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Abstract

AIM: To investigate the effects of lubiprostone and
Polyethylene Glycol 3350 (PEG) on mucosal barrier
repair in ischemic-injured porcine intestine.
METHODS: Ileum from 6 piglets (approximately 15 kg
body weight) was subjected to ischemic conditions by
occluding the local mesenteric circulation for 45 min
/in vivo. lleal tissues from each pig were then harvested
and mounted in Ussing chambers and bathed in
oxygenated Ringer’s solution /7 vitro. Intestinal barrier
function was assessed by measuring transepithelial
electrical resistance (TER) and mucosal-to-serosal
fluxes of *H-mannitol and **C-inulin. Statistical analyses
of data collected over a 120-min time course included
2-way ANOVA for the effects of time and treatment on
indices of barrier function.

RESULTS: Application of 1 umol/L lubiprostone to
the mucosal surface of ischemic-injured ileum /n vitro
induced significant elevations in TER compared to non-
treated tissue. Lubiprostone also reduced mucosal-to-
serosal fluxes of *H-mannitol and **C-inulin. Alternatively,
application of a polyethylene laxative (PEG, 20 mmol/L)
to the mucosal surface of ischemic tissues significantly
increased flux of *H-mannitol and **C-inulin.
CONCLUSION: This experiment demonstrates that
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lubiprostone stimulates recovery of barrier function in
ischemic intestinal tissues whereas the PEG laxative
had deleterious effects on mucosal repair. These results
suggest that, unlike osmotic laxatives, lubiprostone
stimulates repair of the injured intestinal barrier.

© 2008 The WIG Press. All rights reserved.
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INTRODUCTION

Ischemic intestinal disorders including intestinal volvulus,
thromboembolic disease, and low flow states associated
with shock, have a high mortality rate due to the rapid
onset of sepsis and multiple organ failure . Intestinal
ischemic lesions are characterized by sloughing of the
apical villus epithelium and rapid breakdown of mucosal

. . 245
barrier function®*”

, accompanied by increased intestinal
permeability and subsequent bacterial translocation,
sepsis, and multiple organ dysfunction syndrome
(MODS)"". Rapid restoration of the compromised
intestinal barrier is critical for patient survival. However,
limited treatment options are available that target
mucosal bartier repairm.

Lubiprostone, an FDA-approved laxative (Amitiza,
Sucampo Pharmaceuticals, Inc.) was previously shown
to stimulate rapid repair of intestinal barrier function
in ischemic-injured porcine ileum"". Lubiprostone
activates CIC-2 Cl" channels resulting in luminal CI'
secretion and water movement responsible for its

laxative properties[11'15]. CIC-2 CI channel activation



Moeser AJ et a/. Laxative agents influence mucosal barrier repair 6013

by lubiprostone is also the predominant mechanism
by which this compound stimulates repair of the
tight junctions and mucosal barrier repair in ischemic
tissues""”. The mechanism for this action may relate
to co-localization of CIC-2 with tight junction
1o Other commercially
available laxative agents such as high molecular weight
Polyethylene Glycol (PEG 3350) also induce fluid

movement into the lumen »iz different mechanisms.

proteins such as occludin

Polyethylene laxatives are composed of high molecular
weight PEG which triggers an osmotic gradient in
the lumen serving to draw ions and water from the
paracellular space. In addition to its laxative effects, PEG
agents have been shown to confer mucosal protective
effects in various gastrointestinal injury animal models
including 2, 4, 6-trinitrobenzene sulphonic acid (TNBS)-
induced colitis"® and bacterial translocation and sepsis
induced by surgical stress'"”

Given the potential alternative beneficial roles of
these two oral laxatives in intestinal injury and repair,
the objective of this study was to compare the effects
of lubiprostone and PEG 3350 on repair of mucosal
barrier function in ischemic-injured intestine.

MATERIALS AND METHODS

Compounds

Lubiprostone was obtained from R-Tech Ueno (Sanda,
Japan). PEG 3350 (Miralax, Schering-Plough Health Care
Products, Inc. Kenilworth NJ) was obtained from the
North Carolina State University, College of Veterinary
Medicine pharmacy. *H-mannitol and "*C-inulin were
obtained from Sigma Chemical (St. Louis, MO).

