
CA). GLP-2(3-33) was synthesized by California Peptide Research,
Inc. (Napa, CA). L-Glu, IMP, NC-nitro-L-arginine methyl ester (L-
NAME), L-Arg, indomethacin, capsaicin, atropine, bovine serum al-
bumin (BSA), HEPES, and other chemicals were obtained from
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Sigma (St. Louis, MO). Krebs’ solution contained 136 mM NacCl, 2.6
mM KCl, 1.8 mM CaCl,, and 10 mM HEPES at pH 7.0. Osmolarity
was adjusted to isotonic by reducing NaCl concentration. The pH of
the Krebs’ solution was adjusted to pH 7.0 after compounds were
dissolved. All solutions were prewarmed to 37°C in a water bath;
temperature was maintained using a circulating water heating pad.
All studies were performed with approval of the Veterans Affairs
Institutional Animal Care and Use Committee. Male Sprague-Daw-
ley rats weighing 200 to 250 g (Harlan, Indianapolis, IN) were fasted
overnight, but had free access to water.

Measurement of Duodenal HCO;~ Secretion. Duodenal loops
were prepared and perfused as described previously (Mizumori et al.,
2006; Akiba et al., 2007, 2009). In brief, under isoflurane anesthesia
(2%), the proximal duodenal loop (perfused length 2 cm) was per-
fused with pH 7.0 normal saline by using a peristaltic pump (Thermo
Fisher Scientific, Waltham, MA) at 1 ml/min. The perfusate was
bubbled with 100% O, and stirred and warmed at 37°C with a
heating stirrer (Barnstead International, Dubuque, IA). The pH of
the perfusate was kept constant at 7.0 with a pH stat (models
PHM290 and ABU901; Radiometer Analytical, Lyon, France). Fur-
thermore, to eliminate the buffer action of agonists or antagonists,
which would overestimate or underestimate the titration volume
using a pH stat, two sets of flow-through pH and CO, electrodes
(Lazar Research Laboratories, Inc., Los Angeles, CA) were connected
in the perfusion loop where pH and CO, concentration ([CO,]) were
simultaneously and continuously measured. Because the input (per-
fusate) [CO,] is ~0, the effluent [CO,] and pH were used to calculate
the total CO, output equivalent to the secreted HCO;  as described
previously (Mizumori et al., 2006; Akiba et al., 2007). To prevent
contamination of the perfusate from bile or pancreatic juice, the
pancreaticobiliary duct was ligated just proximal to its insertion into
the duodenal wall and cannulated with a PE-10 tube to drain the
juice. After stabilization with continuous perfusion of pH 7.0 saline
for ~30 min, the time was set as ¢ = 0. The duodenal loop was
perfused with pH 7.0 saline from # = 0 min until # = 10 min (basal
period). The perfusate was then changed to pH 7.0 saline or pH 7.0
Krebs buffer from ¢ = 10 min until ¢ = 35 min (challenge period),
with or without chemicals. At ¢ = 10 min, the system was gently
flushed so as to rapidly change the composition of the perfusate.
Duodenal HCO;~ secretion was expressed as total CO, output cal-
culated from the measured pH and [CO,] in the effluent solution as
reported previously (Akiba et al., 2007, 2009).

Experimental Protocol. To examine the effect of exogenous
GIP, GLP-1, or GLP-2 on duodenal HCO3~ secretion, vehicle (0.1%
BSA in sterile saline), a potent GIP receptor (GIP-R) agonist GIP(1-
39), a high-affinity GLP-1 receptor (GLP-1R) agonist Ex-4 (Goke et
al., 1993), or rat GLP-2 was intravenously infused (0.01-1 nmol/kg/h)
via femoral vein during the challenge period (¢ = 10—35 min).

