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Abstract

Background—Circulating endotoxin (lipopolysaccharide, LPS) increases the gut paracellular
permeability. We hypothesized that glucagon-like peptide-2 (GLP-2) acutely reduces LPS-related
increased intestinal paracellular permeability by a mechanism unrelated to its intestinotrophic
effect.

Methods—We assessed small intestinal paracellular permeability in vivo by measuring the
appearance of intraduodenally perfused FITC-dextran 4000 (FD4) into the portal vein (PV) in rats
1-24 h after LPS treatment (5 mg/kg, ip). We also examined the effect of a stable GLP-2 analog
teduglutide (TDG) on FD4 permeability.

Results—FD4 movement into the PV was increased 6 h, but not 1 or 3 h after LPS treatment,
with increased PV GLP-2 levels and increased mRNA expressions of proinflammatory cytokines
and proglucagon in the ileal mucosa. Co-treatment with a GLP-2 receptor antagonist enhanced PV
FD4 concentrations. PV FD4 concentrations 24 h after LPS were higher than FD4 concentrations
6 h after LPS, reduced by exogenous GLP-2 treatment given 6 or 12 h after LPS treatment. FD4
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uptake measured 6 h after LPS was reduced by TDG 3 or 6 h after LPS treatment. TDG-associated
reduced FD4 uptake was reversed by the VPACL1 antagonist PG97-269 or L-NAME, not by EGF
or IGF1 receptor inhibitors.

Conclusions—Systemic LPS releases endogenous GLP-2, reducing LPS-related increased
permeability. The therapeutic window of exogenous GLP-2 administration is at minimum within
6-12 h after LPS treatment. Exogenous GLP-2 treatment is of value in the prevention of increased
paracellular permeability associated with endotoxemia.

Keywords

Lipopolysaccharide; Teduglutide; Intestinal paracellular permeability; Vasoactive intestinal
peptide; Nitric oxide

Introduction

Lipopolysaccharide (LPS, endotoxin) is a lipophilic pathogenic factor derived from gut
Gram-negative bacteria. Translocation of LPS or Gram-negative bacteria across the gut
causes endotoxemia, associated with sepsis and severe acute illness, which triggers systemic
inflammation. Systemic inflammation also increases intestinal paracellular permeability,
associated with endotoxemia, further increasing systemic inflammation. Severe systemic
inflammation associated with acute pancreatitis, fulminant hepatitis, burns, trauma, and
severe infections is often complicated by endotoxemia [1]. Increased entry of LPS from the
intestinal lumen enhances multiple organ injury. Chemically induced dextran sulfate sodium
(DSS) colitis increases portal vein LPS levels, increasing liver injury [2]. Reduction of
intestinal luminal LPS by antibiotics reduces ischemia-induced lung injury [3]. Therefore,
therapeutics that decreases “secondary” endotoxemia that is aimed at reducing intestinal
LPS transport may prevent the morbid complications of critical illness [4].

Glucagon-like peptide-2 (GLP-2) is an intestinotrophic hormone released from
enteroendocrine L cells [5]. Chronic treatment with GLP-2 (twice a day for 14 days)
prevents LPS translocation into the circulation [6], attributed to its pro-proliferative effects
with increased expression of tight junction proteins. The intestinotrophic effects of GLP-2
are mediated by the release of growth factors, insulin-like growth factor-1 (IGF1), or
epidermal growth factor (EGF) [7, 8], mostly from the peri-epithelial mesenchymal
syncytium that expresses GLP-2 receptors (GLP2Rs) [9, 10]. Furthermore, GLP2Rs are also
expressed on the enteric neurons of the myenteric and submucosal plexuses that express
nitric oxide synthase (NOS) and vasoactive intestinal peptide (VIP) [11], suggesting that
GLP-2 acutely affects mucosal responses via NO and VIP release. NO and VIP increase
mucosal blood flow, increase epithelial anion secretion, and reduce gut paracellular
permeability [12-17]. Therefore, we hypothesized that GLP-2 acutely affects small intestinal
paracellular permeability following the induction of systemic inflammation via NO and VIP
pathways, rather than via the growth factor pathway.

Systemic LPS treatment releases GLP-1 from enteroendocrine L cells directly or indirectly.
In mice, a single dose of LPS time-dependently increased serum GLP-1 levels at ~ 2 h
accompanied by hyperinsulinemia and hypoglycemia in an interleukin (IL)-6-dependent
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manner [18]. Another group also reported that a single ip LPS injection increased plasma
GLP-1 levels at 6 h in mice [19]. Plasma GLP-1 levels are higher in critically ill patients in
an intensive care unit (ICU) compared with healthy control subjects and higher in sepsis
patients in an ICU cohort than in non-septic patients [18]. LPS directly stimulates GLP-1
release from L cells via Toll-like receptor-4 (TLR4) activation at 3 h in mice and at 1-24 h
in the L cell model cell lines, GLUTag cells, and secretin tumor cell (STC)-1 cells [20].
Since equimolar amounts of GLP-1 and GLP-2 are released from stimulated L cells [21],
LPS treatment may increase endogenous release of GLP-2 from L cells as well. Therefore,
we also hypothesized that endogenous GLP-2 alters small intestinal paracellular
permeability under systemic inflammation.

