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EPIGRAPH

“Permeability is defined as a relative openness between ego and non-ego and
expansiveness toward the world; impermeability is defined as a relative closedness

between ego and non-ego and a degree of seclusiveness from the world.”

GJ Rose. (1972). Ego Boundaries: By Bernard Landis.
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Following reduced blood flow or trauma (e.g. in a car accident, explosion, burn,
major surgery) a cascade of reactions leads to Shock and subsequently multi-organ failure
(MOF) even if the organs were not affected by the initial trauma. Identifying the root
cause of shock is of extraordinary importance and one of the greatest challenges for
Bioengineering analysis. Shock is associated with one of the highest levels of mortality
and no effective medical treatment exists. We have obtained evidence that pancreatic
digestive enzymes are key players and we hypothesize that the intestinal

mucosal/epithelial layer provides a physical barrier that prevents the entry of digestive
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enzymes, normally contained within the lumen of the intestine, and during ischemic
states this layer becomes disrupted allowing access of these enzymes into the intestinal
wall. The rationale for the proposed study is to provide an enhanced understanding of
fundamental mechanisms in the degradation of the mucosal epithelial barrier and
subsequent transport of digestive enzymes. In this study | propose to investigate during
early stages of intestinal ischemia the transport and activity of digestive enzymes across
the epithelial wall and determine changes in the mucosal epithelial barrier. I will
investigate mechanisms leading to the disruption of the mucosal barrier using a rat model
of splanchnic ischemia as well as non-ischemic models designed to understand whether
events characteristic of ischemia, such hypoxia, ATP depletion or drop in pH, are
responsible for the disruption of the mucosal/epithelial barrier. Furthermore, I will
investigate alterations in intestinal permeability in order to understand the mechanism by
which digestive enzymes or any other cytotoxic mediators are transported into the
systemic circulation. The results of these studies will determine the role of the mucosal
epithelial barrier in the transport of digestive enzymes into the intestinal wall and it will

provide insight into the development of new treatments for shock.

XXVIi



Chapter 1

Introduction to Shock

1.1 Shock History and Definition

While Greek physicians such as Hippocrates and Galen where the first to
recognize the post-traumatic syndrome(1), the term shock is credited to the French
surgeon Henri Francois Le Dran, when in 1737 he used the term choc to indicate a severe
impact or jolt (2). Later the word “shock” was translated to indicate the sudden
deterioration of a patient’s condition when major trauma has occurred (2). Subsequently
the term ‘shock’ started to be widely used in the clinical setting becoming a new research
field. Initially the term shock was used to indicate the immediate response to massive
trauma; and its definition consisted in a description of its clinical signs (2). The arrival of

technology later allowed proposing a new and more appropriate definition.

Today it is widely accepted that in humans shock is often the final pathway
through which a variety of pathologic processes lead to cardiovascular failure and death
(3). Thus a most appropriate definition of shock can be defined “the state in which
profound and wide spread reduction of effective perfusion leads first to reversible, and
then, if prolonged, to irreversible cellular injury” (4). As such, shock is perhaps the most

common and important problem encountered by physicians (5). Shock together with



respiratory failure, accounts for most emergent admissions in the intensive care unit
(ICU) (6). Shock is one of the most common causes of death in the US today (7), it is the
primary cause of late-stage morbidity in the ICU (8, 9); it accounts for the majority of
deaths on the modern battlefield and for approximately one million deaths around the

globe (7, 10).

1.2 Shock Classification

The importance of shock as a medical problem can be recognized by the
distinction of its different forms. All forms of shock increase the probability of other
major co-morbidities, such as serious infections, adult respiratory distress syndrome
(ARDS), multiple organ dysfunction syndrome (MODS). A classification of shock was
first proposed in 1972 by Hinshaw and Cox based on cardiovascular characteristics (11).
The classification includes: 1) hypovolemic, 2) cardiogenic, 3) obstructive, and 4)

distributive.

1.2.1 Hypovolemic Shock :Remains a major contributor to early mortality from trauma,
the most common cause of death in persons under the age of 45 (12). It is characterized
by a loss in circulatory volume, which results in decreased venous return, decreased
filling of the cardiac chambers, and hence a decreased cardiac output leading to increase

in systemic vascular resistance (SVR) (2).

1.2.2 Cardiogenic Shock: It is the leading cause of in-hospital mortality in the United
States (13). It is primarily dependent on poor cardiac pump function and failure; it is the

major component of the mortality associated with cardiovascular disease (2).



1.2.3 Obstructive shock: It is the result of an obstruction to flow in the cardiovascular
circuit. It is associated with a physical impairment to adequate forward circulatory flow

involving mechanisms different than primary myocardial or valvular dysfunction (2).

1.2.4 Distributive or vasogenic shock: Septic shock is the most common form, and it is
the most frequent cause of death in the intensive care unit (ICU) in the United States (14,
15). This type of shock is associated with not only poor vascular tone in the peripheral

circulation but also non-uniform distribution of blood flow to organs within the body (2).

1.3 Pathophysiology of Shock

Shock involves common cellular metabolic processes that results in the inability
of cells to obtain and/or utilize oxygen in sufficient quantity to optimally meet their
metabolic requirements and typically end in cell injury, organ failure and death (1, 5).
The pathogenesis of shock involves: cellular ischemia, circulating or local inflammatory
mediators, and free radical injury. Baker et al. showed that roughly half of trauma deaths
occur at the scene before transport of the patient mostly due to central nervous system
(CNS) and major vascular trauma (16). He also showed that another 8% of deaths occur
early, principally from hemorrhage and CNS injuries, and 40% of patients die later from
brain injury or multiple-organ failure (MOF) (17). Baker also popularized the trimodal
distribution of trauma deaths; in this distribution the majority of the immediate deaths
occur within the first couple of hours after injury. Early deaths occur within 5 hours after

injury and late deaths occur in the following weeks after injury (17).

1.3.1 Cellular Injury in shock: The cellular injury encountered in most forms of shock

results from ineffective perfusion leading to cellular ischemia. Hypoperfusion decreases



the delivery of nutrients to the cells leading to diminished ATP production (18). There
are many essential ATP-dependent intracellular metabolic processes that may be affected
or impaired as intracellular levels of ATP fall, making the intestine, liver and kidney

particularly sensitive to these changes (19).

1.3.2 Microvascular function in shock: Microvessels are essential for providing an
adequate cardiac output and subsequently ensure appropriate perfusion to all tissue
organs. Irreversible hemorrhagic and septic shock results in peripheral vascular failure.
Other microvascular pathologic processes occurring in shock include disruption of
integrity of endothelial cell barrier leading to loss of plasma proteins, decrease in plasma
oncotic pressure, interstitial edema and fall in circulating volume (20). In addition there is
microvascular clotting and microthrombi leading to further inadequate distribution of

perfusion within tissue (21).

1.4 The Gut and Shock

The gut is relatively sensitive to circulatory failure; hypoperfusion, sympathetic
stimulation, and inflammatory injury associated with shock results in typical clinical gut
injury manifestation which include ileus, erosive gastritis, pancreatitis, acalculous
cholecystitis and colonic submucosal hemorrhage (5, 22). Lillehei was among the first
ones to show evidence indicating the importance of the gut in the early development of
shock (23). He showed an association between development of severe or irreversible
shock and the mucosal necrosis of the gut (23-25). Chiu also demonstrated that the
degree of development of the mucosal injury following periods of hypotension and shock

depends on the duration of the impairment blood flow in the intestine (26).



During mesenteric ischemia, the perfusion of the different layers of the intestine is
redistributed disproportionately, favoring the more metabolically active areas (27).
However because of increased metabolic demand at the villus tip, and the countercurrent
shunting of oxygen at the villus base, the villus tip remains preferentially susceptible to
ischemic injury (27). Grum was the first one to use a non-invasive technique to monitor
oxygen changes in the gut (28); with this technique it was demonstrated that oxygenation
remains adequate until oxygen delivery has been reduced below a certain point. In
addition, a drop in gastric mucosa pH has been associated with morbidity and mortality in
patients admitted to the ICU (29, 30). Recent studies suggest that enteric ischemia
produced by circulatory shock and free radical injury with resuscitation may breach gut

barrier integrity (22, 31).

Hemorrhagic lesions in the small intestinal mucosa have been reported in dogs
(24-26, 32), cats (33-35) and similar mucosal lesions have also been reported in patients
dying in shock (36-42). A characteristic feature is that these lesions appear first at the tip
of the villi, and in cases where the entire villus is destroyed the deeper layers of the
intestinal wall are still free from inflammatory changes (26, 33). Together these findings
suggest that the reduction in oxygen delivery, which leads to tissue hypoxia despite
compensatory mechanism, is likely to be the pathophysiological mechanism of intestinal
ischemia observed in shock. Other authors, however, have demonstrated that in sepsis
there are other mechanisms necessary for the formation of intestinal mucosal injury in
addition to impaired intestinal blood flow and reduced oxygen consumption encountered

in the gut (16, 43).



1.4.1 Digestive Enzymes: The mechanisms by which severe trauma, hemorrhage,
ischemia and burns initiate a cascade of events leading to shock is still not completely
elucidated. Digestive enzymes and their products located in the lumen of the intestine are
potential major candidates to mediate the inflammation and necrosis in shock. It has been
shown that ischemic intestines, contain cytotoxic mediators and that this cytotoxicity may
be the result of digestive enzymes from the intestinal lumen acting on either the tissue of
the intestine or on ingested food (44). Among the four general classes of digestive
enzymes of the pancreas (proteases, amylases, lipases and nucleases) the major
proinflammatory and cytotoxic factors have been found to be generated by means of

serine proteases and lipases (45).

1.4.2 Digestive Enzyme Blockade: It was also demonstrated that the cytotoxicity found
in the mediators can be prevented by the use of broad-spectrum pancreatic digestive
enzyme inhibitor such as phenylmethylsulfonyl fluoride (PMSF) (44). In addition
blockade of pancreatic digestive enzymes with nafamostat mesilate (ANGD) or gabexate
mesilate (FOY) in the lumen of the ileum serves to reduce the level of inflammatory
mediators in shock produced by occlusion of the superior mesentery artery (46, 47). It
was further shown that the protection provided by protease inhibition is not enhanced by
supplementation with oxygen free radical blockers such as Allopurinol, indicating that
oxygen free radicals may not the major player in the shock cascade (46, 47).
Furthermore, while intraluminal pancreatic protease inhibition improves mean arterial
blood pressure and reduces the formation of neutrophil cell activators during shock (46);

intravenos administration of a serine protease inhibitor during intestinal ischemia and



reperfusion has only a mild effect on mean arterial blood pressure and neutrophil cell

activation (48).

1.5 Goals and Overview of this Dissertation

Shock due to trauma and subsequently multiple organ failure (MOF) is the
primary cause of late-stage morbidity around the globe (8, 9). However, the mechanisms
by which these events take place it is still not fully understood, no effective medical
treatments exist and no bioengineering analysis about the sequence of events that leads to
rapid organ failure. There is agreement that some of the early signs of inflammation in
shock and MOF originate in the small intestine (41, 44, 49). During shock states,
pancreatic digestive enzymes may escape from the lumen of the intestine and are capable
of digesting tissue components as well as generating inflammatory and/or cytotoxic
mediators that subsequently escape through the mucosal epithelial barrier (44, 45, 49-55).
Inhibition of pancreatic proteases in the lumen of the intestine during shock has been
shown to prevent intestinal cell dysfunction and leakage of cytotoxic mediators into the
systemic circulation (47, 55). Understanding the mechanism by which intestinal
ischemia, as a result of a trauma, results in shock and subsequently multiple organ failure

is the key to find an effective treatment.

The objective of this thesis is to elucidate the mechanism by which digestive

enzymes enter the wall of the intestine during gut ischemia.

My hypothesis is that during the early phase of an ischemic event digestive
enzymes are transported from the lumen of the intestine into the intestinal wall due to

disruption of the mucosal/epithelial barrier. The initial insult after ischemia in the gut



results in disruption to the mucosal/epithelial barrier allowing entry of the powerful
digestive enzymes from the lumen of the intestine into the intestinal wall and

subsequently to the systemic circulation where the autodigestion process is initiated.

To examine this hypothesis, | investigate the following Aims: 1) Determine
whether digestive enzymes leak into the intestinal wall during early periods of ischemia.
2) ldentify damage in the mucosal and epithelial barrier during gut ischemia. 3) Assess
the role of mucin as a barrier to digestive enzymes. 4) Determine possible roles of
digestive enzymes in the degradation of the intestinal barrier; and 5) Establish whether
ischemic events such as oxygen and ATP depletion and pH change in the lumen of the
intestine lead to the disruption of the mucosal layer and degradation of mucin during

intestinal ischemia.

These Aims are described in Chapters 2-6; Chapter 7 presents the conclusions and

future directions.
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Chapter 2

Transport of Pancreatic Digestive
Enzymes during Intestinal Ischemia
Across de Intestinal Wall

2.1 Introduction

Ischemic injury of the small intestine as a result of insufficient blood flow in the
splanchnic circulation manifests in different conditions, such as small bowel obstruction
(1, 2), arterial and venous thrombosis (3), or vasoconstriction after cardiac surgery (4-6).
Patients with splanchnic ischemic injury are at risk of developing shock and multiple
organ failure (7-12) with consequent high morbidity and mortality (13-17). However, the
mechanism by which these events take place is still not fully understood, increasing
evidence suggests that pancreatic digestive enzymes play an important role in different
models of shock (18-23). Digestive enzymes and their products located in the lumen of
the intestine are potential major candidates to mediate the inflammation and necrosis in
shock. It has been shown that ischemic intestines, contain cytotoxic mediators and that
this cytotoxicity may be the result of digestive enzymes from the intestinal lumen acting

on either the tissue of the intestine or on ingested food (18). Among the four general
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classes of digestive enzymes of the pancreas (proteases, amylases, lipases and nucleases)
the major proinflammatory and cytotoxic factors have been found to be generated by

means of serine proteases and lipases (19).