We have reported that luminal perfusion of L-Glu or IMP alone has
little effect on duodenal HCO; secretion, whereas coperfusion of
L-Glu and IMP synergistically increases HCO;~ secretion (Akiba et
al., 2009). To investigate the involvement of GIP or GLP receptor in
L-Glu/IMP-induced HCO3~ secretion, vehicle (0.1% BSA in sterile
saline), a specific GIP-R antagonist Pro®GIP (Gault et al., 2005), a
potent and selective GLP-1R antagonist Ex-3(9-39) (Goke et al.,
1993), or a GLP-2R antagonist, GLP-2(3-33) (Thulesen et al., 2002;
Baldassano et al., 2009) was bolus intravenously injected (3 or 30
nmol/kg) at ¢ = 10 min, followed by luminal perfusion of L-Glu (10
mM) and IMP (0.1 mM) in pH 7.0 Krebs’ solution.

Because the downstream signals of GLP-2R activation may in-
volve the release of VIP and NO (Guan et al., 2006), the effect of the
VIP receptor (VIP-R) antagonist VIP(6-28) or the NO synthase in-
hibitor L-NAME was examined. VIP(6-28) was bolus intravenously
injected (30 nmol/kg) at ¢ = 10 min, followed by luminal perfusion of
L-Glu (10 mM) and IMP (0.1 mM) in pH 7.0 Krebs’ solution. L-NAME
(0.1 mM) was coperfused with L-Glu and IMP with or without L-Arg
(10 mM).

To further study the mechanisms underlying L-Glu/IMP-induced
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HCO;™ secretion, the effect of cyclooxygenase (COX) inhibition, deaf-
ferentation, or muscarinic receptor inhibition was examined. Some
rats were pretreated with indomethacin (a cyclooxygenase inhibitor,
5 mg/kg i.p.) 1 h before or a high dose of capsaicin (125 mg/kg s.c.) 10
to 14 days before the experiments as described previously (Akiba et
al., 2009). Atropine (1 mg/kg) was bolus intravenously injected, fol-
lowed by luminal perfusion of L-Glw/IMP.

Measurement of GIP, GLP-1, and GLP-2 in Portal Venous
Blood. Plasma concentration of GIP, GLP-1, and GLP-2 was mea-
sured in the PV blood samples obtained from a PV catheter as
described previously (Mizumori et al., 2006). Before preparing the
duodenal loop as described above, the gastroduodenal branch of the
PV was cannulated with a 23-gauge metal cannula connected to a
PE-50 tube. The catheter was fixed with cyanoacrylate glue, and the
tube was filled with heparinized saline, enabling repeated blood
sampling. Three samples of PV blood (each 0.2 ml) were taken
followed by flushing with heparinized saline (each 0.2 ml). We con-
firmed that the three 0.2-ml blood withdrawals followed by saline
flushing did not change blood pressure or body temperature (Mizu-
mori et al., 2006). The samples were collected at the end of the basal
period (¢ = 15 min) and at 15 and 30 min after luminal perfusion with
L-Glu (10 mM) and/or IMP (0.1 mM) (¢ = 30 or 45 min) using a
syringe containing 1 pl each of EDTA (0.5 mM) and dipeptidyl
peptidase-IV inhibitor, NVP DPP 728 (10 pM). The samples were
immediately centrifuged at 3000g for 5 min, and their plasma was
stored at —80°C until measurements. Plasma was diluted with Tris-
HCI buffer (50 mM, pH 7.4) containing a protease inhibitor cocktail
(1 mg/ml; Sigma) and NVP DPP 728 (10 uM). Plasma concentration
of GIP, GLP-1, and GLP-2 was measured using a rat GIP EIA kit
(Phoenix Pharmaceuticals), total GLP-1 enzyme-linked immunosor-
bent assay kit, or rat GLP-2 EIA kit (ALPCO Diagnostics, Salem,
NH) according to the manufacturer’s protocol. Plasma concentration
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of VIP in PV blood was also measured using a VIP EIA kit (Bachem
California, Torrance, CA).