Here, we examined the effects of endogenous and exogenous GLP-2 on increased small
intestinal paracellular permeability induced by systemic LPS treatment as a simple and
reproducible model of acute inflammation [22, 23]. We used fluorescein isothiocyanate
(FITC)-conjugated dextran 4 kDa (FD4) as a model paracellular permeability marker [24]
measuring FD4 appearance in the portal vein (PV) in rats in vivo in order to assess the
dynamics of FD4 movement across the small intestinal mucosa after LPS treatment. We
further examined the effects of a stable GLP-2 analog teduglutide (TDG) on FD4
permeability during LPS-induced systemic inflammation.

Materials and Methods

Animals

Chemicals

Male Sprague-Dawley rats weighing 200-250 g (Harlan, San Diego, CA, USA) were fed a
pellet diet and water ad libitum. All studies were performed with approval of the Veterans
Affairs Institutional Animal Care and Use Committee. Some rats were fasted overnight with
free access to water before the experiments, but some were fed ad libitum. Animals were
euthanized by terminal exsanguination under deep isoflurane anesthesia, followed by
thoracotomy.

Teduglutide (TDG, Shire Pharmaceuticals USA, Lexington, MA, USA) was provided by the
Pharmacy Service of the West Los Angeles Veterans Affairs Medical Center. Rat GLP-2,
NVP-728, NVP-AEW-541 (AEW541), and PD153035 were obtained from Tocris
Bioscience (Ellisville, MO, USA). Rat GLP-2(3-33) was synthesized by Bachem Americas,
Inc. (Torrance, CA). The VIP/pituitary adenylate cyclase-activating peptide (PACAP)
receptor 1 (VPAC1) antagonist PG97-269, [Ac-His?, D-Phe?, Lys!5, Argl6, Leu?’]-
VIP(1-7)-GRF(8-27) [25], was synthesized using solid-phase methodology according to the
Fmoc strategy using an automated peptide synthesizer (Model Pioneer, Thermo Fisher
Scientific, Waltham, MA, USA). The crude peptide was purified using reverse-phase high-
performance liquid chromatography (HPLC, Delta 600 HPLC System, Waters, MA, USA)
on a column of Develosil ODS-HG-5 (2 x 25 cm, Nomura Chemical Co., Ltd, Seto, Japan).
The purity of each peptide was confirmed by analytical HPLC and matrix-assisted laser
desorption/ionization time of flight and mass spectrometry (MALDI-TOF MS) analysis.
FD4, LPS (from E. coli 055:B5), N®-nitro-L-arginine methyl ester (L-NAME), and other
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chemicals were purchased from Sigma Chemical (St. Louis, MO, USA). NVP-AEW-541
and PD153035 were dissolved in dimethyl sulfoxide (DMSQ) for stock solution. All other
chemicals were dissolved in distilled water in order to prepare a stock solution.

LPS Treatment

Animals were treated with LPS (5 mg/kg, ip) once at 9 am. For the acute experiments, the
animals were fasted overnight and were treated with LPS 1, 3, or 6 h before the anesthesia
for small intestinal perfusion of FD4 as described below. For the 24-h experiments, the
animals fed ad libitum were treated with LPS 24 h before anesthesia induction used for the
perfusion study. As a control, saline was injected ip at the corresponding time before the
experiments. The animal groups were expressed as control, LPS 1 h, LPS 3 h, LPS 6 h, and
LPS 24 h.

Small Intestinal Perfusion

The small intestinal perfusion from the duodenum and portal vein (PV) cannulation were
prepared by the modified methods as previously reported [26, 27]. Under isoflurane
anesthesia (2%), the animal was placed spine on a recirculating heating block system
(Summit Medical Systems, Bend, OR, USA) in order to maintain body temperature at 36-37
°C. Prewarmed saline was infused via the right femoral vein at 1.08 ml/h using a Harvard
infusion pump (Harvard Apparatus, Holliston, MA, USA). The abdomen was incised, and
the PV was cannulated with a polyethylene (PE)-50 tube attached with 23G needle and fixed
by methacrylate adhesive at the insertion site. The tube was filled with heparinized saline
enabling repeated blood sampling. Samples of 0.2 ml PV blood were collected every 15 min,
followed by flushing with 0.2 ml heparinized saline. A polyethylene tube (diameter 5 mm)
filled with PBS was inserted through the forestomach and tied at 0.5 cm caudal from the
pyloric ring. After bolus perfusion of 2-ml phosphate buffer saline (PBS, 10 mM, pH 7.4)
into the duodenum from the tube, followed by stabilization for ~ 30 min, the time was set as
t=0. FD4 (0.1 mM) in 10-ml PBS was slowly perfused at #= 0 min for 30 s. Blood samples
were collected into 0.5-ml tubes containing 1 pl each of EDTA (0.5 M) and the dipeptidyl
peptidase-4 (DPP4) inhibitor NVP-728 (1 mM) and immediately centrifuged at 5000x g for 5
min, after which the plasma was stored on ice or at =80 °C until use. At 90 min, after
collection of PV samples, arterial blood was taken from abdominal aorta, followed by
euthanasia by thoracotomy.