2.2 Use of Protease Inhibitors as Treatment Shock

Blockade of digestive enzymes in the lumen of the intestine prior to intestinal
ischemia has been reported to prevent intestinal cell dysfunction, generation of
inflammatory and/or cytotoxic mediators and their leakage into the systemic circulation
(18, 23-27). It was demonstrated that the cytotoxicity found in mediators of shock can be
prevented by the use of broad-spectrum pancreatic digestive enzyme inhibitor such as
phenylmethylsulfonyl fluoride (PMSF) (18) and aprotinin (24). In addition blockade of
pancreatic digestive enzymes with nafamostat mesilate (ANGD) or gabexate mesilate
(FOY) in the lumen of the ileum serves to reduce the level of inflammatory mediators in
shock produced by occlusion of the superior mesentery artery (23, 27). Furthermore,
while intraluminal pancreatic protease inhibition improves mean arterial blood pressure
and reduces the formation of neutrophil cell activators during shock (27); intravenous
administration of a serine protease inhibitor during intestinal ischemia and reperfusion
has only a mild effect on mean arterial blood pressure and neutrophil cell activation (28).
It was further shown that the protection provided by protease inhibition is not enhanced
by supplementation with oxygen free radical blockers such as Allopurinol, indicating that
oxygen free radicals may not the major player in the shock cascade (23, 27). In addition
to serine protease inhibitors, lipase inhibitor such as orlistat has also been shown to

reduce cytotoxicity resulting from free fatty acids (24).
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2.3 Tranexamic Acid as a potential new treatment for shock

Tranexamic acid (TA) is a synthetic derivative of the amino acid lysine that exerts
its antifibrinolytic effect though the reversible blockade of the lysine binding site on
plasminogen molecules (29, 30). TA also inhibits thrombin (30) and enterokinase
mediated conversion of trypsinogen to trypsin (31). TA is usually intravenously
administered at 10 mg/kg body weight followed by infusion of 1mg/kg every hour. At
this dose TA reduces postoperative blood losses in patients undergoing cardiac surgery
with cardiopulmonary bypass (32). TA has similar efficacy to aprotinin and it is 5-10
times more potent in binding to plasminogen/plasmin molecules as compared to -
aminocaproic acid (EACA). Maximum plasma concentration of TA are attained within 3
hours of an oral dose (32) and over 95% is eliminated unchanged in the urine after 24
hours (32). Since TA is already used in the clinic as an antifibrinolytic agent and due to
its potential to inhibit trypsin by different pathways, TA offers an opportunity to be used

as an enteral treatment during intestinal ischemia.

2.4 Aims of this Chapter

The hypothesis of the study presented in this chapter is that under normal
conditions luminal pancreatic serine proteases are contained in the intestinal lumen,
however during intestinal ischemia these enzymes enter the intestinal wall and thereby
exacerbate intestinal injury. Thus, the aim is to examine the levels of enzyme activity in
the intestinal wall during early periods of intestinal ischemia. The extent to which
tranexamic acid injection into the lumen of the intestine prior to ischemia affects the

levels of enzyme activity in the intestinal wall was determined. Furthermore, |
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investigated whether digestive enzymes find access into the systemic circulation after
entering the intestinal wall and whether this is prevented by TA treatment in the lumen of

the intestine.

2.5 Materials and Methods

2.5.1 Animal Groups: All animal protocols were reviewed and approved by the
University of California San Diego Animal Subjects Committee. Male Wistar rats (300-
3509, Harlan Sprague Dawley Inc, Indianapolis, IN) were randomly assigned to one of
five groups: a sham group (SHAM), two ischemic groups with splanchnic arterial
occlusion (SAO) for 15 and 30 min (SAO15, SA0O30) and two ischemic SAO groups

with enteral tranexamic acid (TA) treatment (SAO15+TA, SAO30+TA); n=4 per group.

2.5.2 Shock model: Rats were kept on solid food restriction with water ad libitum for 12
hours prior to surgery, tranquilized with Xylazine (20 mg/ml, 0.2 uL/g BW) and
anesthetized with Nembutal (50 mg/ml, 1 uL/g BW), followed by cannulation of the left
femoral vein and artery. In the SHAM and SAO groups 0.9% normal saline (NS),
3ml/100g BW, was injected into the lumen of the intestine while in the treatment group
(SAO+TA) tranexamic acid (Sigma Scientific, St. Louis, MO), 1 mg/g BW, in NS was
used. After 30 min the superior mesenteric and celiac arteries were isolated and ligated
(SAO and SAO+TA groups) or isolated without ligation (SHAM). Animals were

euthanized after 30 min (SHAM) and after 15 or 30 min (SAO and SAO+TA).

2.5.3 Tissue processing: Jejunal segments (~1 cm in length) without removal of luminal

contents were suspended in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance,
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CA), snap frozen in isopentane/liquid nitrogen, and stored in -80°C for further analysis.
Cryosections (5 um thickness) along the longitudinal axis of the villi were used

throughout all experiments.

2.5.4 Intestine homogenates: In separate experiments, 1cm equally spaced segments of
the intestine were excised. For western blot assays luminal contents were washed with
NS, followed by homogenization with CelLytic™ (Sigma) in the presence of protease
inhibitors (5mM EDTA, 5mM N-Ethylmaleimide, 25mM iodoacetamide, 5mM
benzamidine, 300mM acarbose, 5mM 6-aminocaproic acid, 1mM protease inhibitor
cocktail, (Sigma Scientific)) to inhibit further degradation. For enzyme activity assays
intestinal luminal contents were retained to measure enzyme activity in the whole
intestine and homogenization with CelLytic™ was done without addition of protecase
inhibitors. Homogenates were centrifuged (16,0009 for 15 min at 4°C), the supernatant
was collected and protein concentration was assessed with the bicinchoninic acid protein

assay (Thermo Scientific, Rockford, IL).

2.5.5 Enzyme Activity: The enzyme activity of specific enzymes were carried out at
37°C with substrates specific for chymotrypsin (glutaryl-L-phenylalanine 7-amido-4-
methylcoumarin, 49737, Sigma Scientific) (33), trypsin and papain (No-benzoyl-L-
arginine-7-amido-methylcoumarin hydrochloride B7260, Sigma Scientific) (34), and
human leukocyte and porcine pancreatic elastase (N-methoxysuccinyl-Ala-Ala-Pro-val-7-
amido-4-methylcoumarin, M9771, Sigma Scientific) (35). The substrates were diluted in
the buffers as previously described (34-36). The initial rates of hydrolysis were measured

by the fluorescent intensity of 7-amido-4-methylcoumarin cleaved from the substrates by
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the enzymes: trypsin from porcine pancreas (T0303, Sigma Scientific), chymotrypsin
from bovine pancreas (C4129, Sigma Scientific), and elastase from porcine pancreas
(E1250, Sigma Scientific). Fluorescence was measured with a microplate reader
(SpectraMax Gemini XS model; Molecular Devices) at 380nm emission and 460nm

excitation wavelengths.

Inhibitory properties of TA was determined by incubation of 50ug/ml of the
corresponding enzyme with or without TA (300mM, 160mM and 50mM) for 1 hour
followed by incubation with varying concentrations of the specific substrates. Enzyme
activity of intestine homogenates was determined by homogenization of jejunal sections
without enzyme inhibitors, as previously described. 100ug of protein was loaded in each
well containing the specific fluorescent substrates for trypsin, chymotrypsin or elastase
(50uM). The initial velocity of the reaction was calculated as the rate of fluorescent units

per ug of protein per minute.

2.5.6 Western blot: Jejunal sections were homogenized and centrifuged (16,000g for 15
min at 4°C) with CelLytic™ M buffer (Sigma Scientific), without protease inhibitors.
Protein concentration was assessed with the bicinchoninic acid protein assay (23225,
Thermo Scientific, Rockford, IL). Samples were prepared in SDS loading buffer (Biorad,
Richmond, CA), reduced with B-mercaptoethanol and boiled for 4 min at 100°C; 20 pg of
protein/lane were loaded for each group and run in an SDS polyacrylamide gel and then
transferred onto nitrocellulose membranes. Afterwards membranes were blocked in 5%
non-fat milk for 1 hour and incubated in primary antibodies overnight against trypsin (sc-

137077, Santa Cruz Biotechnology, 1:1000 dilution) and chymotrypsin (ab35694,
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Abcam, Cambridge, MA, 1:300 dilution). Membranes were incubated with appropriate
secondary antibodies (Santa Cruz Biotechnology) and developed using the
chemiluminescent substrate (Super Signal West Pico, Thermo Scientific). The exposed x-
ray films were scanned and analyzed using the gel analysis tool of the NIH ImageJ

software.

2.5.7 Histology: Cryosections were fixed in cold acetone followed by staining with
hematoxylin (Vector Lab, Burlingame, CA) and eosin (Sigma Scientific) mounted with
VectaMount Permanent Mounting Medium (Vector Lab) and observed under an inverted

microscope (Olympus IX70, 20X objective, 0.5 numerical aperture).

2.5.8 In-situ Zymography: Enzyme activity of serine protease was assessed by
visualization of fluorescence resulting from the proteolytic cleavage of intramolecularly
quenched substrates (37-39) specific for chymotrypsin (2mM), trypsin (1mM) and
elastase (ImM), as described in the Section on Enzyme Activity. Each substrate was
diluted to its final concentration in 1% low melting point agarose (Sigma Scientific) and
kept at 37°C. 10ul substrate was added on sections thawed at 37°C followed by gelation
for 5 min at 4°C. The tissue/substrate was incubated for 1 hour at 37°C and immediately
observed with an inverted microscope (20X objective) using appropriate fluorescent

filters.

2.5.9 Gelatin zymography: Plasma from the femoral artery was aliquoted and stored in -
80°C until use. Plasma samples (0.6 ul), with only a single freeze/thaw cycle, were mixed
in loading buffer (Biorad) without reducing agent or boiling and loaded (10 pl/well) into

12% SDS acrylamide gels cross-linked with gelatin (1 mg/ml). After electrophoresis the



21

gels were incubated in renaturing buffer (Titron-X100 2.5% v/v) with gentle agitation for
60 min at room temperature. Subsequently, the gels were incubated in developing buffer
(50 mM Tris base, 150 mM NacCl, 5 uM ZnCI2, 5 mM CaCl2.3H20, 3 mM sodium
azide) overnight for 16 hrs at 37°C. In addition, other gels were renatured and developed
in the presence of 300mM TA. Afterwards the gels were stained with 0.5% coomassie
blue in 40% methanol and 10% acetic acid for 4 hrs and destained with destaining buffer

(40% ethanol, 10% acetic acid) twice for 30 min.

2.5.10 Image analysis: Images were digitized (8 bit, 0 to 255 light intensities), corrected
for random noise and background illumination followed by digital measurements of the
intensity of the fluorescent or light signal in digital units (D.U., NIH ImageJ software).
Mean fluorescent/light intensity is defined as the sum of all pixel intensities divided by
the sum of all pixels in the selected area (D.U./pixel) (Figure 1); total fluorescent/light
intensity is defined as the sum of all the pixel intensities in the selected area (D.U.)
(Figure 1). The intestinal villi length was measured as the height from the tip to the base
of the villi. The crypt length was measured from the base of the villi to the submucosa.
Villi thickness was measured as the width at the base of the villi. Mucosal muscle

thickness was measured as the length from the submucosa to the serosa.

Forty measurements per animal (n=4) per group were made. The enzyme activity
on the intestinal tissue was measured as the mean fluorescent intensity on micrographs of
four cryosections per animal (n=4) per group. A rectangular area covering 2-3 villi from
the villi tip to the muscle was selected for each micrograph; the intestine was outlined

and the mean fluorescent intensity was calculated on the outlined area. The enzyme
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penetration from the tip to the intestinal wall was determined as the mean fluorescent
intensity on an area covering a single villi; each intestinal crossection was further divided
into five regions from the villi tip to the serosa: villi tip, mid villi, crypt and muscularis
mucosa, submucosa, and muscularis externa. Sixteen villi were measured over four

sections per animal (n=4) per group.

2.5.11 Statistical Analysis: Results are presented as mean+SEM. Unpaired comparisons
of mean values between groups were carried out by one-way ANOVA or two-way

ANOVA followed by Bonferroni post-hoc. P<0.05 was considered significant.