NO release into the lumen was measured with an NO,/NO; mea-
surement kit (Cayman Chemical, Ann Arbor, MI) based on nitrate
conversion to nitrite with nitrate reductase and detection of nitrite
by the Griess method. The luminal perfusate was collected every 5
min. Total NO,/NOg output was expressed as NO, output in the
effluent (nmol/min/cm).

Localization of GIP, GLP, and T1Rs in Rat Duodenum. Im-
munofluorescence was performed to localize GIP, GLP-1, GLP-2, and
T1Rs in rat duodenum. The cryostat sections of the duodenum fixed
with 4% paraformaldehyde were cut at 8 um. The sections were
incubated with primary antibodies for GIP (Phoenix Pharmaceuti-
cals), GLP-1, GLP-2 (ALPCO Diagnostics), T1R1 (Thermo Fisher
Scientific), or T1R3 (Abcam ple, Cambridge, UK), followed by incu-
bation with the corresponding fluorescein isothiocyanate-conjugated
secondary antibody (Millipore Bioscience Research Reagents, Te-
mecula, CA). The fluorescence was observed using confocal laser
microscopy (LSM-710; Carl Zeiss GmbH, Jena, Germany). Negative
controls were examined by omitting the primary antibody.

Statistics. All data are expressed as means = S.E.M. Data were
derived from six rats in each group. Comparisons between groups
were made by one-way analysis of variance followed by Fischer’s
least-significant difference test. P values of <0.05 were taken as
significant. The curve fit was performed using Prism (GraphPad
Software, Inc., San Diego, CA).

Results

Effect of Intravenous Infusion of GIP or GLP on
Duodenal HCO,;~ Secretion. Duodenal HCO5 ™ secretion

*t .

0.3 1.0
(nmolkg/hr)

Fig. 1. Effect of intravenous infusion of GIP(1-39), Ex-4, or
GLP-2 on duodenal HCO;~ secretion in rats. Duodenal
HCO, ™ secretion was measured as total CO, output using
flow-through pH and CO, electrodes. Vehicle, GIP(1-39)
(0.1-1 nmol/kg/h) (A and B), Ex-4 (0.1-1 nmol/kg/h) (C and
D), or GLP-2 (0.01-1 nmol/kg/h) (E and F) was intrave-
nously infused. A, C, and E, total CO, output over the time
course. Each data point represents mean + SE.M. (n = 6
rats). *#, p < 0.05 versus vehicle group. B, D, and F, total
HCO,;  output during the challenge period. Each data
point represents mean * SE.M. (n = 6). ¥, p < 0.05
versus vehicle group, T, p < 0.05 versus 0.1 group (B and
D) or 0.01 group (F).

0.3 1.0

0.1 1.0
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expressed as total CO, output was stable during duodenal
perfusion with pH 7.0 saline and intravenous infusion with
saline or vehicle (Fig. 1). Totally secreted HCO,~ during the
challenge period was calculated and expressed as total
HCO; ™ output (nmol/25 min/cm). Intravenous infusion of
GIP(1-39) dose-dependently increased HCO, ™ secretion (Fig.
1, A and B). Rat GLP-2 also dose-dependently increased
HCO; ™ secretion (Fig. 1, E and F), whereas a GLP-1R ago-
nist, Ex-4, gradually reduced HCO; ™ secretion (Fig. 1, C and
D). These results suggested that exogenous GIP or GLP-2
stimulates whereas GLP-1 mildly suppresses duodenal
HCO;™ secretion.

Synergistic Effect of L-Glu/IMP on Duodenal HCO;~
Secretion. To confirm the synergism of L-Glu and IMP, the
dose response to L-Glu or IMP on HCO, secretion was
examined. L-Glu at 1, 10, or 50 mM had little effect, but 100
mM increased HCO; ™ secretion (Fig. 2). IMP at 0.1 mM had
little effect, but 1 or 10 mM IMP increased HCO, ™ secretion.
Coperfusion of L-Glu (10 or 50 mM) with IMP (0.1 mM)
robustly increased HCO; ™ secretion, confirming the syner-
gistic effect of L-Glu and IMP.