Appearance of FD4 into the PV and arterial plasma was assessed by fluorescence intensity
measurement using a multi-mode microplate reader (Synergy-2, BioTek Instruments, Inc.,
Winooski, VT, USA). Fluorescence intensity in £= 0 sample as background was subtracted
from the fluorescence values measured in other time point samples. FD4 content was
calculated according to the standard curve generated each time of measurement.

Drug Treatment for the Intestinal Perfusion Study

The following drugs were administered at the time after LPS treatment: The GLP2R partial
agonist/antagonist GLP-2(3-33) (1 mg/kg; 280 nmol/kg, ip) [21, 28] was given immediately
after LPS treatment (O h after LPS treatment); GLP-2 (380 pg/kg; 100 nmol/kg, ip) was
given 6 h after LPS treatment; a stable GLP-2 analog TDG (50 pg/kg; 13.3 nmol/kg) [29]
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was ip injected 0, 3, 6, or 12 h after LPS treatment or iv injected at #= 0 min just before the
perfusion of FD4 solution (6 or 24 h after LPS treatment). In acute experiments, TDG was iv
injected at #= 0 min (6 h after LPS treatment) with or without the pretreatment of the
selective IGF1 receptor (IGF1R) tyrosine kinase inhibitor AEW541 (0.1 mg/kg, iv) [30], the
selective EGF receptor (EGFR) tyrosine kinase inhibitor PD153035 (10 pg/kg, iv) [31] or
PG97-269 (1 mg/kg, iv) at = =10 min, or the co-perfusion of L-NAME (0.1 mM, pf) with
FD4 solution.

GLP-2 Measurement in PV Plasma

GLP-2 content in PV plasma at #= 0 min of control (overnight fasted), control (fed ad
libitum), and LPS 6 h or LPS 24 h group was measured using a GLP-2 ELISA kit (Phoenix
Pharmaceuticals, Burlingame, CA) according to the manufacturer’s protocol.

Real-Time PCR

The mid-ileum (10-15 cm proximal from ileocecal junction) was removed from the animals
of overnight fasted control and LPS 6 h groups and kept in a RNA stabilization solution
(RNA /ater, Qiagen, Valencia, CA, USA) at 4 °C until use. The ileal mucosa was separated
from muscle layers using sharp dissection under a stereomicroscope. RT-PCR was
performed as previously described [27] with primers for rat proglucagon (Gcg), GLP2R,
cyclooxygenase-2 (COX2), tumor necrosis factor-a (TNF-a), interleukin 6 (IL-6), EGF,
IGF1, IGF1R, and IGF2R and for p-actin as internal control. The expression level was
presented as fold induction per 103 copies of B-actin by ACt method.

Immunofluorescence Staining

Statistics

Small pieces of intestine were immersed in Zamboni’s fixative containing 2%
paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer (pH 7.4) overnight for 4
°C. The fixed tissues were then submerged in 20% sucrose in PBS (pH 7.4) overnight at 4
°C and embedded in optimum cutting temperature compound. Frozen sections of 8-um
thickness were cut and placed on aminosilane-coated glass slides (Matsunami Glass USA
Inc., Bellingham, WA, USA). Sections were pretreated with 5% normal donkey serum in
PBS, followed by incubation with primary antibodies: goat anti-GLP2R (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA), rabbit anti-VIP (RayBiotech, Inc., Peachtree
Corners, GA, USA), or mouse anti-neuronal NOS (nNOS, Santa Cruz) overnight at 4 °C.
After rinsing in PBS, fluorescence-conjugated secondary antibodies (Molecular Probes,
Eugene, OR) were reacted for 2 h at room temperature. The sections were counterstained
with 4°,6-diamidino-2-phenylindole (DAPI) and covered with the mounting medium
(Invitrogen, Carlsbad, CA). Immunofluorescence was imaged and captured using a confocal
laser microscope (LSM710; Carl Zeiss GmbH, Jena, Germany).

Values are expressed as mean £ SEM. The number of animals in each experimental group
was 1= 6. Statistical analysis was performed using GraphPad® Prism 6 (La Jolla, CA, USA)
using one-way ANOVA or two-way ANOVA followed by Dunnett’s test or Tukey’s multiple
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comparisons. Unpaired Student’s ¢test was also used for two-group comparison. Differences
were considered significant when Pvalues were < 0.05.

Small Intestinal FD4 Permeability After LPS Treatment

First, we measured time-dependent changes in small intestinal FD4 permeability from the
lumen to the PV after LPS treatment (5 mg/kg, ip), reflecting intestinal paracellular
permeability. There was no change in FD4 appearance into the PV in the control group.
Compared with the control group, LPS treatment had no effect on PV FD4 levels 1 or 3 h
after LPS treatment, whereas PV FD4 levels were increased 6 h after LPS treatment ( Fig.
1a). Arterial FD4 levels at £= 90 min (the end of experiments) also mirrored PV FD4 levels
(Fig. 1b). Therefore, we used the LPS 6 h model (6 h after LPS treatment) to study the
effects of acute drug treatment in the following experiments.