2.6 Results

2.6.1 Intestinal morphology after SAO: The SHAM group had normal villi with intact
epithelial cells. Lesions were seen already 15 min after SAO with the development of
subepithelial spaces and denudation of the epithelial cells near the tip of the villi; a
pronounced injury was observed after 30 min SAO with complete degradation of the
villus tip. Intraluminal treatment with TA prevented villi injury (Figure 2.2). The villi
length decreased by 10% after 15 min SAO and significantly decreased by 49% after 30
min SAO (Figure 2.3). Blockade of digestive enzymes with TA did not prevent reduction
in villi length (Figure 2.3); and the average crypt length remained constant among
groups. The villi thickness significantly increased by 31% after 30 min SAO as
compared to SHAM; and there was a similar trend towards an increase of villi thickness
in the presence of TA (Figure 2.3). The thickness of the muscularis exterior remained

constant among groups.
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2.6.2 Inhibitory profile of Tranexic Acid in vitro: Tranexamic acid (TA) was incubated
with serine proteases 50ug/ml (trypsin, chymotrypsin and elastase) to test its ability to
inhibit them. TA at 300mM inhibited trypsin activity by 86%, 160mM TA inhibited
trypsin by 75% and 50mM TA inhibited it by 47% (Figure 2.4A). TA did not inhibit
chymotrypsin and slightly inhibited elastase (Figure 2.5A and 2.6A). The kinetic
parameters of TA with the different enzymes are presented in (Figures 2.4B, 2.5B and

2.6B).

2.6.3 Enzyme activity of whole intestine homogenates: Protein levels of these enzymes
the luminal contents for 4 animals are shown via western blot (Figure 2.7A,B).The
activity levels of these digestive enzymes in the luminal contents (50ug of protein) of
SHAM animals were high with trypsin having the highest activity (Figure 2.7C). The
ability of TA (~200mM) to inhibit these digestive enzymes was tested in-vivo (Figure
2.8); both trypsin and chymotrypsin activity in whole intestine homogenates was
significantly increased after 30 min of ischemia compared to sham animals. Whole
intestinal homogenates in the TA treatment groups displayed a trend of decreased trypsin
and chymotrypsin activity; elastase activity did not differ among groups. Protein levels of

these enzymes remained constant among all groups for all three enzymes (Figure 2.9).

2.6.4 Enzyme activities in the intestinal wall after SAO: Next the ability of digestive
enzymes to enter the wall of the intestine during intestinal ischemia was determined.
After incubation with the specific substrates little enzyme activity was observed in the
mucosa of the SHAM group, the enzyme activity were significantly elevated in the

ischemic groups but not in the TA treatment groups (Figure 2.10, 2.12, 2.14). Trypsin
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activity in the intestinal tissue increased 1.6X after 15 min SAO and significantly
increased 3.4X after 30 min SAO as compared to SHAM. The presence of TA served to
decrease trypsin activity on average by 28% after 15 min SAO and 47% (p<0.05) after 30

min SAO compared to SAO without treatment (Figure 2.11).

Chymotrypsin activity exhibited the same trend (Figure 2.13); the activity
increased 1.2X after 15 min SAO and significantly increased 2.8X after 30 min SAO as
compared to SHAM. In the presence of TA, the chymotrypsin activity significantly
decreased by 43% after 30 min SAO as compared to SAO without treatment. Elastase
activity also showed a similar trend (Figure 2.15); the enzyme activity significantly
increased 2X after 15 min SAO and significantly increased 2.6X after 30 min SAQ. In
the presence of TA, elastase activity decreased on average by 34% after 15 min SAO and
significantly decreased 33% after 30 min SAO as compared to SAO without treatment.
The three different proteases already started to penetrate the epithelium of the villus tip at
15 min; elastase had the most activity and penetration at this time point (Figure 2.11.B,

2.13.B, and 2.15.B).

After 30 min ischemia, the villi were completely filled with digestive enzymes
from the tip to the crypts. An increased enzymatic activity that was not inhibited by TA

treatment was also observed in the submucosa area during ischemia.

Western blot analysis of intestine homogenates after removal of luminal contents
confirmed increased levels of trypsin, chymotrypsin and elastase in the wall of the
intestine (Figure 2.16A, B). The relative density of trypsin protein levels with respect to

SHAM and B-actin increased 2X after 15 min SAO and significantly increased 5.2X after
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30 min SAO, the relative density after luminal treatment with TA followed by 30 min
SAO decreased by 34% as compared to 30 min SAO without treatment. Similarly,
relative density of chymotrypsin protease values with respect to SHAM and -actin
increased 1.3X after 15 min SAO and significantly increased 2.3X after 30 min SAQ,
with TA treatment the relative density after 30 min SAO decreased by 56% as compared
to 30 min SAO without treatment. Relative density of elastase with respect to SHAM
and B-actin increased 1.1X after 15 min SAO and significantly increased 2.1X after 30
min SAO, with TA treatment the relative density after 30 min SAO decreased by 10% as

compared to 30 min SAO without treatment.

2.6.5 Enzyme activities in rat plasma after SAO: To determine whether digestive
enzymes from the lumen of the intestine are transported into the systemic circulation
during ischemia gelatin zymography was carried out in rat plasma samples after the end
of each surgery. A band at about 20 kDa was observed at the same location as porcine
trypsin (Figure 2.17A). When the gel was renatured and developed in the presence of 300
mM TA the bands disappeared (Figure 2.17A). The relative density of the trypsin band
with respect to the SHAM group increased by 20% after 15 min and significantly
increased by 80% after 30 min SAO. With TA treatment, the relative density after 30
min SAO significantly decreased 28% as compared to 30 min SAO without treatment

(Figure 2.17B).

Western blot shows increased levels of trypsin in plasma after SAO (Figure
2.18A). The relative density of plasma trypsin levels compared to SHAM increased 2.3X

after 15 min and significantly increased 2.8X after 30 min SAO (Figure 2.18B).
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Treatment with TA in the lumen of the intestine served to reduce the relative density by
27% after 15 min and by 25% after 30 min SAO as compared to the group without
treatment (Figure 2.18B). Plasma chymotrypsin density levels were also increased in the
SAO group and reduced after luminal inhibition with tranexamic acid (Figure 2.18B).
Density levels of elastase did not significantly increased after ischemia but where

significantly lower compared to the 30 min ischemic group (2.18B)

2.7 Discussion

The current results in the rat model of SAO show morphological damage to the
intestine after 15 min and major damage after 30 min of intestinal ischemia. The damage
to the mucosal barrier is accompanied by enhanced enzymatic activity of digestive serine
proteases (trypsin, chymotrypsin, and elastase) in the wall of the intestine and is followed
by appearance of a low molecular weight protease enzymatic activity in plasma.
Tranexamic acid (TA) treatment in the lumen of the intestine prior to intestinal ischemia

reduced villi damage, decreased enzyme activity in the intestinal wall.

Previous studies have shown that blockade of digestive enzymes with broad
spectrum serine protease inhibitors such as aprotinin, gabexate mesylate, and nafamostat
mesylate protect against villi destruction, inflammation in the intestine and the central
circulation, and attenuate multi-organ failure in different models of shock (21, 23, 25-27).
In this study we show that TA treatment in the lumen of the intestine appears to
significantly prevent intestinal injury. TA, a plasminogen inhibitor used clinically as an
anti-fibrinolytic agent (29, 30), also inhibits thrombin (30) and enterokinase mediated

conversion of trypsinogen to trypsin (31). In our in-vitro experiment we see inhibition of
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86% of trypsin activity with 300 mM TA and 75% with 160 mM; in the in-vivo
experiments we used a dose of 1 mg/g body weight dissolved in 3ml/100g body weight,
corresponding to approximately 200 mM. In the clinical setting TA is recommended at a
dose of 10 mg/kg/day; even though the dose used in the current study is higher, it is
within the inhibitory range for trypsin and below the LD50, in the rat, (3 mg/g body

weight) (31).

We have found, using equimolar concentrations of specific substrates with the
same fluorescent hydrolysis product, that trypsin levels in whole intestine homogenates
of the rat are higher during ischemia as compared to chymotrypsin and elastase; and that
luminal TA treatment prior to ischemia resulted in inhibition of trypsin and to some
extent inhibition of the other two enzymes in whole intestine homogenates. In addition,
we show by in-situ zymography that the activity of all three enzymes is increased in the
intestinal wall and that TA injection into the lumen of the intestine prior to intestinal
ischemia not only results in decreased activity of trypsin in the wall of the intestine but
also decreased chymotrypsin and elastase activity. However, our in vitro studies confirm
that TA inhibits purified trypsin but did not effectively inhibit chymotrypsin or elastase.
One possible explanation for this apparent discrepancy may be the fact that trypsin
exhibits the highest proteolytic activity in the lumen of the intestine; it has also been
shown in an ischemia/reperfusion model of shock that trypsin is capable of inducing
accumulation of neutrophils and neutrophil derived MMP9 in the intestinal wall (26).

Thus, it is possible that inhibition of trypsin by TA prevents the initial destruction of
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some structures of the mucosal and epithelial barrier during ischemia and thereby

attenuates entry and activation of other proteases into the intestinal wall.

In the current study we also found by use of gelatin zymography of plasma
samples that during intestinal ischemia an increasing enzymatic activity of a low
molecular weight enzyme that runs alongside purified trypsin. We also showed by
Western blot higher levels of trypsin protein in plasma samples during ischemia as
compared to sham; this evidence suggests that the enhanced proteolytic activity of the
low molecular weight enzyme may be in part due to trypsin. Further studies to confirm
the identity the enzyme responsible for the enzyme activity seen in the gelatin
zymography needs to be carried out. The presence of enhanced enzyme activity in
plasma during ischemia puts forward the idea that this activity may be due to pancreatic

enzymes such as trypsin derived from the ischemic and injured intestine.

The evidence presented in this study indicates that trypsin among the digestive
enzymes may be an important player in the development of ischemic injury. Once
trypsin makes its way across the mucosal/epithelial barrier; it may activate other enzymes
(38) and open a route of entry for other digestive enzymes to enter the intestinal wall and

the systemic circulation.

Chapter 2 in full is submitted material to Shock journal as it appears in
“Disruption of the Intestinal Mucin Layer Allows Entry of Digestive Enzymes during
Early Periods of Intestinal Ischemia” by Chang M., Kistler E. B., Schmid-Schdnbein

G.W. The dissertation author is the primary author of this manuscript.
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Figure 2.1 Image analyses. Images were corrected for random noise and background
illumination and digitized to 8 bit a) Digital measurements of intensity of fluorescent b)
area was selected and c) the sum of all pixels intensity divided by the sum of all pixels in
selected area was measured (D.U/pixels?) d) light signal was measured as f) the sum of
all pixel intensities in the selected area (D.U).
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Figure 2.3 Measurements of villi parameters. Data shows mean length of villi and
crypts as well as mean muscle layer and villi thickness (VT). Values are meantSEM
(n=4). *P <0.05, ***P<0.0001 compared to sham. {1+P<0.0001 compared to 15 min
SAO. $11P<0.0001 compared to 30 min SAO, §§§P<0.0001 compared to 15 min SAO
with Tranexamic Acid.
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Figure 2.4 Trypsin inhibitory profile with tranexamic acid. (A) Lineweaver-Burk Plot
with inset Michaelis-Menten plot for trypsin inhibition with tranexamic acid with specific

fluorescent substrate. (B) Values are mean+SEM of triplicate measurements, symbols

used: TA 300mM (circle), TA 160mM (square), TA 50mM (triangle), TA OmM
(diamond). Enzyme kinetic parameters, Vmax (RFU/min.pg), Km (M) for the enzymes
with different concentrations of TA calculated after non-linear regression.
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Figure 2.5 Chymotrypsin inhibitory profile with tranexamic acid. (A) Lineweaver-
Burk Plot with inset Michaelis-Menten plot for chymotrypsin inhibition with tranexamic
acid with cspecific fluorescent substrate. (B) Values are meantSEM of triplicate
measurements, symbols used: TA 300mM (circle), TA 160mM (square), TA 50mM
(triangle), TA OmM (diamond). Enzyme kinetic parameters, Vmax (RFU/min.ug), Ky
(uM) for the enzymes with different concentrations of TA calculated after non-linear

regression.
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Figure 2.6 Elastase inhibitory profile with tranexamic acid. (A) Lineweaver-Burk Plot
with inset Michaelis-Menten plot for elastase inhibition with tranexamic acid with

specific fluorescent substrate. (B) Values are mean+SEM of triplicate measurements,

symbols used: TA 300mM (circle), TA 160mM (square), TA 50mM (triangle), TA 0OmM

(diamond). Enzyme kinetic parameters, Vmax (RFU/min.pg), Km (M) for the enzymes

with different concentrations of TA calculated after non-linear regression.
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Figure 2.7 Protein levels of digestive enzymes in luminal contents. (A) Western blot
of intestinal luminal contents for the enzymes; (B) Relative density of western blots,
values are mean+SEM (n=4) (C) Activity of trypsin, chymotrypsin and elastase in
intestinal luminal contents of sham animals using substrates specific for these enzymes.
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Figure 2.8 Enzymatic activity of whole intestine homogenates. In-vivo enzymatic
activity of trypsin, chymotrypsin and elastase in whole intestine homogenates without
removal of luminal contents, ** P<0.001 compared to sham.
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Western blot of whole intestine homogenates for the three enzymes. (B) Relative density
of westernblots, values are meantSEM (n=4)/group.
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Figure 2.11 Trypsin activity measurements. (A) Trypsin enzymatic activity measured
as mean fluorescent intensity of the fluorescent substrates. (B) Enzyme penetration from
the villi tip to the intestinal muscle measured as mean fluorescent intensity of the
fluorescent substrates. *P <0.05, **P<0.001, ***P<0.0001 compared to sham. TP <0.05,
T1P<0.001, +11P<0.0001 compared to 15 min SAO. }P <0.05, 1{P<0.001, 111P<0.0001

compared to 30 min SAO.
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Figure 2.13 Chymotrypsin activity measurements. (A) Chymotrypsin enzymatic
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activity measured as mean fluorescent intensity of the fluorescent substrates. (B) Enzyme

penetration from the villi tip to the intestinal muscle measured as mean fluorescent
intensity of the fluorescent substrates. *P <0.05, **P<0.001, ***P<0.0001 compared to
sham. {P <0.05, 11P<0.001, 711P<0.0001 compared to 15 min SAO. {P <0.05,