Effect of Receptor Inhibition of GIP or GLP on L-Glu/
IMP-Induced Duodenal HCO;~ Secretion. Luminal
coperfusion of L-Glu (10 mM) and IMP (0.1 mM) after a bolus
intravenous injection of vehicle increased duodenal HCO, ™
secretion as reported previously (Akiba et al., 2009). A bolus
intravenous injection of the GIP-R antagonist Pro®GIP (30
nmol/kg) or the GLP-1R antagonist Ex-3(9-39) (30 nmol/kg)
had no effect on L-Gluw/IMP-induced HCO; ™~ secretion (Fig. 3,
A and B). In contrast, a GLP-2R antagonist, GLP-2(3-33) (3
nmol/kg i.v.), inhibited L-Glw/IMP-induced HCO; secretion
(Fig. 3C), suggesting that L-Glu/IMP-induced HCO;  secre-
tion is mediated by GLP-2R activation.

Because GLP-2(3-33) is a partial agonist for GLP-2R
(Thulesen et al., 2002), we confirmed the inhibitory effect of
GLP-2(3-33) on GLP-2-induced HCO;  secretion. A bolus
intravenous injection of GLP-2(3-33) (3 nmol/kg) inhibited
GLP-2 (0.1 nmol/kg/h)-induced HCO, ™ secretion (Fig. 4A),
whereas GLP-2(3-33) (3 nmol/kg i.v.) alone had a small effect
on HCO;  secretion (Fig. 4B), confirming GLP-2(3-33) as a
partial agonist.

Effect of Luminal Perfusion of L-Glu and/or IMP on
GIP or GLP Release into PV. Because we have reported

400-
g
‘g’ —o— L-Glu
:, 300+ —o— IMP
E— —= L-Glu + IMP (0.1 mM)
£ 2001
o
g __D/g)l
(8]
I 1001 5
8
L
ol— . .

0.1 1 10 100

[L-Glu] or [IMP] (mM)

Fig. 2. Dose response of HCO; ™ secretion to luminal perfusion of L-Glu
and/or IMP in rat duodenum. Total HCO,; output (wmol/25 min/cm)
during the challenge period in L-Glu, IMP, or L-Glu + IMP group was
compared with Krebs alone perfusion group and expressed as percentage
of control. Each data point represents mean = S E.M. (n = 2—-6).
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Fig. 3. Effect of receptor inhibitor of GIP, GLP-1, or GLP-2 on L-Glw/IMP-
induced HCO,  secretion in rat duodenum. Vehicle (Veh), Pro®*GIP (30
nmol/kg) (A), Ex-3(9-39) (30 nmol/kg) (B), or GLP-2(3-33) (3 nmol/kg) (C)
was bolus intravenously injected at ¢ = 10 min followed by luminal
coperfusion of L-Glu (10 mM) and IMP (0.1 mM). Each data point repre-
sents mean *+ S.E.M. (n = 6 rats). *, p < 0.05 versus pH 7.0 Krebs group.
T, p < 0.05 versus intravenous vehicle + L-Glu + IMP group.
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that luminal coperfusion of L-Glu and IMP stimulates
duodenal HCO;  secretion, possibly via the activation of
T1R1/R3 expressed in the duodenal mucosa (Akiba et al.,
2009), and because T1R2/R3 activation increases incretin
release (Jang et al., 2007), we measured PV plasma concen-
trations of GIP and GLP before and after luminal perfusion of
T1R1/R3 ligands L-Glu and/or IMP. Stable PV concentrations
of GIP, GLP-1, and GLP-2 were observed during luminal
perfusion of pH 7.0 Krebs as a control group (Fig. 5). Luminal
perfusion of L-Glu (10 mM), IMP (0.1 mM), or both had no
effect on PV GIP concentration (Fig. 5A). L-Glu or IMP alone
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had no effect, but L-Glw/IMP increased PV GLP-1 concentra-
tion only at ¢ = 45 min (Fig. 5B). In contrast, luminal L-Glu
or IMP alone transiently increased PV GLP-2 concentration,
whereas L-GIW/IMP continuously and synergistically in-
creased PV GLP-2 concentration (Fig. 5C), suggesting that
luminal L-GluW/IMP increases GLP-2 release followed by
GLP-1 release into the PV.