To test our hypothesis that endogenous GLP-2 is involved in LPS-induced increased
intestinal paracellular permeability, the animals were treated with the GLP2R antagonist,
GLP-2(3-33) (1 mg/kg, ip) immediately after LPS ip injection. PV FD4 levels were
increased at £= 30 min, sustained to #=90 min in the LPS 6 h group (Fig. 2a), accompanied
by increased arterial FD4 levels at £= 90 min at the end of the experiments (Fig. 2b), the
latter possibly reflecting the accumulated FD4 transported from the small intestinal lumen.
GLP-2(3-33) treatment further increased PV FD4 levels at £= 60-90 min (Fig. 2a) and
arterial FD4 levels at £= 90 min (Fig. 2b), suggesting that endogenous GLP-2 released in
response to LPS treatment reduces intestinal paracellular permeability and FD4 transport.

Next, we examined FD4 permeability 24 h after LPS treatment (LPS 24 h group). PV FD4
levels were increased 24 h after LPS treatment (Fig. 3a) with increased arterial FD4 levels
(Fig. 3b), higher than that in the LPS 6 h group (LPS 6 h 24.5+2.5vs. LPS24 h54.5 +
16.0, p< 0.05 by unpaired Student’s £test). Exogenous GLP-2 treatment given 6 h after LPS
treatment (380 pg/kg, ip) reduced PV and arterial FD4 levels (Fig. 3a, b), suggesting that
exogenous GLP-2 reduces LPS-induced intestinal paracellular permeability, even when
given 6 h after LPS treatment.

To clarify whether arterial FD4 levels reflect accumulated FD4 absorbed from the intestinal
lumen to the PV, area under the curve (AUC) of PV FD4 levels during the 90-min period
(uM min) from Figs 1, 2, and 3 was plotted against arterial FD4 levels at =90 min (Fig. 4).
Our analysis demonstrated that PV FD4 AUC and arterial FD4 levels were well correlated
(72 = 0.7113), suggesting that arterial FD4 levels reflect the total transported FD4 amount
into the PV.

To confirm the involvement of endogenous GLP-2 during LPS-induced increased intestinal
paracellular permeability, we measured PV GLP-2 levels of the animals 6 and 24 h after LPS
treatment. Compared with the corresponding control conditions (overnight fasted or fed ad
libitum), LPS treatment increased PV GLP-2 levels 6 h and 24 h after LPS treatment (Fig.
5a, b), suggesting that LPS directly or indirectly stimulates GLP-2 release from L cells of
the intestine.
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We also measured mRNA expression levels of proglucagon (Gcg) and proinflammatory
mediators in the ileal mucosa by real-time PCR. Compared with the control group,
expression of Geg was increased in the ileal mucosa of the group treated with LPS at 6 h
(Fig. 6a), suggesting that LPS directly or indirectly upregulates Gcg expression in the ileal L
cells, presumably to restore and further release GLP-2 and other proglucagon products.
Expression of COX-2 and the proinflammatory cytokines TNF-a and IL-6 in the ileum was
also upregulated by LPS treatment (Fig. 6¢-e). Furthermore, the expression of the growth
factors EGF, IGF1, and IGFR1 that are believed to be downstream of GLP-2 receptor
activation [7, 8] (Fig. 6f-h), but not GLP2R (Fig. 6b) or IGFR2 (Fig. 6i), was also
upregulated, suggesting that GLP2R activation during LPS-induced inflammation
upregulates its downstream signals.

Effects of Teduglutide (TDG) Treatment on LPS-Induced Intestinal FD4 Permeability

Next, we examined the effects of TDG treatment on FD4 permeability in LPS 6 h model.
TDG (50 pg/kg) was given 3 h after LPS treatment (ip) or 6 h after LPS treatment (iv at =0
min), after which PV FD4 levels were measured 6 h after LPS treatment. Compared with the
non-treated LPS 6 h group, TDG treatment at 3 h (ip) or 6 h (iv) after LPS treatment reduced
PV FD4 levels (Fig. 7a), suggesting that TDG acutely improves LPS-induced increased
intestinal FD4 permeability.