Experimental animal surgeries

All studies were approved by the North Carolina State
University Institutional Animal Care and Use Committee.
Six to eight-week-old Yorkshire crossbred pigs of
either sex were housed individually, and maintained
on a commercial pelleted feed. Pigs were fasted for
24 h prior to experimental surgery. General anesthesia
was induced with xylazine (1.5 mg/kg, IM), ketamine
(11 mg/kg, IM), and 5% isoflurane vaporized in
1000 mL/L O, and was maintained with 2% isoflurane
delivered #ia an endotracheal tube. Pigs were placed on
a heating pad and ventilated with 1000 mL/L O, using
a volume-limited, time-cycled ventilator (Hallowell,
Pittsfield, MA). Lactated Ringers solution was
administered iv at a maintenance rate of 15 mL/kg pet
hour. The ileum was approached viz a ventral midline
incision. Ileal segments were delineated by ligating the
intestine at 10-cm intervals, and subjected to ischemia by
occluding the local mesenteric blood supply for 45 min.

Using chamber studies

Following the 45-min ischemic period, tissues were
harvested from the pig and the mucosa was stripped
from the seromuscular layer in oxygenated (950 mL/L

0,/50 mL/1. CO,) Ringer’s solution (mmol/L: Na",

154; K, 6.3; CI', 137; HCO;, 24; pH 7.4) containing
5 umol/L indomethacin to prevent endogenous
prostaglandin production during the stripping procedure.
Tissues were then mounted in 1.14 c¢m”® aperture
Ussing chambers, as described in previous studies. For
Ussing chamber experiments, ileal tissues from one
pig were mounted on multiple Ussing chambers and
subjected to different 7z vitro treatments. Data means
are representative of 6 Ussing chamber experiments
(n = 6 animals). Tissues were bathed on the serosal
and mucosal sides with 10 mL Ringer’s solution. The
serosal bathing solution contained 10 mmol/L glucose,
and was osmotically balanced on the mucosal side with
10 mmol/L mannitol. Bathing solutions were oxygenated
(950 mL/L O,/50 mIL/L. CO,) and circulated in watet-
jacketed reservoirs. The spontaneous potential difference
(PD) was measured using Ringer-agar bridges connected
to calomel electrodes, and the PD was short-circuited
through Ag-AgCl electrodes using a voltage clamp that
corrected for fluid resistance. Transepithelial electrical
resistance (TER) (Q.cm®) was calculated from the
spontaneous PD and short-circuit current (I)). If the
spontaneous PD was between -1.0 and 1.0 mV, tissues
were current-clamped at £ 100 uA for 5 s and the PD
recorded. I, and PD were recorded at 15-min intervals
over a 120-min experiment.

Experimental treatments

After tissues were mounted on Ussing chambers,
tissues were allowed to acclimate for 30 min to achieve
stable baseline measurements after which experimental
treatments wete added. Lubiprostone (1 pmol/L) ot
PEG 3350 (20 mmol/L) were added to the mucosal side
of tissues and TER and I were measured at 15-min
intervals over a 120-min recovery period. The PEG 3350
dose was selected as it is the recommended oral dosage
for laxative properties and thus would approximate the
luminal concentrations attained 7z vivo.

Mucosal-to-serosal fluxes of radiolabeled paracellular
probes

To assess mucosal permeability after experimental
treatments, 0.2 pCi/ml. *H-labeled mannitol (180 kDa)
and 0.2 pCi/mlL, "*C-labeled inulin (5000 kDa) were
added to the mucosal side of tissues mounted in Ussing
chambers. After a 15-min equilibration period, standards
were taken from the mucosal side of each chamber and
a 60-min flux period was established by taking 0.5 mL
samples from the serosal compartment. The presence of
°H and "C was established by measuring (3-emission in
a liquid-scintillation counter (LKB Wallac, Model 1219
Rack Beta, Petkin Elmer Life and Analytical Sciences,
Inc., Boston, MA). Unidirectional mannitol fluxes from
mucosa-to-serosa were determined using standard
equations.