11P<0.001, ££1P<0.0001 compared to

30 min SAO.
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Figure 2.15 Elastase activity measurements. (A) Elastase enzymatic activity measured
as mean fluorescent intensity of the fluorescent substrates. (B) Enzyme penetration from
the villi tip to the intestinal muscle measured as mean fluorescent intensity of the
fluorescent substrates. *P <0.05, **P<0.001, ***P<0.0001 compared to sham. TP <0.05,
T1P<0.001, +11P<0.0001 compared to 15 min SAO. }P <0.05, 1{P<0.001, $111P<0.0001

compared to 30 min SAO.
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Figure 2.16 Protein levels of digestive enzymes in intestinal wall. Relative density of
trypsin, chymotrypsin and elastase with respect of B-actin. Values are mean=SEM (n=4)
(E). *P <0.05 compared to sham.
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Figure 2.17 Protease activity in rat plasma. (A) Gelatin zymography of plasma without
and with Tranexamic acid inhibition during renaturing and developing steps. Bands
correspond to about 20kDa molecular weight. (B) Relative density of proteolytic enzyme
activity. *P <0.05, ***P<0.0001 compared to sham. §1P<0.001, 1{1P<0.0001 compared
to 15 min SAO. {1P<0.001, $11P<0.0001 compared to 30 min SAO, §§§P<0.0001
compared to 15 min SAO with TA.
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Figure 2.18 Protein levels of digestive enzymes in rat plasma. (C) Western blot of
trypsin, chymotrypsin, and elastase in plasma. (B) Relative density of the three enzymes
in plasma; values are mean+SEM (n=4/group). *P <0.05, ***P<0.0001 compared to
sham. T1P<0.001, 111P<0.0001 compared to 15 min SAO. {{P<0.001, {11P<0.0001
compared to 30 min SAO, §88P<0.0001 compared to 15 min SAO with TA.
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Chapter 3

Disruption of the Intestinal Barrier
during Splanchnic Ischemia

3.1 Introduction

The lumen of the small contains bacteria and bacterial products, digested food
products as well as luminal digestive enzymes, especially the pancreatic proteases.
Should digestive enzymes come into direct contact with the enterocytes lining the
intestinal villi, these cells could be digested in the same fashion as foodstuff in the lumen
of the intestine. The intestinal barrier function is a critical host defense mechanism;

failure in this barrier can have direct pathophysiologic consequences.

3.2 Mucosal Barrier and Shock

The concept of the mucus layer being an important protective barrier is well
established in the stomach, where stress or ischemia-induced loss of the gastric mucus
layer contributes to gastric mucosal injury by intraluminal acid. However, only few
studies have addressed the importance of the small intestinal mucus layer as a barrier in
shock states. Bounous was among the first authors to notice that products of intestinal

origin often seen in the terminal stage of shock could appear in the blood stream as a

o1
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result of a defective intestinal barrier (1). Bounous also was the first one to suggest that
deterioration of the intestinal mucosal may allow mucosal cells to be acted upon by
intraluminal proteolytic enzymes such as trypsin and chymotrypsin (1). Thereafter others
have reported a relationship between changes in the mucus layer and intestinal barrier (2-

4).

3.2.1 Intestinal mucin is a glycoprotein (100-250 kDa) with about 20% peptide core and
80% carbohydrate (5); it makes up a large part of the mucus covering the mucosal barrier.
Bounous suggested that the increase intestinal permeability that he observed in
experiments with ischemic intestine could be directly related to the mucin in the mucosal
layer. He concluded that a reduction in cellular respiration as a result of ischemia will
rapidly decrease the production of mucin thus exposing epithelial cells to noxius
materials (1). Others have suggested that the hydrophobic properties of the mucus gel are
critical for the intestinal barrier function. Qin and Deitch showed that the superior
mesenteric artery occlusion (SMAQO) model with gut ischemic injury causes a dose-

dependent decrease in mucosal hydrophobicity and an increase in gut permeability (6).

Mucins can be subdivided into secretory and membrane-associated forms.

3.2.2 Secreted mucin: Mucin 2 (MUC?2) is the major gel-forming mucin secreted by
goblet cells of the small and large intestines and is the main structural component of the
mucus gel. MUC2 is assembled into large polymers by disulfide bonds between mucin
subunits with a mass of ~ 2.5 MDa. The protective role of MUC2 in the intestine is
maintained despite the abundant pancreatic digestive proteases. This protection is

possible because its two large mucin domains are highly O-glycosylated and thus
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resistant to proteolytic cleavage because the glycans prevent access of the proteases to the
protein core (7). In contrast, N- and C-terminal cysteine-rich are less glycosylated, and

the protein core is probably more exposed.

3.2.3 Membrane bound mucin: Cell surface mucins are transmembrane glycoproteins
expressed at the apical surface of all mucosal epithelial cells. Ten cell surface mucin
genes have been identified, and multiple genes are expressed in tissues at greatest risk of
infection (8). The extracellular domain of these mucins forms an extremely large thread-
like structure covered by a dense array of complex O-linked oligosaccharides and can be
shed from the cell surface. They have a transmembrane domain and the cytoplasmic
domains of cell surface mucins are highly conserved across species, undergo both serine
and tyrosine phosphorylation, and interact with kinases and adaptor molecules (9-11),
consistent with a role in signal transduction. However, the primary function of these

mucins is not understood.

3.3 Epithelial Barrier and Shock

The normal functioning of the intestine depends on the maintenance of
compositionally distinct, fluid-containing compartments lined by sheets of epithelial
cells. In the gut, the lumen is separated from the lamina propria by the intestinal
epithelium. An essential element in this process is the formation of adherent and tight
junction between adjacent cells making up the epithelial sheet. Proper functioning of
these junctions is essential to maintain normal physiologic processes; therefore alteration
in intestinal epithelial function as a consequence of shock results in epithelial dysfunction

in critical illness. It has been reported that in hemorrhagic shock the blood flow is
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reduced (12) and consequently the villi are damaged (13, 14). In addition there is

increased permeability to macromolecules in animals subjected to hemorrhage (15-18).

3.4 Aims of this Chapter

The hypothesis presented in this chapter is that that during intestinal ischemia
there is a loss of function of the mucosal/epithelial barrier, permitting leakage of
digestive enzymes. Previous studies have shown that the mucosal barrier is disrupted in
shock (1, 19); mucin is the main component of this barrier and the mechanism leading to
loss of function is yet to be determined. Thus, this study examines the disruption of two
mucin isoforms (mucin2 and mucin13) and E-cadherin in epithelial cells during early
periods of intestinal ischemia (15 and 30 min) and their relationship to digestive enzyme
entry into the intestinal wall. In this chapter it is also examined the protective role of the

use of tranexamic acid, a trypsin inhibitor, in the preservation of these two barriers.

3.5 Materials and Methods

3.5.1 Animal groups: All animal protocols were reviewed and approved by the
University of California San Diego Animal Subjects Committee. Male Wistar rats (300-
3509, Harlan Sprague Dawley Inc, Indianapolis, IN) were randomly assigned to one of
five groups: a sham group (SHAM), two ischemic groups with splanchnic arterial
occlusion (SAO) for 15 and 30 min (SAO15, SA030) and two ischemic SAO groups

with enteral tranexamic acid (TA) treatment (SAO15+TA, SAO30+TA); n=4 per group.

3.5.2 Shock model: Rats were kept on solid food restriction with water ad libitum for 12

hours prior to surgery, tranquilized with Xylazine (20 mg/ml, 0.2 uL/g BW) and
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anesthetized with Nembutal (50 mg/ml, 1 uL/g BW), followed by cannulation of the left
femoral vein and artery. In the SHAM and SAO groups 0.9% normal saline (NS),
3ml/100g BW, was injected into the lumen of the intestine while in the treatment group
(SAO+TA) tranexamic acid (Sigma Scientific, St. Louis, MO), 1 mg/g BW, in NS was
used. After 30 min the superior mesenteric and celiac arteries were isolated and ligated
(SAO and SAO+TA groups) or isolated without ligation (SHAM). Animals were

euthanized after 30 min (SHAM) and after 15 or 30 min (SAO and SAO+TA).

3.5.3 Tissue processing: Jejunal segments (~1 cm in length) without removal of luminal
contents were suspended in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance,
CA), snap frozen in isopentane/liquid nitrogen, and stored in -80°C for further analysis.
Cryosections (5 um thickness) along the longitudinal axis of the villi were used

throughout all experiments.

3.5.4 Intestine homogenates: In separate experiments, 1cm equally spaced segments of
the intestine were excised. For western blot assays luminal contents were washed with
NS; followed by homogenization with CelLytic™ (Sigma) in the presence of protease
inhibitors (5mM EDTA, 5mM N-Ethylmaleimide, 25mM iodoacetamide, 5mM
benzamidine, 300mM acarbose, 5mM 6-aminocaproic acid, 1mM protease inhibitor
cocktail, (Sigma Scientific)) to inhibit further degradation. To measure enzyme activity
in the intestinal luminal, contents were retained to measure enzyme activity in the whole
intestine; they were homogenized (CelLytic™) without addition of protease inhibitors.

Homogenates were centrifuged (16,000g for 15 min at 4°C), the supernatant was
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collected and protein concentration was assessed with the bicinchoninic acid protein

assay (Thermo Scientific, Rockford, IL).

3.5.5 Western blot: Samples were prepared in SDS loading buffer (Biorad, Richmond,
CA), reduced with B-mercaptoethanol and boiled for 4 min at 100°C; 20 ug of
protein/lane were loaded for each group and run in an SDS polyacrylamide gel and then
transferred onto nitrocellulose membranes. Afterwards membranes were blocked in 5%
non-fat milk for 1 hour and incubated in primary antibodies overnight. Mucin2 (H-300)
and mucinl3 (R-245) (sc-15334, sc-66973 Santa Cruz Biotechnology, Santa Cruz, CA,
1:1000 dilution) and for the intra- and extra-cellular domains of E-cadherin 1:300
(Abcam). Membranes were incubated with appropriate secondary antibodies (Santa Cruz
Biotechnology) and developed using the chemiluminescent substrate (Super Signal West
Pico, Thermo Scientific). The exposed x-ray films were scanned and analyzed using the

gel analysis tool of the NIH ImageJ software.

3.5.6 Immunohistochemistry: Cryosections were fixed for 10 minutes in cold acetone
and incubated overnight with primary antibody. Mucin2 (H-300) or mucin13 (R-245)
were labeled using rabbit polyclonal antibody (sc-15334, sc-66973 Santa Cruz
Biotechnology, 1:200 dilution) intracellular domain of E-cadherin 1:300 (Abcam);
extracellular domain of E-cadherin 1:250 (Abcam) and then incubated with secondary
antibody (ImmPRESS kit, Vector Lab). The slides were developed with 3,3"-
diaminodbenzidine substrate (DAB, Vector Lab) counterstained with hematoxylin
(Vector Lab), dehydrated, mounted using VectaMount Permanent Mounting Medium

(Vector Lab) and observed under an inverted microscope (20X and 60X objective).



3.5.7 Alcian blue staining: Cryosections were fixed in Carnoy’s fixative for 10 min,
stained in 1% alcian blue solution in 3% acetic acid, pH 2.5 for 30 min, counterstained
with hemotoxylin, dehydrated, and mounted using VectaMount Permanent Mounting

Medium (Vector Lab) and observed under an inverted microscope (20X objective).

3.5.8 In-situ zymography/immunohistochemistry: The simultaneous visualization of
enzyme activity and mucin was carried out using a modified protocol (20). Briefly,
cryosections were fixed in 95% cold ethanol and protease activity was detected via
proteolytic cleavage of fluorescent BODIPY TR-X casein 10 ug/ml (EnzChek®,
Invitrogen, Carlshad, CA) on tissue sections after 1-hour incubation at 37°C.
Subsequently, sections were fixed with 4% paraformaldehyde for 15 min, incubated
overnight with mucin2 1:200 primary antibody and FITC secondary antibody 1:10000
(Santa Cruz Biotechnology) and observed on an inverted microscope (20X objective)

using the appropriate fluorescent filters.

3.5.9 Image analysis: Images were digitized (8 bit, 0 to 255 light intensities), corrected
for random noise and background illumination and then followed by digital
measurements of the fluorescent or light signal intensity in digital units (D.U., NIH

ImagelJ software).