Furthermore, using the LPS 6 h model treated with TDG 6 h after LPS treatment, we
assessed the downstream mediators involved in the inhibitory effect of TDG on FD4
permeability. Pretreatment with the selective IGF1R tyrosine kinase inhibitor AEW541 (0.1
mg/Kkg, iv) (Fig. 7b) or EGFR tyrosine kinase inhibitor PD153035 (10 pg/kg, iv) (Fig. 7c)
had no effect on TDG-induced inhibitory effect on PV FD4 levels, whereas the selective
VPAC1 antagonist PG97-269 (1 mg/kg, iv) (Fig. 7d) and an NOS inhibitor L-NAME (0.1
mM, pf) (Fig. 7e) reversed the TDG effect on PV FD4 levels. Arterial FD4 levels were
reduced by PG97-269 and L-NAME, but were not affected by AEW541 or PD153035 (Fig.
7f), in agreement with the TDG-induced inhibitory effect on LPS-augmented PV FD4 levels.
These results suggest that acute TDG effects on LPS-induced FD4 permeability are
mediated by VIP and NO, but not by the growth factors IGF1 or EGF. Since NO derived
from inducible NOS (iNOS) contributes to the LPS-induced intestinal permeability increase
[32, 33], we also examined the effect of L-NAME alone on LPS-induced FD4 permeability.
Luminal co-perfusion of L-NAME with FD4 had no effect on LPS-induced increases in PV
FD4 levels at 6 h (Fig. 7g), suggesting that luminal application of L-NAME may not affect
iNOS activity in the small intestinal tissues or acute inhibition of INOS may not reverse
LPS-induced FD4 permeability.

We also tested the effects of TDG on FD4 permeability in an LPS 24 h model. The increased
PV FD4 levels 24 h after LPS treatment (LPS 24 h group) were reduced by TDG treatment 6
and 12 h after LPS treatment (LPS 24 h + TDG 6 h group and + TDG 12 h group), whereas
TDG treatment immediately after LPS treatment (LPS 24 h + TDG 0 h group) or 24 h after
LPS treatment (LPS 24 h + TDG 24 h group) had little effect on the increased PV FD4
levels (Fig. 8a), suggesting that TDG given immediately or 24 h after LPS treatment is
ineffective, whereas TDG given at 6-12 h after LPS treatment is effective in reducing
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inflammation-increased paracellular permeability. Increased arterial FD4 levels in the LPS
24 h group were inhibited by TDG treatment 6 h and 12 h after LPS treatment (LPS 24 h +
TDG 6 h, and + TDG 12 h), whereas TDG treatment O or 24 h after LPS treatment (LPS 24
h+ TDG 0 h, or + TDG 24 h) had no significant effect (Fig. 8b), mirrored by PV FD4 levels.
These results suggest that the therapeutic window of TDG treatment is at minimum 6-12 h
after LPS treatment.

Colocalization of GLP2R with VIP and nNOS in the Myenteric Plexus

Immunostaining revealed that GLP2R was colocalized with nNOS (Fig. 9a-c) and VIP (Fig.
9d-f) in the myenteric plexus neurons and intramuscular nerve fibers in rat duodenum. We
also confirmed colocalization of NNOS and VIP in the myenteric neurons and nerve fibers
(Fig. 9g-i). These results suggest that downstream of GLP2R activation involves VIP and
NO release, consistent with a prior report [11].

Discussion

We examined the dynamics of small intestinal FD4 permeability into the PV after systemic
LPS treatment in vivo in order to test whether endogenous or exogenous GLP-2 acutely
improves LPS-induced FD4 permeability and to ascertain optimal timing of treatment. We
demonstrated that PV FD4 levels increased 30-90 min after FD4 perfusion into the small
intestinal lumen 6 h after LPS treatment and further increased 24 h after LPS treatment and
that endogenous GLP-2 release was involved in LPS-induced increased FD4 permeability at
least 6 h after LPS treatment, whereas exogenous GLP-2 or the stable GLP-2 analog TDG
reduced LPS-induced FD4 permeability when given 3 and 6 h after LPS treatment when
FD4 uptake was measured 6 h after LPS injection and 6-12 h after LPS treatment when FD4
uptake was measured 24 h after LPS injection. We also confirmed that total FD4 movement
into the PV is closely related to arterial FD4 levels 90 min after FD4 perfusion. This is the
first study showing that parenteral LPS treatment acutely releases GLP-2, which defends
against LPS-induced increased small intestinal paracellular permeability via the NO and VIP
pathways (Fig. 10).