Localization of GIP, GLP-1, GLP-2, and T1Rs in Rat
Duodenal Mucosa. GIP-, GLP-1-, or GLP-2-like immunore-
activity was recognized in the endocrine-like cells in the
duodenum (Fig. 6, A—C). Furthermore, T1R1- or T1R3-like
immunoreactivity was also observed in the endocrine-like
cells (Fig. 6, D and E). These observations were consistent
with previous reports of the duodenum or jejunum (The-
odorakis et al., 2006; Jang et al., 2007; Mace et al., 2007),
supporting our hypothesis that the activation of TIR1/R3 by
luminal compounds may release GIP or GLP from the corre-
sponding endocrine cells in rat duodenum.

Effect of VIP(6-28) or L.-NAME on L-GlwW/IMP-Induced
Duodenal HCO,;~ Secretion. To further investigate the
downstream signals of L-Glu and IMP after GLP-2R activa-
tion, we examined the effect of a VIP-R antagonist or an NO
synthase inhibitor on L-Glu/IMP-induced HCO; ™ secretion. A
bolus intravenous injection of VIP(6-28) (30 nmol/kg) inhib-
ited L-Glw/IMP-induced HCO; ™~ secretion (Fig. 7A). Coperfu-

Fig. 4. Effect of intravenous GLP-2(3-33) on GLP-2-in-
duced HCO,~ secretion in rat duodenum. GLP-2(3-33) (3
nmol/kg) was bolus intravenously injected at ¢ = 10 min
followed by continuous intravenous infusion of GLP-2 (0.1
nmol/kg/h) (A) or saline (B). Each data point represents
mean * SEM. (n = 6 rats). *, p < 0.05 versus vehicle
group or intravenous vehicle group. f, p < 0.05 versus
intravenous vehicle + GLP-2 group.

sion of L-NAME (0.1 mM) with L-Glw/IMP also inhibited
L-Gluw/IMP-induced HCO, ™ secretion, whereas the addition of
L-Arg (10 mM) in the perfusate reversed the inhibitory effect
of L-NAME (Fig. 7B). We also measured VIP plasma concen-
tration in PV blood and NO release into the lumen. Luminal
perfusion of L-Glw/IMP increased VIP concentrations in PV
(Fig. 8A). NO, output in the effluents was gradually in-
creased during L-Glw/IMP perfusion (Fig. 8B). Both VIP and
NO release in response to luminal L-Glu/IMP were abolished
by GLP-2(3-33) (3 nmol/kgi.v.), confirming that the release of
VIP and NO is downstream of GLP-2R activation. These
results suggest that the stimulatory effect of luminal L-Glu/
IMP on HCO4 ™ secretion includes the release of VIP and NO
after GLP-2R activation, similar to a published report (Guan
et al., 2006).

Effect of COX Inhibition, Deafferentation, or Musca-
rinic Receptor Inhibition on L-GlwW/IMP-Induced Duo-
denal HCO,;~ Secretion. To investigate whether prosta-
glandin (PG) synthesis, afferent nerves, or vagal efferent
nerves are involved in the effect of L-Glu/IMP, we examined
the effect of indomethacin pretreatment, capsaicin pretreat-
ment, or atropine intravenous injection, respectively, on L-
Glu/IMP-induced HCO;~ secretion. Indomethacin pretreat-
ment (5 mg/kg i.p.) had no effect on the initial increase in
HCO;™ secretion, but inhibited the sustained increase of
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Fig. 5. Effect of luminal perfusion with L-Glu and/or IMP on the release
of GIP, GLP-1, or GLP-2 into PV. PV blood was collected before and after
luminal perfusion of L-Glu (10 mM), IMP (0.1 mM), or both. Plasma
concentration of GIP (A), GLP-1 (B), or GLP-2 (C) was measured. Each
data point represents mean = S.E.M. (n = 6 rats). *, p < 0.05 versus pH
7.0 Krebs group. , p < 0.05 versus L-Glu group.