Mean fluorescent/light intensity is defined as the sum of all pixel intensities
divided by the sum of all pixels in the selected area (D.U./pixel); total fluorescent/light

intensity is defined as the sum of all the pixel intensities in the selected area (D.U).
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A rectangular area covering 2-3 villi was selected for all groups. The images
were adjusted to a threshold so only mucin staining was visible; mucin density was
measured as the mean light intensity; the amount of mucin was measured as the total light
intensity. Five tissue sections per animal (n=4) per group were analyzed. Mucinl3
density was determined by placing a one-pixel wide line perpendicular to the epithelium;
a profile plot of the light intensity values along the line was generated for 25 lines
measured over four intestinal sections per animal (n=4). The plot profiles were aligned
with respect to the maximum light intensity and then averaged. The average of these

maximum intensity values were selected as measure for mucinl3 density.

Mucin2 and protease activity colocalization was determined on simultaneously
captured protease activity (red channel) and mucin density (green channel) micrographs.
An area covering one villus was consistently selected for each group; each area was
further divided into four regions: villi tip, mid villi, crypt, submucosal, and muscle layer.
The mean fluorescent intensity over each region was measured for each channel. Twenty

villi over four tissue sections per animal (n=4) per group were selected.

3.5.10 Statistical analysis: Results are presented as mean=SEM. Unpaired comparisons
of mean values between groups were carried out by one-way ANOVA followed by

Bonferroni post-hoc. P<0.05 was considered significant.

3.6 Results

3.6.1 Mucin carbohydrates in the rat small intestine after SAO: Mucin carbohydrates
labeled with alcian blue were located inside the goblet cells within the villi, along the

epithelium and in the lumen of the intestine (Figure 3.1). Mucin carbohydrate density



59

exhibited a trend towards a progressive decrease within the villi during the ischemic
period. This trend was reduced in the presence of TA (Figure 3.2A). In the lumen,
mucin carbohydrate density significantly decreased by 40% after 15 min SAO and further
by 30% after 30 min SAO compared to SHAM. In the presence of TA, mucin density
returned to levels observed in the SHAM group (Figure 3.2A). In general the total mucin

density (villi+lumen) decreased in SAO and was restored with TA (Figure 3.2B).

This evidence suggests that in the normal state mucin carbohydrates are contained
in compact form close to the villi and the lumen and during ischemic states mucin
carbohydrates are dispersed in a less compact form more towards the lumen. The
restoration of mucin carbohydrates in the presence of a protease inhibitor suggest that

mucin carbohydrates disruption is mediated at least in part by a proteolytic mechanism.

3.6.2 Mucin2 in the rat small intestine after SAO: Mucin2 was present in the goblet
cells within the villi and in the lumen of the intestine (Figure 3.3). The density of mucin2
in the villi was constant among the different groups but it decreased in the lumen after
SAO even in the presence of TA (Figure 3.4A). In the lumen of the intestine mucin2
density decreased by 8% after 15 min SAO and significantly decreased by 11% after 30
min SAO as compared to SHAM. In the presence of TA, mucin2 density also
significantly decreased as compared to SAO groups without treatment (Figure 3.4A).

The amount of mucin2 in the villi significantly decreased after 30 min SAO and
increased in the lumen, but the total amount of mucin2 (villi+lumen) remained constant

among the groups (Figure 3.4B). The total mucin2 density (villi+lumen) decreased both
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in ischemic states and with TA treatment suggesting that mucin2 is disrupted, but less

likely via a proteolytic mechanism.

3.6.3 Mucinl13 in the rat small intestine after SAO: Membrane bound mucin (mucinl3)
was observed on the intestinal epithelium along the brush border (Figure 3.5). The
density of mucinl3 decreased after 15 min and 30 min SAO. Serine protease inhibition
with TA served to maintain mucinl13 density after 15 min and 30 min SAO at the levels
observed in SHAM (Figure 3.6). Mucinl13 density significantly decreased by 34% after
15 min SAO and by 33% after 30 min SAO compared to SHAM. In the presence of TA,

mucinl13 density remained at levels found in the SHAM group.

3.6.4 Protein levels of mucin isoforms in intestine homogenates: Western blot analysis
of Mucin2 shows that there is a decrease of mucin2 as ischemia progresses and this
decrease is not prevented by TA treatment (Figure 3.7A). The relative density of mucin2
with respect to SHAM and -actin after 15 min SAQ significantly decreased by 30% and
by 56% after 30 min SAO (Figure 3.7B). With TA treatment the relative density of
mucin2 with respect to SHAM and B-actin after 15 min SAO significantly decreased by
50% and 56% after 30 min SAO (Figure 3.7B). Western blot of mucinl3 also shows that
mucinl3 decreases with the progression of ischemia (Figure 3.7C). The relative density
of mucinl13 with respect to SHAM and B-actin after 15 min SAO decreased by 16% by
23% after 30 min SAO. With TA treatment the relative density of mucinl3 after 15 min

and 30 min SAO remained at SHAM levels (Figure 3.7C).

3.6.5 Serine protease entry across the intestinal mucin layer after SAO:

Superposition of the protease activity label with casein substrate and mucin2
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immunofluorescent staining on the same sections reveals that there is no detectable
colocalization of protease activity and mucin (Figure 3.8). In addition as mucin2 levels
decreased during SAO in various regions of the intestinal wall, the protease activity
increased (Figure 3.9). During SAO, mucin2 was disrupted starting from the villi tips
progressively towards the crypts and simultaneously proteases started to penetrate the
villi (Figure 3.9). Luminal inhibition of the proteases with TA reduced enzyme activity
levels to those observed in SHAM but did not restore mucin2 density. An increased
enzymatic activity was also observed in the submucosa after ischemia; after 30 min SAO
there was an enhanced protease activity at the level of the crypts co-localized with the

Paneth cells (Figure 3.8).

3.6.6 Proteolytic cleavage of E-cadherin in rat intestine: Ischemia and reperfusion
injury is characterized by disruption of intercellular junctions in epithelium (21). We
labeled the intracellular and extracellular domains of E-cadherin to determine whether the
epithelial junctions are proteolytically disrupted during ischemia and whether this process
can be prevented by enteral TA protease inhibition in our model. In the sham control
group both domains of E-cadherin are visible along the entire epithelium of each villus
(Figure 3.10). In contrast, in ischemia visible morphological damage was accompanied
by disruption of both domains of E-cadherin (Figure 3.10). TA treatment preserved intra-
and extracellular domains of E-cadherin (Figure 3.11 A, B), an observation that was

confirmed by Western blot analysis (Figure 3.12).
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3.7 Discussion

The current results in the rat model of SAO show morphological damage to the
intestine after 15 min and major damage after 30 min of intestinal ischemia accompanied
by disruption of both mucosal and epithelial barriers. The damage to the mucosal barrier
is accompanied by enhanced enzymatic activity of digestive serine proteases (trypsin,
chymotrypsin, and elastase) in the wall of the intestine. Tranexamic acid (TA) treatment
in the lumen of the intestine prior to intestinal ischemia reduced villi damage, decreased

enzyme activity in the intestinal wall, and protected to some degree the mucus barrier.

Our results show that mucin2 (goblet cell-derived mucin) is disrupted during
ischemia by a mechanism that appears to be independent of trypsin, since trypsin
inhibition with TA during ischemia did not prevent it. In contrast, luminal treatment with
TA prevented disruption of mucinl3 (membrane bound mucin) and degradation of the
carbohydrate portion of mucin during ischemia. This result indicates that disturbance of
the mucin layer during ischemia is accompanied by entry of digestive enzymes into the
wall of the intestine as seen by increased enzymatic activity as well as increased protein

levels of trypsin and chymotrypsin by Western blot.

Double labeling of mucin2 and protease activity indicates that proteases and
mucin exhibit a low degree of mixing on sections. This situation is observed in the non-
ischemic state, with intact mucin located in both goblet cells and the mucin layer above
the epithelium and low or no enzymatic activity in the intestinal wall. In contrast,
enzymatic activity is observed at the tip of the villi as early as 15 min of ischemia

accompanied by a decrease of the mucin density in the intestinal lumen. After 30 min
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ischemia an enhanced enzymatic activity across the intestinal wall is observed with near
absent mucin labeling in the lumen. There seems to be little or no colocalization of
enzyme activity and mucin, which may suggest that digestive enzymes are not present in
areas with intact mucin layer. This evidence suggests that the enhanced enzymatic
activity observed in the lumen of the intestine may be due to entry of the digestive

enzymes across the mucus layer.

Homotypic interactions of the extracellular domains of E-cadherin are responsible
for preserving epithelial cell-cell integrity and may be important in preventing intestinal
permeability present in shock (35). In this study we observed loss of both the intra- and
extracellular domains of E-cadherin during ischemia, which was prevented by TA
treatment. Disruption of E-cadherin in intestinal ischemia may increase intestinal
permeability, thus providing an additional route of entry for digestive enzymes through

the intestinal wall.

Evidence presented in this chapter indicates that the development of tissue injury
observed during early periods of intestinal ischemia is the result of two interconnected
processes involving disruption of the mucosal barrier and trypsin activation. Disruption
of the mucin layer during ischemia allows activated trypsin to make its way across the
epithelium where it may activate other enzymes and by proteolytic destruction of
epithelial junction proteins open a route of entry for other digestive enzymes to enter the

intestinal wall and the systemic circulation resulting in autodigestion.

Chapter 3 in full is submitted material to Shock journal as it appears in

“Disruption of the Intestinal Mucin Layer Allows Entry of Digestive Enzymes during



Early Periods of Intestinal Ischemia” by Chang M., Kistler E. B., Schmid-Schénbein

G.W. The dissertation author is the primary author of this manuscript.
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Figure 3.1 Alcian blue staining.Micrographs of jejunal frozen sections stained with alcian blue specific for the
carbohydrate domain of mucin. The intestinal lumen (L), villi (V) and luminal food (F) residues are visible;

arrowheads show mucin in goblet cells.
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Figure 3.2 Alcian blue density measurements. Mucin density measured as the mean
light intensity (A) and total mucin measured by the total light intensity (B). Values are
mean+=SEM (n=4). *P <0.05, ** P<0.001, ***P<0.0001 compared to sham. {P<0.05,
T1P<0.001, +11P<0.0001 compared to 15 min SAO. P<0.05, ${P<0.001, $11P<0.0001
compared to 30 min SAO (alcian blue and mucin2 staining).
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Figure 3.3 Mucin2 immunohistochemistry. Micrographs of jejunal frozen sections stained with immunoperoxidase

staining against goblet cell-derived mucin2. Arrowheads show mucin in goblet cells, diamond arrows demonstrate

luminal mucin
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Figure 3.4 Mucin2 density measurements. Mucin2 density measured as the mean light
intensity (A) and total mucin measured by the total light intensity (B). Values are
mean+=SEM (n=4). *P <0.05, ** P<0.001, ***P<0.0001 compared to sham. {P<0.05,
T1P<0.001, +11P<0.0001 compared to 15 min SAO. P<0.05, ${P<0.001, $1P<0.0001
compared to 30 min SAO (alcian blue and mucin2 staining).
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Figure 3.5 Mucin13 immunohistochemistry. Micrographs of jejunal frozen sections stained with immunoperoxidase

staining against goblet cell-derived mucin13. Diamond arrows demonstrate luminal mucin and arrows show

membrane-bound mucin.
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Figure 3.6 Mucin13 density Measurements. Mucin2 density measured as the mean
light intensity (A) Values are meantSEM (n=4). *P <0.05, ** P<0.001, ***P<0.0001
compared to sham. 7P<0.05, 11P<0.001, §11P<0.0001 compared to 15 min SAO.
1P<0.05, $1P<0.001, $$1P<0.0001 compared to 30 min SAO (alcian blue and mucin2
staining).
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Figure 3.7 Western blot of mucin2, mucinl3 and p-actin in intestine homogenates with

removal of luminal contents (A). Relative density of mucin2 (B) and mucinl13 with
respect of B-actin (C). Values are mean+SEM (n=4). *P <0.05, ** P<0.001,
*#%P<0.0001 compared to sham. {P<0.05, ¥1P<0.001, 1§1P<0.0001 compared to 15

min SAO. {P<0.05, $11P<0.001, $11P<0.0001 compared to 30 min SAO (alcian blue and

mucin2 staining).
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Figure 3.9 Serine protease activity and mucin density measurements at the villus tip,
mid villus, crypt and muscle were measured as the mean light intensity after in-situ
zymography cleavage of the Texas Red fluorophore by serine proteases and labeling with
primary antibody against mucin2 and FITC secondary antibody. Values are meantSEM
(n=4). *P <0.05, **P<0.001, ***P<0.0001 compared to sham. $1P<0.001, §1P<0.001,
T11P<0.0001 compared to 15 min SAO. ${1P<0.0001 compared to 30 min SAO,
##P<0.001, 888P<0.0001 compared to 15 min SAO with TA. Figures are displayed as
sham and SAO and sham and SAQ plus TA for better visualization.
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Figure 3.11 E-cadherin immunohistochemistry density measurements: measured as
the mean light intensity after labeling with primary antibody against extracellular (A) and
intracellular domain (B) of E-cadherin and DAB substrate, values are meantSEM
(n=4)/group. *P <0.05, ***P<0.0001 compared to sham. TP<0.001, §1{P<0.0001
compared to 15 min SAO. ${P<0.001, $11P<0.0001 compared to 30 min SAO,
§88P<0.0001 compared to 15 min SAO with TA.
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Figure 3.12 E-cadherin western blots: intra- and extra-cellular domains in intestine
homogenates with removal of luminal contents (A). Relative density of intra-cellular (B)
and extra-cellular domains (C) of E-cadherin with respect of B-actin. Values are
mean£SEM (n=4)/group. *P <0.05, ***P<0.0001 compared to sham. 1$P<0.001,
T11P<0.0001 compared to 15 min SAO. $1P<0.001, ${1P<0.0001 compared to 30 min
SAO, §88P<0.0001 compared to 15 min SAO with TA.
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Chapter 4

Effect of Protease Inhibitors in Mucin
Degradation

4.1 Introduction

The mucus layer is the first barrier lining the intestine for protection against
invading organisms. Mucins are the main element responsible for the rheologic properties
and barrier properties by the mucus layer. The viscoelasticity of mucus depends on mucin
hydration, cross-linking and on the mucin concentration (1). Mucins are glycoproteins;
therefore, they may be targets for diverse proteolytic and glycolytic enzymes. Partial or
complete degradation of mucin molecules by microbial enzymes is often a fundamental
step in disruption of defensive mucosal barriers, as these constitute direct interfaces
between internal and external environments. The possible contribution of mucin
degrading enzymes to the pathogenesis of infection is, therefore, not to be
underestimated. Recent evidence suggests that enzymes able to digest mucin (mucinases)
in particular may play a vital part in the etiology of certain conditions and/or infections
(2). The carbohydrate component of the mucin molecule is particularly important in

mucin susceptibility to enzymatic digestion as the majority of degradative enzymes that
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have been studied affect carbohydrate side chains. The traditional view is that
carbohydrate side chains protect the central protein core from attack by proteolytic

enzymes.