Histological examination

Tissues were taken at 0 and 120 min for routine
histological evaluation. Tissues were sectioned (5 um)
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Figure 1 TER (A) and short circuit current () (B) in ischemic porcine ileum
treated with lubiprostone and PEG 3350.

and stained with hematoxylin and eosin. For each tissue,
3 sections were evaluated. Four well-oriented villi and
crypts were identified in each section. Villus length was
obtained using a micrometer in the eye piece of a light
microscope.

Statistical analysis

All data were reported as mean = SE. TER and I,
data were analyzed by using an ANOVA for repeated
measures. Radiolabeled flux data was analyzed by using a
standard one-way ANOVA (Sigmastat, Jandel Scientific,
San Rafael, CA). A Tukey’s test was used to determine
differences between treatments following ANOVA.

RESULTS

TER and I, in ischemia-injured porcine ileal mucosa
treated with lubiprostone or PEG 3350

Porcine ileum was subjected to 45 min of acute
mesenteric ischemia and mounted on Ussing chambers
for measurement of TER and I over a 120-min recovery
period. Ischemic-injured mucosa had significantly
lower starting TER values (by approximately 40%)
compared with non-ischemic control tissue (Figure 1),
indicating significant impairment of intestinal barrier
function induced by ischemia. Application of 1 pumol/L
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Figure 2 A: Mucosal-to-serosal flux of *H-mannitol in porcine ileum. °P < 0.05
ischemia vs control, ischemia/lubiprostone; °P < 0.05 ischemia + PEG3350
vs control, ischemia, ischemia + lubiprostone; B: Mucosal-to-serosal flux of
"“C-inulin in porcine ileum. °P < 0.05 ischemia vs control, ischemia/lubiprostone;
°P < 0.05 ischemia + PEG3350 vs control, ischemia, ischemia/lubiprostone.

lubiprostone to the mucosal side of ischemic-injured
mucosa induced rapid elevations in TER that attained
non-ischemic control tissues within 15 min of its addition
and TER continued to increase 45 min post-treatment.
Lubiprostone stimulated rapid elevations in I (an index
of electrogenic ion transport) that peaked at 15 min post-
treatment (peak AL, = 66 uA/ cm’) and remained elevated
throughout the remainder of the experiment. Mucosal
addition of 20 mmol/L PEG 3350 stimulated a transient
increase in TER measured 15 min after treatment;
however, TER returned to ischemic control levels within
30 min post-treatment. PEG 3350 stimulated significant
elevadons in I (peak AL = 35 pA/ cm?) compared with
ischemic control tissues. In non-ischemic ileal tissues,
lubiprostone and PEG 3350 induced similar elevations in
TER (ATER = 30% % 7% and 36% % 8% in lubiprostone
and PEG 3350-treated tissues) (data not shown).

Mucosal-to-serosal flux of paracellular probes

Mucosal-to-serosal flux of both medium molecular
weight ("H-mannitol, 180 kDa) and large molecular weight
(*C-Inulin, 5000 kDa) paracellular probes in ileal tissues
mounted in Ussing chambers were conducted as an
alternative measurement of mucosal permeability. In line
with TER responses, ischemic tissues had greater (P <
0.01) serosal-to-mucosal fluxes of both *H-mannitol and
“C-inulin (Figure 2). Lubiprostone treatment significantly
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Figure 3 Light microscopic evaluation of ischemic intestinal tissues. A: Control (non-ischemic); B: Time 0 post-ischemia; C: Time 120-min post ischemia; D:

Lubiprostone-time 120 min post-ischemia; E: -PEG 3350-time 120-min post-ischemia.
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Figure 4 Morphometric evaluations of ischemic intestinal tissues. Villus height:
°P < 0.05 control, ischemia time 0 min, lubiprostone vs ischemia time 120 min,
PEG 3350; °P < 0.05 ischemia time 120 min vs all other groups; °P < 0.05
PEG 3350 vs all other groups; Villus width: P < 0.05 control, ischemia time
0 min vs ischemia time 120 min, lubiprostone; °P < 0.05 ischemia time 120 min,
lubiprostone vs all other groups.

decreased the fluxes of "H-mannitol and "*C-inulin
(P < 0.05). Alternatively, ischemic tissues treated with
PEG 3350 displayed significantly increased fluxes of
permeability markers compared with all other treatments
(P < 0.05).