HCO;  secretion during L-Glw/IMP perfusion (Fig. 9A), sug-
gesting that the COX-PG pathway is involved in the later
period of L-GlwW/IMP-induced HCO; secretion. Capsaicin
pretreatment (125 mg/kg s.c.) or atropine (1 mg/kg i.v.) had
no effect on the L-Glw/IMP-induced HCO4 ™ secretion (Fig. 9,
B and C), suggesting that the afferent-vagal efferent reflex is
not likely to be involved in the mechanism.

Discussion

We demonstrated for the first time that GLP-2 is a secre-
tagogue for duodenal HCO;  secretion in vivo and luminal
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Fig. 6. Expression of GIP, GLP-1, GLP-2, and taste receptors in rat
duodenum. The cryostat sections of duodenum were immunostained with
antibodies for GIP (A), GLP-1 (B), GLP-2 (C), T1R1 (D), or T1R3 (E). Scale
bars, 50 pm.

L-Glw/IMP-induced HCO,; ™ secretion is mediated by GLP-2
release and GLP-2R activation followed by VIP and NO re-
lease. The incretin, GIP, which is also a secretagogue (Flem-
strom et al., 1982; Konturek et al., 1985), and the incretin
GLP-1, which is coreleased with GLP-2 from L cells (Orskov
et al., 1986), were not involved in L-Glu/IMP-related duode-
nal HCO, ™ secretion. This study suggests that umami recep-
tor activation by luminal amino acids protects the duodenal
mucosa from injury through the stimulation of protective
HCO,™ secretion. Furthermore, because GLP-2 is an intes-
tinotrophic hormone (Tsai et al., 1997), increased GLP-2 re-
lease by luminal amino acids may accelerate repair of dam-
aged intestinal epithelium. Concomitant release of GLP-1
may also improve glucose metabolism.

We showed that intravenous infusion of GLP-2 increased
duodenal HCO;  secretion. GIP infusion also increased
HCO;  secretion, consistent with previous reports (Flem-
strom et al., 1982; Konturek et al., 1985), whereas GLP-1
infusion was inhibitory. In Ussing-chambered guinea pig il-
eum, GLP-2 itself has no effect on anion secretion, but sup-
pressed neurally evoked anion secretion (Baldassano et al.,
2009), inconsistent with our results, whereas GLP-2 effects
were inhibited by GLP-2(3-33) and a VIP-R antagonist, con-
sistent with our results. The discrepancy may be explained
by differences in species, intestinal segments, and prepara-
tion. We also confirmed that GLP-2(3-33) antagonized the
GLP-2 receptor and GLP-2(3-33) alone had only a small effect
on HCO4 ™ secretion, because GLP-2(3-33) is a partial agonist
(Thulesen et al., 2002).