4.2 Enzymes that may Degrade Mucins:

In a normal intestine, the protective role of mucin is maintained despite the
abundant pancreatic digestive proteases. This protection is possible because its two large
mucin domains are highly O-glycosylated and thus resistant to proteolytic cleavage
because the glycans prevent access of the proteases to the protein core (3). In contrast, the
N- and C-terminal cysteine-rich domains are less glycosylated, and the protein core is
probably more exposed (3, 4). However, studies on the recombinant N-terminal cysteine-
rich domain of mucin2 have revealed that the N-terminal trimers are held together within
a core that is resistant to proteolytic enzymes. The protease resistance is likely due to the
high number of intramolecular disulfide bonds that shield potential cleavage sites from
the pancreatic enzymes (4). Reduction of the mucin polymer does not only dissolves the
mucus gel but also renders the protein core outside of the mucin domains sensitive to
proteolytic cleavages (5-7). Many proteases or glycosidases including those produced by
bacteria are known to degrade components of mucus (2, 8). Theses enzymes may exert
effects on the physical barrier and enhance bacterial adhesion and colonization as well as

transport of noxius material from the intestinal lumen such as digestive enzymes.

4.2.1 Proteases: Proteases are likely to exhibit two modes of action in mucin

degradation: The first mode is by initial cleavage at non-glycosylated regions, leading to
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reduced viscoelasticity and disruption of gel structure (9, 10); and the second mode is by

final disruption of exposed protein core after deglycosylation by other enzymes (9, 10).

4.2.2 Glycosidases: p-D-galactosidase, N-acetyl-p-D-galactosaminidase, a-fucosidases,
sialidase and N-acetyl-B-D-glucosaminidase cleave sugars from mucin oligosaccharides
(9, 11, 12). These enzymes may act in conjunction with each other enzymes to promote

complete degradation of the glycoprotein (9, 11-13).

4.2.3 Sulphatases: Several organisms are known to produce sulphatases which act upon
respiratory and gastrointestinal mucins (14). The loss of terminal sulphate residues may
be an important rate-limiting factor in mucin degradation as this may expose underlying

sugars to further enzymatic attack.

4.2.4 Sialidases: Sialidases have been subject to much investigation since their discovery
in the 1940s (15), and their occurrence in bacteria and viruses is widespread. Sialidases
cleave terminal sialic acids from glycoproteins and glycolipids, unmasking other sugars
on their carbohydrate side chains. Sialidases tend to be highly substrate specific. They
may target particular types of specific sugar linkages; or may be sensitive to the nature of
the linkage sugar itself (D-galactose, N-acetyl-D-galactosamine, etc). Sialidases are most

commonly secreted, but may be cell bound (11).

4.3 Mucin Degradation in Different Organs
Under normal conditions mucus adheres to many epithelial surfaces, where it
serves as a diffusion barrier against contact with noxious substances and as a lubricant to

minimize shear stresses; such mucus coatings are particularly prominent on the epithelia
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of the respiratory, genital and gastrointestinal tracts. Disruption of mucin in different

organs has been associated with disease states.

4.3.1 Airway mucin degradation in vitro: Airway mucins are important in the lung.
Airway mucin concentration is decreased in cystic fibrosis (CF). The effect of mucin
degradation in vitro was done by incubating freshly collected sputum and mucus without
protease inhibitors from cystic fibrotic patients (16). Henke et al demonstrated that
airway mucins can be degraded by synthetic human neutrophil elastase (HNE) and P.
aeruginosa elastase B (psudolysin) and that degradation was inhibited by serine proteases
inhibitors (diisopropyl flurophospahtes [DFP], phenylmethylsulfonyl fluoride [PMSF],
and 1-choro-3-tosylamido-7amino-2-heptanone HCI [TLCK]). Their data indicate that
the loss of the mucin barrier in the airways is most likely due to degradation by serine

proteases contributing to the chronic infection in the CF airway (16).

4.3.2 Degradation of cervical mucins: In the female reproductive tract a primary
function of the cervical mucus is the defense of the upper reproductive tract from
microbial invasion. Physical clearance of microbes by mucosal secretions is the most
effective line of defense. Microbial mucin degrading enzymes are either significantly
associated with certain genital tract conditions and sexually transmitted infections or are

known to be produced by the offending micro-organisms (10).

4.3.3 Degradation of gastric mucins: Previous rheological studies on gastric mucin
indicate that this material is pH dependent, transitioning from a viscous solution at
neutral pH to a gel in acidic conditions (17, 18). This feature of mucin is believed to play

a crucial role in its protective function from damage by the stomach acidic secretions and
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other insults. Bulk rheology measurements on porcine gastric mucin (PGM) show that H.
pylori elevates the pH by secretion of urease, which catalyses hydrolysis of urea present
in the stomach to yield NH3 and CO; (18). This induces a dramatic decrease in

viscoelastic moduli by altering the rheological properties of mucin (18).

4.3.4 Degradation of colonic mucins: In order for enteric pathogens to invade and make
contact with the colonic epithelium, they must penetrate the thick protective mucus
barrier (19). The ability of the cysteine proteases to dissolve mucus gels was confirmed
by treating mucins from a MUC2-producing cell line with amoeba proteases (3). Cysteine
proteases secreted from the amoeba disrupts the mucin polymeric network, thereby

overcoming the protective mucus barrier (3).

4.4 Aims in this Chapter

Mucin is believed to protect the epithelial surface of the small intestine from
luminal digestive enzymes, abrasion by food particles, and pathogens by forming a
barrier between the lumen and the intestinal epithelium (20-23). The hypothesis of the
study presented in this chapter is that that during intestinal ischemia mucin is subject to
enzymatic digestion, resulting in mucin degradation and breakage of the intestinal
epithelial barrier. Thus this chapter examines the effect of digestive enzymes on mucin
disruption by luminal amylase inhibition with acarbose and serine protease inhibition

with tranexamic acid and nafamostat mesilate.
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4.5 Materials and Methods

4.5.1. Animal groups and SAO model: All animal protocols were reviewed and
approved by the University of California San Diego Animal Subjects Committee. Male
Wistar rats (300-350g, Harlan Sprague Dawley Inc, Indianapolis, IN) were randomly
assigned to one of five groups (n=4 per group): a sham group (SHAM), and four groups
subjected to 30min splanchnic ischemia without enteral protease inhibition (SAO30) and
with enteral amylase inhibition by acarbose (SAO30+ACA), protease inhibition by
tranexamic acid (SAO30+TA) and nafamostat mesilate (ANGD, [6-amidino-2-naphthy!I
p-guanidinobenzoate dimethanesulfonate]) (SAO+ANGD). Rats were kept on solid food
restriction for 12 hours prior to surgery with water ad libitum. After general anesthesia
(Ketamine/Xylazine, 75 mg/kg BW / 20 mg/kg BW, IM) all groups were injected 0.9%
saline (3ml/100g BW) into the lumen of the intestine either alone (SHAM or SAO30
groups) or mixed with one of three enzyme inhibitors (SAO30+ACA, SAO30+TA, or
SAO30+ANGD groups). The concentration of the enzyme inhibitors was as follows:
acarbose (0.5mg/100g BW) and tranexamic acid (0.1g/100g BW) (Sigma-Aldrich, St
Louis, MO) or nafamostat mesilate (5mg/ 100g BW, Torii Pharmaceutical Co. Ltd.,
Tokyo, Japan). 30 min after saline or saline/inhibitor injection, the superior mesenteric
and celiac arteries were isolated and occluded for 30 min for the ischemic groups or
isolated without occlusion in the sham group. After 30 min SAO or sham surgery the

animals were euthanized with Beuthanasia® 0.22 ml/kg BW, V.

4.5.2 Tissue cryosections: After euthanasia, jejunal sections (~1 cm in length) were

excised without removal of luminal contents and suspended in Tissue-Tek O.C.T.
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Compound (Sakura Finetek, Torrance, CA), snap frozen in isopentane/liquid nitrogen,
and stored at -80°C for analysis. Cryosections (5 um thickness) along the longitudinal
axis of the villi were used throughout all experiments. Cryosections were fixed in 10%

formalin solution and processed in a non-blinded fashion.

4.5.3 In-situ tissue zymography and immunohistochemistry: In-situ zymography for
trypsin activity in cryosections was assessed by measurement of fluorescence resulting
from the proteolytic cleavage of the substrate (LmM, Na-benzoyl-L-arginine-7-amido-
methylcoumarin hydrochloride; Sigma-Aldrich) as described elsewhere (24). For
immunohistochemical analysis, primary antibodies were diluted as followed: Trypsin
1:300 and mucin2 1:200 (Santa Cruz Biotechnology, Santa Cruz, CA); the extracellular
domain of TLR4 1:250 (Abcam, Cambridge, MA), and the intracellular domain of TLR4
1:250 (Invitrogen, Carlsbad, CA, USA). Secondary antibodies were as follows: FITC
(Santa Cruz Biotechnology) and HRP (ImMmPRESS, Vector Lab; Burlingame, CA). The
slides were developed using 3, 3"-diaminodbenzidine substrate and counterstained with
hematoxylin or DAPI (Vector Lab) or propidium iodine (Sigma-Aldrich). Slides were
observed in a non-blinded fashion under an inverted microscope (20X and 60X

objectives).

4.5.4 Homogenates of intestine and luminal contents: Jejunal segments were excised
without removal of luminal contents. For enzyme activity measurements, segments of
intestine were homogenized with CelLytic™ (Sigma-Aldrich) without addition of
protease inhibitors. For Western blot assays the intestine segments were homogenized as

above in the presence of protease inhibitors (5mM EDTA, 5mM N-Ethylmaleimide,
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25mM iodoacetamide, 5mM benzamidine, 300mM acarbose, 5mM 6-aminocaproic acid,

1mM protease inhibitor cocktail, (Sigma-Aldrich).

In separate experiments the small intestine of sham animals was excised, and the
luminal contents were flushed with 20 ml saline. Homogenates or luminal contents were
centrifuged (16,0009 for 15 min at 4°C), the supernatant was collected and protein

concentration was assessed with the bicinchoninic acid protein assay (Thermo Scientific).

4.5.5 Enzyme activity: Protease activity of intestinal homogenates (100ug of protein),
homogenates of the luminal contents (50ug of protein), or 50ug/ml purified enzyme
(porcine trypsin and amylase) was measured with substrates specific for trypsin and
papain (50uM, Na-benzoyl-L-arginine-7-amido-methylcoumarin hydrochloride) (25) and
amylase (4mM, 2-Chloro-4-nitrophenyl-a-D-maltotrioside, Sigma-Aldrich) (26). The
initial rates of hydrolysis were measured by the fluorescent intensity of 7-amido-4-
methylcoumarin, 380/460 nm (excitation/emission) or the absorbance of 2-Chloro-4-
nitrophenol at 405nm (SpectraMax Gemini XS, Molecular Devices, Sunnyvale, CA). The
enzymatic inhibitory properties of acarbose and nafamostat mesilate were confirmed by
incubation of amylase or trypsin with different concentrations of inhibitors for 30
minutes, followed by incubation with the specific substrates. The initial velocity of the
reaction was expressed as the rate of change of relative units (RU) per minute and per ug
of protein. The data was fitted with a non-linear regression of the Michaelis-Menten or
Lineweaver-Burk equations and kinetic constants (maximum enzyme velocity, V max,
Michaelis-Menten constant, K,,, and inhibitory constant, K;) were computed (GraphPad

Prism, Graphpad Software, San Diego, CA).
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4.5.6 Quantitative PCR (gPCR): Total-RNA was isolated from jejunal segments
(SHAM (n=6) and SAO30; n=4 for SAO30+ACA, SAO30+TA and SAO30+ANGD)
using RNeasy kit (Qiagen, Valencia, CA), and the total RNA was quantified by optical
density. cDNA was generated (iScript cDNA synthesis kit, BioRad Laboratories,
Richmond, CA) and gPCR reactions were performed (SYBR Green, Biorad). The primer
sequences used for rat mucin 2 (MUC2) were designed from the fragment of Rattus
norvegicus mucin mRNA (Gl 506641): 5-CAGAGTGCATCAGTGGCTGT-3' (forward)
and 5'-CCCGTCGAAGGTGATGTAGT-3' (reverse). 3-actin was used as a reference
gene, chosen and designed from the B-actin mRNA (Gl 42475962): 5'-
AACTGGGACGATATGGAGAAGATTT-3' (forward) and 5'-
TGGGCACAGTGTGGGTGA-3' (reverse). The efficiencies of the primers were
determined and used for calculating the change in MUC2 mRNA expression relative to 3-

actin mRNA expression.