Histological evaluation of ischemic-injured tissues
Control (non-ischemic) tissues treated with lubiprostone
or PEG 3350 had no identifiable histopathological
findings compared with non-treated control tissues (not
shown). Ileal tissues subjected to ischemia displayed
classic histological ischemic lesions characterized by
sloughing of the surface epithelium of the apical villus
(Figure 3). The epithelial layer was completely restituted
after 60 min of mounting tissues on Ussing chambers (not
shown); this effect has been demonstrated in our previous
studies™. At 120 min post-ischemia on Ussing chambers,
villus contraction was evident demonstrated by villi that
were reduced in height and increased in width compared
with non-ischemic control tissues (Figure 4). Laxative
agents had a significant effect on intestinal villous length
in ischemic-injured tissues in this study. Lubiprostone-
treated tissues had greater villous lengths compared with
ischemic-injured controls when measured at 120 min
post-ischemia. In contrast, PEG 3350-treated ischemic
tissues had significantly reduced villous height compared
with ischemic-injured control tissues.

DISCUSSION

Results from the present study demonstrate marked
differences in the ability of two oral laxatives,
lubiprostone and PEG 3350, to stimulate repair of
intestinal barrier function in ischemic-injured porcine
ileum. Lubiprostone stimulated rapid repair of mucosal
barrier function in ischemic ileal mucosa as defined by
rapid elevations in TER and reductions in the mucosal-
to-serosal flux of H-mannitol and "“C-inulin. PEG
3350 failed to induce significant changes in TER
and had a detrimental influence on mucosal barrier
repair evidenced by enhanced mucosal permeability to
’H-mannitol and "“C-inulin in ischemic-injured tissues
treated with PEG 3350.

Oral lubiprostone and PEG 3350 both have laxative
properties via different mechanisms. Lubiprostone
activates CIC-2 CI secretion promoting Na' and water
movement into the lumen™?", whereas PEG 3350 induces
luminal osmotic effects drawing electrolytes and water
into the lumen. This is the reason that both compounds
induced significant increases in short circuit current in the
Ussing chambers, an indirect measute of ionic movement
across the mucosa. Alternatively, there was no change in

short circuit current in untreated tissues. Lubiprostone
also stimulated rapid repair of mucosal barrier function
in ischemic ileal tissues. Previous studies showed that
lubiprostone’s influence on intestinal permeability is due
to its ability to activate CIC-2 channels". Although exact
signaling events triggered by CIC-2 activation that lead
to intestinal repair are not well understood, lubiprostone
treatment was shown to trigger rapid recruitment of the
tight junction protein occludin to the apical intercellular
space, an event critical for the re-establishment of mucosal
electrical resistance. In the present study, lubiprostone
increased baseline TER in non-injured control tissues,
suggesting that lubiprostone’s effect is not restricted to
injured mucosa.

To our knowledge, the influence of PEG 3350
on intestinal mucosal repair has not been directly
investigated. However, PEG compounds have been
shown to be protective against different forms of
intestinal injury. Videla ez a/"*" demonstrated that oral
PEG 4000 was protective against TNBS-induced colitis
in rats. In a study by Wu e 2/'”, luminal administration
of a high molecular weight PEG prevented increases
in intestinal permeability induced by P. aerugenosa in
Caco-2 monolayers and prevented lethal sepsis in vivo
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induced by P. aerugenosa following surgical stress. In the
latter study, PEG 4000 treatment resulted in increased
mucosal hydrophobicity and reductions in baseline
mucosal permeability. The reduction in permeability
seen with PEG is likely attributable to its osmotic effects
which may draw water from the paracellular space
resulting in collapse of the tight junctions. Madara JL
demonstrated that mucosal osmotic loads of 600 mosM
induced rapid elevations in TER in guinea pig jejunum in
Ussing chambers, an effect mediated by decreased cation
selectivity of the tight junctions and alterations in the
cytoskeleton™. Tn the present study, PEG 3350 induced
increases in TER (by 36% % 8%) in control (non-injured)
ileal tissues. However, in the present study PEG 3350
was ineffective in improving TER in ischemic tissues
and further increased mucosal permeability in ischemic-
injured tissues. This suggests intact barrier function
is required for PEG to stimulate increases in TER. In
ischemic tissues, it is likely that PEG 3350 would freely
traverse the damaged epithelium and equilibrate with
the serosal compartment failing to produce an osmotic
gradient in tissues.