We reported previously that luminal L-Glu enhances duo-
denal mucosal defense mechanisms via multiple pathways
including metabotropic glutamate receptors and T1R1/R3,
whereas calcium-sensing receptor activation produced some-
what discordant effects (Akiba et al., 2009). Bicarbonate se-
cretion is one of the most important and most-studied duo-
denal defense mechanisms (Allen and Flemstrom, 2005).
Although individual amino acids or metabotropic glutamate
receptor agonists have no effect on HCO; ™ secretion, coper-
fusion of an amino acid with IMP synergistically increases
HCO; ™ secretion (Akiba et al., 2009). We also examined the
dose response of L-Glu and IMP. 1-Glu obviously increased
HCO;  secretion only at 100 mM, whereas the addition of
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fusion on L-Glw/IMP-induced HCO, ™ secretion in rat duo-
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L-Glu (10 mM) and IMP (0.1 mM). Each data point repre-
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IMP at 0.1 mM, which alone had little effect, to L-Glu at 10 or
50 mM markedly increased HCO;™ secretion, confirming the
synergism. Synergism with nucleotide monophosphates is
characteristic of activation of the umami T1R1/R3 taste re-
ceptor due to a cooperative binding site for L-Glu and IMP on
the Venus flytrap domain of T1R1 (Zhang et al., 2008), sup-
porting our hypothesis that L-Glu/IMP-induced HCO;™ se-
cretion is mediated by umami receptor activation. IMP at
higher doses also increased HCO; ™ secretion with increased
ATP output (data not shown), possibly including the ATP-
P2Y pathway, because IMP may competitively inhibit intes-
tinal alkaline phosphatase as reported previously (Mizumori
et al., 2009).

Expression of T1Rs in the gastrointestinal mucosa or en-
teroendocrine cells is still controversial. TIR1 and T1R3 are
immunolocalized on the brush border of villous epithelial
cells and in the endocrine cells of proximal intestine (Jang et
al., 2007; Mace et al., 2007). We also localized T1R1- and
T1R3-positive cells of endocrine-like morphology to rat duo-
denum. Furthermore, the related sweet taste receptor
T1R2/R3 heterodimer is expressed in GLP-1-positive L cells,
implicated in sweet taste receptor-mediated GLP-1 release
(Margolskee et al., 2007). Single L-amino acids, including
L-Glu, increased GLP-1 release from cultured enteroendo-
crine-like GLUTag cells (Reimann et al., 2004). In humans,
oral glutamine increased circulating GLP-1 concentration at
similar concentrations to oral glucose (Greenfield et al.,
2009). In contrast, purified L cells from transgenic mice with

green fluorescent protein-tagged proglucagon gene promoter
have low expression of T1R1, T1R2, and T1R3, similar to the
low expression on lingual taste buds (Reimann et al., 2008).
Artificial sweeteners, which serve as high-affinity T1IR2/R3
ligands, fail to release GLP-1 in rats in vivo, in humans, and
from purified L cells (Reimann et al., 2008; Fujita et al., 2009;
Little et al., 2009; Ma et al., 2009), demonstrating that glu-
cose sensing in L cells is not likely mediated by T1R2/R3.
Furthermore, .-Glu meal supplementation had no effect on
circulating postprandial plasma concentrations of glucose,
insulin, glucagon, or GLP-1 in humans (Boutry et al., 2011).
Although glucose-induced GLP-1 release is probably mediated
by the sodium-glucose cotransporter SGLT1 in L cells, rather
than by the T1R2/R3 sweet receptor, our finding that luminal
L-GlwWIMP releases GLP-2 via T1R1/R3 activation remains
possible. The discrepancy may be explained by the species
differences or different route of application (i.e., oral, intra-
gastric, or intraduodenal).

The source of GLP-2 is also controversial. The early post-
prandial rise of GLP-1 plasma concentration within 10 to 15
min of food ingestion is explained by a proximal-distal loop in
which luminal nutrient detection in the proximal intestine
regulates GLP-1 release from distal L cells via the neuronal
or hormonal pathways, because L cell density is low in the
proximal intestine (Brubaker and Anini, 2003). Neverthe-
less, L cell density in the human duodenum is adequate to
explain the early phase of GLP-1 secretion (Theodorakis et
al., 2006). We also confirmed the presence of GLP-1 and
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GLP-2 immunoreactive endocrine-like cells in rat duodenum.
Furthermore, L-Gluw/IMP-induced HCO; ™ secretion was not
affected by treatment with atropine or selective deafferenta-
tion with high-dose capsaicin, suggesting that locally re-
leased GLP-2 in the perfused duodenum may stimulate
HCO; ™ secretion. Yet, GLP-2 release from distal intestinal L
cells via cholecystokinin release from the proximal I cells
remains possible, because cholecystokinin releases peptide
YY from colonic L cells (Greeley et al., 1989).