There are several reasons why we perfused the FD4 solution intraduodenally and measured
FD4 levels in the PV, rather than gavaged FD4 into conscious animals, followed by blood
collection at one time point in order to assess FD4 permeability. One is that FD4 distribution
into the small intestinal lumen following gavage of FD4 into the stomach is affected by
gastric emptying and small intestinal motility, that are prolonged during endotoxemia due to
gastroparesis and paralytic ileus, potentially confounding the measurements [34]. Another is
that the dynamics of PV FD4 levels is the most direct measurement of FD4 transport from
the small intestinal lumen to the blood stream. Last is that GLP-2 treatment may affect FD4
movement through the stomach and small intestine, since GLP-2 relaxes gastric smooth
muscle in mice and reduces antral motility in pigs [35, 36], although GLP-2 or TDG has
lesser or no effect on gastric emptying in humans [37, 38]. Therefore, we believe that our
method provides the most accurate quantification available of small intestinal paracellular
permeability of FD4 during LPS-induced systemic inflammation.
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We found that FD4 permeability was increased 6 h, but not 1 or 3 h after LPS injection. A
detailed histological study of mouse small intestine demonstrated that LPS injection (10
mg/kg) increased fluid exudation and villous shortening 1.5 h after injection with increased
apoptosis and cell shedding via TLR4- and TNF receptor 1-dependent mechanisms,
followed by plasma FD4 increase at 5 h, not at 1.5 or 3 h after injection [22], consistent with
our results. We also observed the upregulation of TNF-a in the ileal mucosa 6 h after LPS
treatment. These observations suggest that LPS-induced induction and release of TNF-a
damage villous cells with resultant epithelial gap formation and increased FD4 permeability.
Upregulation of growth factors that are downstream of GLP2R activation such as EGF,
IGF1, and IGF1R in the ileal mucosa of the LPS 6 h group also suggests that endogenous
GLP-2/GLP2R signaling is involved in rapid mucosal repair from LPS-induced
inflammation. Since LPS treatment rapidly induces villous and crypt cell apoptosis and
epithelial cell shedding, followed by the increased FD4 permeability from the small intestine
in mice [22], activation of the GLP2R—growth factor signal may contribute to rapid
restitution of the intestinal epithelium. Interestingly, LPS-induced increased FD4
permeability at 6 h was reversible. TDG treatment 3 and 6 h after LPS treatment inhibited
FD4 movement into the PV, suggesting that TDG acutely reverses LPS-induced FD4
permeability. GLP-2 increases release of the growth factors IGF1 and EGF. EGF, but not
IGF1, promotes restitution of damaged epithelial cells within 3 h [39]. IGF1 stimulates crypt
expansion by increasing the rate of proliferation and promotes epithelial repair from enteritis
in 5 days [40]. Therefore, IGF1 or EGF may be involved in the acute inhibitory effects of
TDG on FD4 permeability. Nevertheless, inhibition of IGF1 or EGF tyrosine kinase failed to
affect, whereas L-NAME and PG97-269 reversed the effects TDG on permeability,
suggesting that the acute inhibitory effects of TDG on LPS-induced FD4 permeability are
mediated by NO and VIP pathways, and not by growth factor pathways.

VIP modulates epithelial paracellular permeability via regulation of the expression and
function of epithelial tight junction proteins. VIPergic pathways increase the expression of
the tight junction protein zonula occludens-1 (ZO-1) peaking at 15 h in human polarized
colonic epithelial monolayers co-cultured with human submucosa containing the
submucosal plexus, associated with reduced epithelial paracellular permeability [16]. VIP
likely reduces FD4 flux through the epithelial monolayer in 30 min [16], suggesting that VIP
rapidly regulates FD4 permeability without altering the expression of tight junctional
proteins. Daily treatment with exogenous VIP also ameliorates bacterial infection-induced
intestinal barrier disruption by preventing the translocation of the tight junction proteins
Z0-1, occludin, and claudin-3 10 days post-infection in a Citrobacter rodentium-induced
colitis model [41]. Mucosal inflammation increases epithelial paracellular permeability
primarily due to the disruption of the epithelial tight junction complex by TNF-a and
interferon (IFN)-y derived from activated macrophages and T cells [42]. VIP and PACAP
equally reduce TNF-a release from activated macrophages induced by LPS [43], suggesting
that VIP-VVPAC signaling modifies epithelial paracellular permeability changes during
intestinal inflammation via inhibition of inflammatory cytokine release. Nevertheless, these
studies addressed the relatively long-term effect of VIP signals rather than acute effect of
VIP-VPAC signaling, which we observed as the inhibitory effects of TDG on LPS-induced
FD4 permeability that was acutely reversed by VPAC1 antagonism. The acute effect of VIP
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on FD4 permeability through the compromised small intestinal mucosa remains to be
clarified.

NO is involved in the increase of intestinal paracellular permeability that occurs in
inflammation. Excessive NO production derived from iNOS contributes to the increase of
paracellular permeability 24 h after LPS treatment (5 mg/kg) in rats, as assessed by the three
doses of iNOS inhibitor 2, 6, and 8 h after LPS treatment [32]. Increased FD4 flux through
everted ileal sacs of LPS-treated mice at 12 h with reduced ZO-1 expression was inhibited
by the iNOS inhibition and in iNOS knockout mice, whereas iNOS gene ablation likely
increases FD4 flux and reduces ZO-1 expression without LPS treatment [33], suggesting the
involvement of compensatory mechanisms in iNOS knockout mice. In contrast, we observed
that luminal co-perfusion of L-NAME acutely blunted the inhibitory effect of TDG on LPS-
induced increased FD4 permeability at 6 h, suggesting that NO derived from enteric NNOS
by TDG treatment reduces LPS-augmented FD4 permeability, independently of iNOS-
derived NO. Furthermore, luminal perfusion of L-NAME had no effect on the LPS-induced
FD4 permeability increase, suggesting that the effect of L-NAME on the reversal of
permeability due to TDG effect results from the inhibition of enteric nNOS rather than
inhibition of iINOS. Direct and dose-dependent effects of NO on epithelial paracellular
permeability remain to be determined.