Villous contraction in response to ischemic injury
is a protective mechanism that aids in reducing the
surface area of the denuded basement membrane,
allowing epithelial cells adjacent to the injury to migrate
and cover the epithelial defect and restore epithelial
continuity!”?’. Tn the present study, lubiprostone-
treated ischemic ileal tissues had significantly greater
villous lengths compared with other ischemic tissues. It
is unclear whether this response was due to lubiprostone’
s ability to inhibit villous contraction or stimulate villous
lengthening during repair. Lubiprostone could have had
a direct action on the principal contractile cells within
the villus: myofibroblasts. These cells are arranged in
linked chains of cells adjacent to the central lacteal and
subjacent to the epithelial basement membrane. More
studies, including a detailed time course of lubiprostone’s
effects on villous architecture during recovery of ischemic
injury, are required to determine this and lubiprostone’s
overall relevance to intestinal barrier repair. In contrast
to lubiprostone, PEG 3350-treated ileal tissues had
significantly shorter villi compared with ischemic controls
measured 120 min post-ischemic injury. This may
represent ongoing injury in these tissues supported by
increased paracellular permeability induced by PEG 3350.

Opverall, this study demonstrates that lubiprostone
stimulates recovery of mucosal barrier function in
ischemic intestinal tissues, whereas the PEG laxative
enhanced intestinal permeability. These results suggest
that, unlike osmotic laxatives, lubiprostone stimulates
repair of the injured intestinal barrier.

COMMENTS

Background

A number of important intestinal diseases, including ischemia/reperfusion injury,
are characterized by damage to the epithelium lining the gut. Mechanisms
are in place to rapidly repair epithelial defects, including epithelial migration
(restitution). More recently, studies have shown the importance of the
interepithelial tight junctions in recovery of the epithelial barrier. Studies

www.wjgnet.com

have shown that prostaglandins and prostones increase the rate of epithelial
recovery via re-assembly of tight junctions.

Research frontiers

The prostone lubiprostone, a new medication on the market indicated for
treatment of chronic constipation and irritable bowel syndrome has its effect on
chloride channels (CIC-2) within tight junctions. These channels are involved in
secretion of chloride in the intestine, but to a far lesser extent than the chloride
channel that is genetically disrupted in patients with cystic fibrosis (CFTR).
Recent studies have shown that CIC-2, when activated by prostaglandins or
prostones such as lubiprostone, also play an important role in re-assembly of
tight junctions, resulting in increases in the speed of epithelial repair.

Innovations and breakthroughs

Stimulation of one of the minor chloride channels, CIC-2, is an innovative way
to induce low level secretion into the gut, thereby serving as a laxative. This
is in contrast to traditional laxatives such as Polyethylene Glycol 3350 (PEG),
which result in increased fluid in the intestinal lumen because of its osmotic
properties. Other effects of CIC-2 activation by lubiprostone have recently been
discovered, particularly the ability to increase mucosal repair. A comparison of
lubiprostone and PEG showed that only lubiprostone facilitated the repair of the
mucosa. This increased repair could not be seen at the histological level. This
is consistent with prior studies showing that enhanced repair is noted at the
level of tight junctions.

Applications

When treating constipation, the choice of medication includes laxatives such as
PEG and the CIC-2 activator lubiprostone. The present study suggests that use
of lubiprostone will also hasten the recovery of injured gut mucosa in patients
with more severe intestinal disease. Further basic science research followed by
clinical trials will be needed to determine the validity of these findings.

Terminology

The term CIC-2 is used to describe a chloride channel in the gut epithelium that
is localized to interepithelial tight junctions. The term prostone refers to a new
group of compounds which are distinct from prostaglandins and specifically
activate CIC-2.

Peer review

The present study was performed using porcine tissues; it demonstrates that
lubiprostone stimulates recovery of barrier function in ischemic intestinal tissues
whereas the PEG laxative had deleterious effects on mucosal repair. This is an
interesting study and well written manuscript.
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