GLP-2 activates GLP-2R, which are expressed on myen-
teric neurons and endocrine cells (Guan et al., 2006). GLP-
2-induced mesenteric hyperemia is mediated by VIP and NO
(Guan et al., 2006), suggesting that released GLP-2 activates
GLP-2R expressed on myenteric neurons, releasing VIP or
NO, which increases HCO; ™ secretion via the cellular cAMP
or cGMP pathways, respectively, as reported previously (Yao
et al., 1993; Takeuchi et al., 2011). These pathways are
consistent with our results that L-GlwW/IMP-induced HCO4™
secretion was inhibited by a GLP-2R antagonist, a VIP-R
antagonist, and an NO synthase inhibitor. Enhancement of
HCO;™ secretion through VIP release is similar to a mecha-
nism postulated in a prior report in which a VIP-R antagonist
impaired acid-induced HCO,  secretion (Takeuchi et al.,
1998). Furthermore, VIP release in PV was increased by
luminal L-GlwW/IMP, followed by increased luminal NO, out-
put, and both were inhibited by a GLP-2R antagonist, sug-
gesting that VIP released from VIP-positive myenteric neu-

—o— pH 7.0 Krebs
1 —=— |-Glu + IMP
—— GLP-2(3-33)iv + L-Glu + IMP

rons via GLP-2R activation stimulates VIP-R on NO
synthase-positive neurons, which release NO. Direct contri-
bution of VIP and NO to HCO;  secretion from epithelial
cells is still unclear. Interaction between VIP and NO in the
regulation of duodenal HCO;  secretion will be further clar-
ified, as reported for fluid secretion in jejunum (Mourad et
al., 2003). COX inhibition inhibited L-GlW/IMP effects only
during the late period. Because NO increases PGs release
(Takeuchi et al., 2011), release of PGs in response to NO
release may affect the sustained increase of HCO, ™ secretion
during L-GlwW/IMP perfusion.

GLP-2 increases intestinal mass and villous height due to
increased epithelial cell proliferation (Tsai et al., 1997).
GLP-2 or its stable analog teduglitide is hence used for the
treatment of short bowel syndrome (Jeppesen et al., 2011).
Furthermore, exogenous GLP-2 prevents experimental en-
teritis or colitis in animal models (Boushey et al., 1999;
Drucker et al., 1999) and has also been used clinically to treat
Crohn’s disease (Buchman et al., 2010). Our results suggest
that luminal nutrients such as amino acids increase GLP-2
release, which may prevent and repair intestinal injury. The
intestinotrophic action of GLP-2 is potentiated by enteral
nutrients, which increase plasma GLP-2 concentrations (Liu
et al., 2008), supporting our hypothesis.

In conclusion, the mechanisms of L-Gluw/IMP-induced duo-
denal HCO;  secretion involve GLP-2 release and GLP-2R
activation, followed by VIP and NO release. Luminal nutri-
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Fig. 9. Effect of cyclooxygenase inhibition, deafferentation, or atropine on
L-Glw/IMP-induced HCO,~ secretion in rat duodenum. Rats were pre-
treated with vehicle (Veh-t), indomethacin (Indo-t), or capsaicin (Cap-t)
or intravenously injected with vehicle or atropine (1 mg/kg). Indo-t par-
tially inhibited L-Glw/IMP-induced HCO,~ secretion, whereas Cap-t (B)
or intravenous atropine (C) had no effect. Each data point represents
mean *= S.E.M. (n = 6 rats). *, p < 0.05 versus pH 7.0 Krebs group. f,p <
0.05 versus Veh-t + L-Glu + IMP group.

ent receptor activation, including the umami receptor, may
protect the intestinal mucosa by enhancing HCO; ™ secretion,
in addition to the intestinotrophic effects of GLP-2 and the
insulinotropic effects of GLP-1.
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