The LPS 24 h model provides a clinical correlate for the therapeutic potency of TDG. Our
results showed that TDG treatment inhibited LPS-induced increased FD4 permeability at 6
and 12 h, but not 0 or 24 h after LPS treatment, suggesting that the reversal of LPS-induced
small intestinal paracellular permeability by TDG occurs within or somewhat outside of a 6-
12-h timeframe after LPS treatment. Since the serum £, of TDG is ~ 2 h [44], much longer
than the ~ 7 min £, of exogenous GLP-2 [45], the acute effect of TDG as observed in the
LPS 6 h model may contribute to the TDG-related reversal of LPS-mediated increased
intestinal permeability. These data imply that TDG may be beneficial only when
administered early in the course of severe inflammatory diseases such as acute pancreatitis,
fulminant hepatitis, burns, and other diseases complicated by the systemic inflammatory
response syndrome (SIRS), assuming that increased intestinal paracellular permeability is
related to the pathogenesis of SIRS, and not merely an inflammatory biomarker [46].

In conclusion, systemic treatment with LPS releases endogenous GLP-2, which acutely
preserves LPS-induced FD4 permeability in the small intestine associated with increased
Gceg expression and increased GLP-2 release. Furthermore, TDG inhibits LPS-induced FD4
permeability acutely via NO and VIP-VPAC1 pathways rather than via growth factor
pathways. TDG treatment may prevent the progression of intestinal barrier disruption during
endotoxemia, if given at the optimal time point after the induction of systemic inflammation.
Exogenous GLP-2 treatment is of value in the prevention of the paracellular permeability
increase associated with endotoxemia.
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Fig. 1.
Effect of LPS treatment on small intestinal paracellular permeability (6 h study). FITC-

dextran 4 kDa (FD4) solution (0.1 ml, 10 ml) was intraduodenally perfused at =0 min
under anesthesia in rats of 1, 3, or 6 h after LPS treatment (5 mg/kg, ip), or 6 h after saline
treatment (control). a FD4 concentration in portal venous (PV) plasma (PV FD4) collected
every 15 min. Background fluorescent intensity at £= 0 was subtracted from the value at
each time point, and calculated FD4 concentration is expressed as PV FD4 (nM) (mean +
SEM, 1= 6). *p < 0.05 versus control group, Tp< 0.05 versus LPS 1 h group, ¥p< 0.05
versus LPS 3 h group. b Arterial FD4 concentration at =90 min (mean = SEM, n=6). *p<
0.05 versus control, Tp< 0.05 versus LPS 1 h, ¥p< 0.05 versus LPS 3 h
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A

Effect of a GLP-2 receptor antagonist on LPS-induced increases in FD4 permeability. A
GLP-2 receptor antagonist GLP-2(3-33) (1 mg/kg, ip) was given immediately (0 h) after
LPS treatment. FD4 solution was perfused as indicated in Fig. 1. a PV FD4 concentration
(mean + SEM, 7= 6). *p< 0.05 versus control group, Tp < 0.05 versus LPS 6 h group. b
Avrterial FD4 concentration at £= 90 min (mean £ SEM, n= 6). *p < 0.05 versus control, tp

< 0.05 versus LPS 6 h
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[ Control
B LPS (5 mg/kg, ip) 24 hr
B LPS24hr+

GLP-2 (380 pgfkg, ip) 6 hr

#

FD4 permeability 24 h after LPS treatment; effect of GLP-2 treatment. LPS was injected (5
mg/Kkg, ip) 24 h before the experiments, and FD4 solution was perfused as indicated in Fig.
1. Rat GLP-2 (380 pg/kg, ip) was injected 6 h after LPS treatment. a PV FD4 concentration
(mean £ SEM, n=6). *p < 0.05 versus control group, tp < 0.05 versus LPS 24 h group. b
Arterial FD4 concentration at #= 90 min (mean = SEM, n=6). *p < 0.05 versus control, tp
< 0.05 versus LPS 24 h
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Correlation between FD4 transported into the PV and arterial FD4 concentration. Area under
the curve (AUC) of PV FD4 concentration (UM min) (PV FD4 AUC) calculated by the
trapezoidal rule, and arterial FD4 concentration (nM) at £= 90 min (arterial FD4) from the
data in Figs. 1, 2, and 3 was plotted. Linear regression was calculated by GraphPad® Prism 6

statistics software
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Fig. 5.
Effect of LPS treatment on PV GLP-2 levels. a Plasma GLP-2 content was measured in the

PV blood in overnight fasted control and 6 h after LPS treatment (LPS 6 h). Each column is
expressed as mean + SEM (7= 6). *p < 0.05 versus control (fasted). b Plasma GLP-2
content was measured in the PV blood in fed ad libitum control and 24 h after LPS treatment
(LPS 24 h). Each column is expressed as mean + SEM (7= 6). *p < 0.05 versus control