4.5.7. Western blot: Tissue homogenate (20ug) were separated by SDS-PAGE.
Membranes were incubated with primary antibodies as follows: mucin2, mucinl13 and
trypsin 1:1000 (Santa Cruz Biotechnology), pancreatic amylase 1:1000 (GeneTex, San
Antonio, TX), intra- and extra-cellular domains of E-cadherin and TLR4 1:1000
(Abcam), intracellular domain of TLR4 1:1000 (Invitrogen). Secondary antibodies were
diluted 1:20000 (Santa Cruz Biotechnology) and detected with enhanced
chemiluminescent (ECL) substrate for horseradish peroxidase (HRP) (Super Signal West
Pico, Thermo Scientific). The exposed x-ray films were scanned and label intensity was

measured using digital gel analysis (NIH ImageJ software).
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4.5.8. Statistical Analysis: Results are presented as mean+tSEM. Unpaired comparisons
of mean values between groups were carried out by one-way ANOVA followed by

Bonferroni post-hoc comparisons. P<0.05 was considered significant.

4.6 Results

4.6.1. Inhibitory profile of acarbose and nafamostat mesilate: In order to determine
the role of digestive enzymes in mucin disruption during ischemia, we used three
inhibitors: acarbose, an a-glucosidase and pancreatic a-amylase inhibitor (27),
tranexamic acid, a trypsin and plasminogen inhibitor (24, 28, 29); and nafamostat
mesilate, a broad spectrum serine protease inhibitor (30)). Acarbose inhibited amylase
non-competitively with an inhibitory constant K; = 0.48mM (Figure 4.1) and nafamostat
mesilate inhibited trypsin competitively with K; = 0.78uM (Figure 4.2) Tranexamic acid

inhibited trypsin competitively with K; = 56.5mM (24)

4.6.2 Amylase and trypsin activity and protein levels after SAO. The activity levels of
amylase and trypsin in intestine homogenates during ischemia were significantly higher
compared to levels in sham animals (SHAM) and this activity was decreased in the
groups treated with their respective inhibitors (Figure 4.3). The activity of luminal
contents (LUM CONT) alone in the sham group was significantly elevated as compared

to the activity of tissue homogenates of all groups (Figures 4.3).

Western blot for amylase and trypsin in intestinal homogenates for all groups
showed no change in the amount of protein, implying that the enzymes are being

activated during ischemia (Figure 4.4).
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In-situ zymography of trypsin activity in the intestinal wall (Figure 4.5) revealed
no trypsin activity in the SHAM group and high levels of trypsin activity for the ischemic
group without protease inhibitors (SAO30) and for the ischemic group with acarbose
treatment (SAO30+ACA). Ischemic groups treated with tranexamic acid (SAO30+TA)
and nafamostat mesilate (SAO30+ANGD) had undetectable levels of trypsin activity in

the intestinal wall.

4.6.3 Mucin2 degradation during SAO: To determine whether digestive enzymes
mediate mucin degradation, we visualized mucin 2 and trypsin with
immunohistochemical techniques. In the sham group (SHAM) mucin 2 had the
appearance of an intact layer (Figure 4.6) while in the ischemic group without protease
inhibitors (SAO30) this layer was discontinuous. The tips of the villi were destroyed and
trypsin penetrated into the intestinal wall. In the presence of inhibitors, the mucin 2 layer

also appeared less dense as compared to the sham group.

The protein levels of mucin 2 in intestine homogenates, as determined by Western
blot (Figure 4.7A, B), were significantly decreased in the ischemic group as well as in the
ischemic groups treated with tranexamic acid (SAO30+TA) and nafamostat mesilate
(SAO30+ANGD). This evidence suggests that trypsin may not mediate mucin 2
degradation. Mucin 2 density in the ischemic group treated with acarbose (SAO30+ACA)
was also decreased as compared to the sham group and was on average slightly greater

than in the other ischemic groups (not significant).

4.6.4 Mucin2 mRNA levels after SAQO: In order to determine whether ischemia affects

MUC2 mRNA synthesis we performed real-time quantitative PCR; the results show that
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MRNA relative levels in intestinal tissues were higher after 30 min of ischemia. mMRNA
levels in ischemic group without protease inhibition (SAO30) were significantly elevated
compared to SHAM while the mRNA relative levels for the ischemic groups with
luminal inhibitor treatments (SAO30+ACA, SAO30+TA, SAO30+ANGD) were not

significantly increased compared to sham (Figure 4.7C).

4.6.5. Mucin13 fragmentation during SAO: Western blot analysis indicates that the
digestive enzymes were not associated with a significant shift in the density levels of the
intact molecule of mucin 13 (56kDa) in any of the groups (Figure 4.7A). Low molecular
weight bands were observed in addition to the band corresponding to the whole molecule.
The sham group (SHAM) had low molecular weight bands around 24kDa and to lesser
degree at 20kDa. The density of these bands was significantly decreased in the ischemic
group without luminal inhibitors (SAO30) and in the groups with trypsin inhibition by
either tranexamic acid (SAO30+TA) or nafamostat mesilate (SAO30+ANGD) (Figure
4.8). The ischemic group with amylase inhibition by acarbose (SAO30+ACA) had higher
density levels of these bands. There was also another band around 17kDa that was not
present in the sham group and appeared during ischemia (Figure 4.7A). Density of this
band was significantly greater in the ischemic group alone and in the groups with luminal
inhibition by tranexamic acid or nafamostat mesilate compared to sham, and was present

to a lesser degree in the acarbose group (not significant) (Figure 4.8).

4.7 Discussion

The importance of mucin during breakdown of the intestinal mucosal barrier in

ischemia and hemorrhagic shock was first suggested in the 1960s (31). Since then a
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number of investigators have established a correlation between the loss of the intestinal
mucus layer and increased intestinal injury during hemorrhagic shock (32) and sepsis (33,
34). In the previous chapters it was shown that 30 minutes of intestinal ischemia results in
mucin disruption and transport of digestive enzymes from the lumen of the intestine into

the intestinal wall and subsequently into the systemic circulation (24).

In this study we showed in-vivo that mucin disruption during early periods of
intestinal ischemia is not directly mediated by trypsin. Mucin 2 and mucin 13 are
degraded during ischemia but this disruption is not prevented by the inhibition of trypsin
with tranexamic acid or nafamostat mesilate (Figure 5). Thus, there is a possibility that
another protease may be involved in mucin degradation. There is some preservation of
mucin 2 and mucinl3 by amylase inhibition with acarbose, which may suggest an

indirect role of pancreatic amylase; the role of amylase remains to be further investigated.

Furthermore the ischemic groups treated with luminal injection of enzyme
inhibitors had reduced enzymatic activity and these groups had less visible injury as
compared to the ischemic group without inhibitors. These results suggest that individual
digestive enzymes or a combination of them mediate epithelial cell disruption but not

mucin disruption.

Goblet cell-derived mucin (mucin 2) in the mucus layer has been proposed to be
the major barrier against passage of high-molecular weight compounds across the
intestinal barrier (35). The level of the mucus layer is determined by a balance between
secretion and degradation of this protein. A variety of stimuli in different pathologies

may lead to mucin over-secretion or cessation of secretion (36-40). In the current results
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we show that after 30min ischemia the level of MUC2 mRNA is significantly increased
as compared to the sham group. This rapid response after a relatively short period of
ischemia may serve to replenish mucin 2 in the mucus layer, which may be a critical
protection mechanism to prevent the escape of luminal digestive enzymes. Further studies
are necessary to determine whether MUC2 mRNA is translated if longer periods of
ischemia and reperfusion are present and if under these conditions the rate of mucin

degradation is greater than the rate of secretion, resulting in irreversible injury.

In conclusion, the results presented here confirm that during ischemia mucin
isoforms are degraded, which may stimulate synthesis of new mucin to restore the
damaged barrier. As mucin is degraded digestive enzymes in the lumen of the intestine

enter across the intestinal epithelium initiating autodigestion.

Chapter 4 in full is submitted material to Plos One as it appears in “Breakdown of
Mucin as Barrier to Digestive Enzymes in the Ischemic Rat Small Intestine” by Chang
M., Alsaigh T., Kistler E. B., Schmid-Schénbein G.W. The dissertation author is the

primary author of this manuscript.
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Figure 4.1 Inhibitory profile of acarbose. Lineweaver-Burk Plot with inset Michaelis-
Menten plot of amylase activity with different concentrations of acarbose (A). Enzyme
Kinetic parameters, maximum enzyme velocity (Vmax, RFU/min.ug), Michaelis-Menten

constant (Ky, mM or uM) for amylase with different concentrations of inhibitors
calculated after non-linear regression (B).
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Figure 4.2 Inhibitory profile of nafamostat mesilate. Lineweaver-Burk Plot with inset
Michaelis-Menten plot of amylase activity with different concentrations of nafamostat
mesilate (A). Enzyme Kinetic parameters, maximum enzyme velocity (V max,

RFU/min. pg), Michaelis-Menten constant (K, mM or uM) for trypsin with different
concentrations of inhibitors calculated after non-linear regression (B).
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Figure 4.3 Amylase and trypsin activity in intestine homogenates during SAO.
Enzyme activity of amylase (A) and trypsin (B) in intestine homogenates of SHAM
animals or animals subjected to SAO protocol with luminal inhibition with acarbose
(ACA), tranexamic acid (TA) or nafamostat mesilate or without (NI). Activity of luminal
contents of SHAM intestines for each enzyme is shown at the end of the graphs. Values
are meantSEM (n=4)/group ** P<0.001 compared to SHAM, 11 P<0.0001 compared to
SAO30, § P<0.05 and ${P<0.001 compared to ACA, §§§ P<0.0001 compared to all the
other groups.
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Figure 4.4 Western blots for amylase and trypsin and B-actin in intestine homogenates
(A) with corresponding density levels measurements (B, C). Values are meanSEM
(n=4)/group.
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Figure 4.7 Western blot for mucin 2 and mucin 13 in jejunal homogenates of SHAM
animals or animals subjected to SAO protocol with luminal inhibition with acarbose
(ACA), tranexamic acid (TA) or nafamostat mesilate or without (NI) (A). Density levels
measurement of mucin 2 (B) and mRNA expression of MUC2 (C). Values are
meantSEM (n=4)/group ** P<0.001 compared to SHAM, 71 P<0.0001 compared to
SAO030, i P<0.05 and i P<0.001 compared to ACA.
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Figure 4.8 Mucin 13 density levels of different fragments. Values are meanSEM
(n=4)/group ** P<0.001 compared to SHAM, 71 P<0.0001 compared to SAO30, i
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Chapter 5

Mucin as Barrier to Digestive Enzymes
In-vivo and In-vitro

5.1 Introduction

The intestinal epithelium covering the gastrointestinal tract consists of a
monolayer of enterocytes covered by a mucus gel layer. Together these two layers
provide a dynamic and regulated barrier allowing selective passage of luminal contents
into the intestinal wall. Loss of the epithelial/mucus layer integrity is a common feature
in gastrointestinal diseases (1, 2) and intestinal ischemia encountered in different forms

of shock (3-5).

The mucus gel layer, which ranges in thickness from 50-300um (6), is a hydrated
polymeric gel composed of carbohydrates, lipids and protein (7). The major protein
component of the mucus layer is mucin, which consists of several isoforms, both secreted
and membrane associated. Mucin is believed to protect the epithelial surface of the small
intestine from luminal digestive enzymes, abrasion by food particles, and pathogens by
forming a barrier between the lumen and the intestinal epithelium (8-11). The epithelial

cells also form a selective barrier to molecules found in the lumen; this barrier depends
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on the integrity of intercellular junctions and the extracellular plasma membrane proteins.
Changes in the environment of epithelial cells make these molecules targets for
proteolytic attack (12), cause disruption of cell structure components influencing

intracellular signaling (13-15), and impair epithelial barrier function (16).

Intestinal epithelial cells express numerous membrane proteins on the plasma
membrane whose fate after disruption of the mucin layer is uncertain and may be
determined by the access of digestive enzymes. In the previous chapters I reported that E-
cadherin, which plays a major role in maintaining the intercellular junctions between
epithelial cells (17), is degraded during intestinal ischemia (3). Conversely the fate of
other membrane molecules, e.g. toll-like receptor 4 (TLR4), which is usually associated
with infection and sepsis (18, 19) and recently has been linked to hemorrhagic shock and

intestinal ischemia (20, 21), remains unknown.