(fed)
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Effect of LPS treatment on expressions of GLP-2-related proteins and proinflammatory
mediators. MRNA expressions in the ileal mucosa of overnight fasted control and 6 h after
LPS treatment (LPS 6 h group) were assessed by real-time PCR using p-actin as internal
control with ACT method. Each column is expressed as mean + SEM (n=6). *p < 0.05
versus control (fasted). a Proglucagon (Gceg), b GLP-2 receptor (GLP2R), ¢
cyclooxygenase-2 (COX2), d tumor necrosis factor-a (TNF-a), e interleukin-6 (IL-6), f
epidermal growth factor (EGF), g insulin-like growth factor 1 (IGF1), h IGF1 receptor
(IGF1R), i IGF2R
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Effect of teduglutide on LPS-induced small intestinal FD4 permeability (6 h model). LPS
was given 6 h before the experiments. Teduglutide (TDG, 50 pg/kg) was injected 3 h (ip) or
6 h (iv at £= 0 min) after LPS treatment. The FD4 solution was perfused as indicated in Fig.
1. Test drugs were iv injected at £=-10 min, or co-perfused (pf) with FD4 solution. a PV
FD4 concentration (mean £ SEM, n= 6) of control, LPS6 h, LPS6 h + TDG 3 h, and LPS 6
h + TDG 6 h group. *p < 0.05 versus control group, Tp < 0.05 versus LPS 6 h group. b
Effect of IGF1R inhibitor NVP-AEW541 (AEW541) (0.1 mg/kg, iv) on the inhibitory effect
of TDG on LPS-induced PV FD4 increase (mean £ SEM, n=6). *p < 0.05 versus LPS 6 h.
¢ Effect of EGF receptor inhibitor PD153035 (10 pg/kg, iv) on the inhibitory effect of TDG
on LPS-induced PV FD4 increase (mean + SEM, n=6). *p < 0.05 versus LPS 6 h. d Effect
of VPACL1 antagonist PG97-269 (1 mg/kg, iv) on the inhibitory effect of TDG on LPS-
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induced PV FD4 increase (mean + SEM, 7= 6). *p < 0.05 versus LPS 6 h, tp < 0.05 versus
LPS 6 h + TDG 6 h. e Effect of NO synthase inhibitor L-NAME (0.1 mM, pf) on the
inhibitory effect of TDG on LPS-induced PV FD4 increase (mean + SEM, n=6). *p < 0.05
versus LPS 6 h, Tp<0.05 versus LPS 6 h + TDG 6 h. f Arterial FD4 concentration at #= 90
min (mean + SEM, 1= 6). *p < 0.05 versus control, Tp< 0.05 versus LPS 6 h. ¥p< 0.05
versus LPS 6 h + TDG 6 h. g Effect of L-NAME (0.1 mM, pf) on LPS-induced PV FD4
increase (mean + SEM, n=6). *p < 0.05 versus LPS 6 h
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Control

LPS (5 ma/kg, ip) 24 hr
LPS24 hr+ TDG O hr
LPS 24 hr + TDG 6 hr
LPS 24 hr+ TDG 12 hr
LPS 24 hr + TDG 24 hr

*

Effect of teduglutide on LPS-induced small intestinal FD4 permeability (24 h model). LPS
was given 24 h before the experiments. TDG (50 pg/kg) was injected 0, 6, 12 h (ip), or 24 h
(iv at = 0 min) after LPS treatment. The FD4 solution was perfused as indicated in Fig. 1. a
PV FD4 concentration (mean + SEM, 7= 6). *p< 0.05 versus control group, Tp< 0.05
versus LPS 24 h group. B: Arterial FD4 concentration at £= 90 min (mean + SEM, 7= 6).

*p < 0.05 versus control, Tp< 0.05 versus LPS 24 h
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Fig. 9.
Colocalization of the GLP-2 receptor with nNOS and VIP in the enteric neurons in rat

duodenum. Cryostat sections of rat duodenum were immunostained with primary antibodies
for GLP-2 receptor (a, d green), nNOS (b, red; g, green), and VIP (e, h red). c, f, i: merged
images. Internal bar = 50 um. Nuclei were counterstained with DAPI (blue)
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Myenteric nerves

Fig. 10.
Proposed mechanisms by which endogenous or exogenous GLP-2 prevents LPS-induced

small intestinal paracellular permeability increase. Systemic administration of LPS induces
small intestinal inflammation via stimulation of resident immune cells such as macrophages
(M¢) through Toll-like receptor 4 (TLR4) activation, which produce proinflammatory
cytokines such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), that injure
epithelial cells, in turn increasing paracellular permeability to the solute FITC-dextran 4000
(FD4), increasing transmucosal uptake of luminal LPS, the latter which may worsen LPS-
related inflammation. LPS releases GLP-2 from L cells directly or indirectly via cytokine
generation, which prevents the increase in paracellular permeability observed at early time
points following LPS treatment. Exogenous GLP-2 or the stable GLP-2 analog teduglutide
(TDG) prevents LPS from increasing paracellular permeability when given 3 and 6 h after
LPS injection when FD4 is measured 6 h after LPS administration or 6-12 h after LPS
injection when FD4 is measured 24 h after LPS administration. The effects of GLP-2 on the
LPS-induced paracellular permeability increase are mediated by vasoactive intestinal peptide
(VIP) release and nitric oxide (NO) production from the myenteric nerves expressing GLP-2
receptors (GLP2R)
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