5.2 Intestinal Permeability

The epithelial barrier is composed of enterocytes interspersed with goblet cells;
enterocytes are attached to each other by adherent junctions and tight junctions. There is
now substantial evidence that the integrity of the intestinal epithelial barrier regulates
permeability by influencing paracellular flow of fluid and solutes. The epithelial barrier
depends on acomplex of proteins composing different intercellular junctions, including
tight junctions, adherens junctions, and desmosomes, which allow passage of small
molecules but prevent the passage of large molecules forming a closed seal (22, 23). E-
cadherin is primarily found at the adherens junctions and plays a critical role in cell-cell

adhesions that are fundamental to formation of the intestinal epithelial barrier (24). The
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intestinal epithelium represents the largest interface between the external environment
and the internal host milieu and constitutes the major barrier through which molecules
can either be absorbed or secreted. Bidirectional permeability assays are commonly used
to compare basolateral to apical permeability (secretory direction) with apical to
basolateral permeability (absorptive direction). By examining the absorptive/uptake ratio

of permeability, direction of transport of a molecule can be determined.

5.3 Aims in this Chapter

As reported in the previous chapters, disruption of mucin2 (secreted) and
mucinl3 (membrane bound) after intestinal ischemia is accompanied by transport of
digestive enzymes into the intestinal wall. Thus the hypothesis in this chapter is that
mucin is a barrier to luminal digestive enzymes under normal physiological conditions.
Digestive enzymes make contact with the epithelium in to the absence or during
degradation of mucin results in receptor destruction and loss of epithelial cell integrity
and function. In this chapter it is investigated whether mucin disruption observed during
intestinal ischemia is accompanied by impaired epithelial cell integrity and function.
Using a rat model of intestinal ischemia by splanchnic arterial occlusion (SAO) the fate
of two two selected membrane proteins (E-cadherin and TLR4) is studied. Furthermore
rat intestinal epithelial cell cultures were utilized to demonstrate that addition of a mucin

layer on the apical side protects epithelial cells against trypsin-mediated disruption.

5.4 Materials and Methods

5.4.1 Animal groups and SAO model: All animal protocols were reviewed and

approved by the University of California San Diego Animal Subjects Committee. Male
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Wistar rats (300-350g, Harlan Sprague Dawley Inc, Indianapolis, IN) were randomly
assigned to one of five groups (n=4 per group): a sham group (SHAM), and four groups
subjected to 30min splanchnic ischemia without enteral protease inhibition (SAO30) and
with enteral amylase inhibition by acarbose (SAO30+ACA), protease inhibition by
tranexamic acid (SAO30+TA) and nafamostat mesilate (ANGD, [6-amidino-2-naphthy!I
p-guanidinobenzoate dimethanesulfonate]) (SAO+ANGD). Rats were kept on solid food

restriction for 12 hours prior to surgery with water ad libitum.

After general anesthesia (Ketamine/Xylazine, 75 mg/kg BW / 20 mg/kg BW, 1M)
all groups were injected 0.9% saline (3ml/100g BW) into the lumen of the intestine either
alone (SHAM or SAO30 groups) or mixed with one of three enzyme inhibitors
(SAO30+ACA, SAO30+TA, or SAO30+ANGD groups). The concentration of the
enzyme inhibitors was as follows: acarbose (0.5mg/100g BW) and tranexamic acid
(0.19/100g BW) (Sigma-Aldrich, St Louis, MO) or nafamostat mesilate (5mg/ 100g BW,
Torii Pharmaceutical Co. Ltd., Tokyo, Japan). 30 min after saline or saline/inhibitor
injection, the superior mesenteric and celiac arteries were isolated and occluded for 30
min for the ischemic groups or isolated without occlusion in the sham group. After 30
min SAO or sham surgery the animals were euthanized with Beuthanasia® 0.22 ml/kg

BW, IV.

5.4.2 Assessment of intestinal permeability in-Vivo: In separate experiments, rat
jejunal sections were assayed for in-vivo FITC-dextran transport (20kDa, Sigma-Aldrich)
from the lumen of the intestine into the intestinal wall. Groups were the same as

described above with FITC-dextran (100mg/ml) added to saline or saline/inhibitor
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solution prior to injection in the lumen of the intestine followed by 30 minutes ischemia

or sham surgery and euthanasia.

5.4.3 Tissue cryosections: After euthanasia, jejunal sections (~1 cm in length) were
excised without removal of luminal contents and suspended in Tissue-Tek O.C.T.
Compound (Sakura Finetek, Torrance, CA), snap frozen in isopentane/liquid nitrogen,
and stored at -80°C for analysis. Cryosections (5 um thickness) along the longitudinal
axis of the villi were used throughout all experiments. Cryosections were fixed in 10%

formalin solution and processed in a non-blinded fashion.

5.4.4 Immunohistochemistry: For immunohistochemical analysis, primary antibodies
were diluted as followed: extracellular domain of TLR4 1:250 (Abcam, Cambridge, MA),
and the intracellular domain of TLR4 1:250 (Invitrogen, Carlsbad, CA, USA). Secondary
antibodies were as follows: FITC (Santa Cruz Biotechnology) and HRP (ImMmPRESS,
Vector Lab; Burlingame, CA). The slides were developed using 3, 3"-diaminodbenzidine
substrate and counterstained with hematoxylin or DAPI (Vector Lab) or propidium iodine
(Sigma-Aldrich). Slides were observed in a non-blinded fashion under an inverted

microscope (20X and 60X objectives).

5.4.5 Intestine homogenates: Jejunal segments were excised without removal of luminal
contents. For Western blot measurements, segments of intestine were homogenized with
CelLytic™ (Sigma-Aldrich) in the presence of protease inhibitors (5mM EDTA, 5mM N-
Ethylmaleimide, 25mM iodoacetamide, 5mM benzamidine, 300mM acarbose, 5mM 6-

aminocaproic acid, 1mM protease inhibitor cocktail, (Sigma-Aldrich). Homogenates
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were centrifuged (16,0009 for 15 min at 4°C), the supernatant was collected and protein

concentration was assessed with the bicinchoninic acid protein assay (Thermo Scientific).

5.4.6 Epithelial cell culture: IEC-18 cells (CRL-1589; ATCC, Manassas, VA), a cell
line derived from the ileum of rat intestine, were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 4 mM L-glutamine, 1.5 g/L sodium bicarbonate,

4.5 g/L glucose, 0.1 Unit/ml bovine insulin, 95%; and fetal bovine serum, 5%.

5.4.7 Immunocytochemistry: IEC-18 cells were grown in 8-well culture slides (BD
Biosciences, San Jose, CA) until 100% confluency was reached. On the day of the
experiment the media was removed and cells were rinsed three times with PBS followed
by incubation with serum free media (SFM) with or without porcine trypsin (5uM,
Sigma-Aldrich) for 60 min. Cells were fixed with 4% paraformaldehyde in PBS followed
by blocking and permeabilization in 2% BSA in 0.1% PBS-T for 1 hour at room
temperature. The slides were incubated overnight with primary antibody E-cadherin
1:250 (Abcam) followed by incubation with FITC secondary antibody (Santa Cruz
Biotechnology) and Alexa Fluor® 568 phalloidin (Invitrogen). Slides were observed

using an inverted microscope (20X objective) using the appropriate fluorescent filters.

5.4.8 Mucin layer addition to epithelial cells in-vitro: IEC-18 cells were grown in 10ml
Transwell dishes (0.4-um filter; Corning-Costar Corp) until 100% confluency. For the
experiment the media was removed and cells were rinsed three times with phosphate
buffered saline (PBS), the basolateral side was filled with serum free medium and the

apical side was covered with or without a mucin film (~400um, 10% in SFM, porcine
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stomach; Sigma-Aldrich, St. Louis, MO). Serum free medium with or without 5SuM

trypsin was carefully added to the apical side. Cells were incubated for 60min at 37°C.

5.4.9 Cell lysis: After completion of the mucin layer assay, cell media was removed and
the cells were rinsed three times with PBS, scraped and lysed for Western blot analysis in
RIPA buffer (Thermo Scientific, Rockford, IL) containing 1mM proteinase (Sigma-
Aldrich) and phosphatase (Thermo Scientific) inhibitors cocktail. Cells were transferred
to Eppendorf tubes followed by incubation with agitation for 10 min at 4 °C and
centrifugation at 4 °C for 10 min at 13,000 rpm. Total protein concentration in the

supernatant was determined with the bicinchoninic acid protein assay.

5.4.10 Paracellular flux measurement: The cells were seeded on 12-well Transwell
plates (0.4-um filter; Corning-Costar Corp, Cambridge, MA) to 100% confluency. FITC-
dextran (20kDa, 50mg/ml, Sigma-Aldrich) in serum free medium with or without trypsin
was added to the apical side of the epithelial cells with or without a mucin layer (see
above). Cells were incubated for 60min at 37 °C, media from the bottom chamber was
collected every 10min and the amount of dextran in the basolateral side was measured
(SpectraMax Gemini XS) at 492/520 nm (excitation/emission). Three independent

experiments per group were performed.

5.4.11 Western blot: 20ug of protein of cell lysate or tissue homogenate were separated
by SDS-PAGE. Membranes were incubated with primary antibodies as follows: intra-
and extra-cellular domains of E-cadherin and TLR4 1:1000 (Abcam), intracellular
domain of TLR4 1:1000 (Invitrogen). Secondary antibodies were diluted 1:20000 (Santa

Cruz Biotechnology) and detected with Super Signal West Pico (Thermo Scientific). The
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exposed x-ray films were scanned and label intensity was measured using digital gel

analysis (NIH ImageJ software).

5.4.12 Statistical analysis: Results are presented as mean+SEM. Unpaired comparisons
of mean values between groups were carried out by one-way ANOVA followed by

Bonferroni post-hoc comparisons. P<0.05 was considered significant.

5.5 Results

5.5.1 FITC-dextran transport into the intestinal wall during SAO: FITC-dextran (20
kDa) transport measurements show that in the sham group (SHAM) FITC-dextran
remained intraluminal, lining the villi with negligible transfer from the lumen of the
intestine into the intestinal wall (Figure 5.1). In contrast, the ischemic groups without
luminal inhibitors (SAO30) had erosion at the villi tips with detectable FITC-dextran
infiltration into the intestinal wall. Although the ischemic groups with enzyme inhibitors
(SA030+ACA, SAO30+TA, SAO30+ANGD) had a preserved villus structure as seen on

frozen sections, there was some penetration of FITC-dextran into the intestinal wall.

5.5.2 Intestinal ischemia is accompanied by E-cadherin Degradation: In order to
determine whether mucin disruption during intestinal ischemia is accompanied by
disruption of epithelial cell integrity, we determined the levels of both intra- and extra-
cellular domains of E-cadherin by Western blot (Figure 5.2). Both domains of E-cadherin
were degraded after 30 min ischemia without protease inhibitor (SAO30). Inhibition of
amylase (SAO30+ACA) and trypsin (SAO30+TA and SAO30+ANGD) yielded levels of
E-cadherin that were higher than those in the ischemic group alone. However, these

differences were not statistically significant.
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5.5.3 TLR4 degradation during intestinal ischemia: Immunolabeling in the sham
animals (SHAM) demonstrated both domains of TLR4 along the villi. In contrast, after
30min ischemia without luminal inhibition of digestive enzymes (SAO30), visible
morphological damage was accompanied by disruption of both domains of TLR4 (Figure
5.3). Ischemic groups with luminal inhibition of amylase or trypsin (SA30+ACA,
SAO30+TA, SAO30+ANGD) had preservation of the villus structure and greater staining

than the ischemic group without inhibitors.

In order to determine whether mucin disruption is also accompanied by the
degradation of typical membrane surface proteins, we measured the levels of the intra-
and extra-cellular domains of TLR4 (Figure 5.4A). Western blot analysis reveals that
both domains of TLR4 were degraded after 30 min ischemia (SAO30) and this was not
significantly reversed by inhibition of amylase (SAO30+ACA) and trypsin (SAO30+TA,

SAO30+ANGD) (Figure 5.4A, B).

5.5.4 Trypsin-mediated E-cadherin degradation in-vitro: To determine whether
trypsin disrupts the epithelial cells in a like manner observed in-vivo in the rat model of
intestinal ischemia and whether addition of a mucin layer prevents this, we studied an in-
vitro model using a monolayer of rat intestinal epithelial cells. After incubation of IEC-18
cells for 1hour with 5uM trypsin, E-cadherin immunohistochemical labeling was
decreased without alteration in cell shape or the monolayer (Figure 5.5). At higher trypsin
concentrations, the epithelial actin cytoskeleton started to disappear, the cells retracted

and the monolayer began to disintegrate.
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5.5.5 Mucin layer reduces trypsin-mediated FITC-dextran transport: In order to
assess the ability of the mucin layer to act as a barrier against trypsin-mediated epithelial
cell permeability increases, we measured the rate at which FITC-dextran (20kDa)
diffused across the epithelial cell monolayer (Figure 5.6). The addition of 5uM trypsin in
serum free media (group SFM+Tryp) to the apical side of the IEC-18 cell monolayer
resulted in significantly increased FITC-dextran levels on the basolateral side of the cell
monolayer as compared to cells without apical trypsin (SFM). When a mucin layer was
added on the apical side prior to addition of serum free media with or without trypsin, the
levels of FITC-dextran measured on the basolateral side were not significantly different
between the groups. In addition, diffusion of FITC-dextran across the epithelial cell
monolayer in cultures not exposed to protease, but containing a mucin layer, was

significantly reduced as compared to cells that did not have a mucin layer.

5.5.6 Mucin layer reduces E-cadherin and TLR4 degradation in vitro: Western blot
for both intra- and extra-cellular domains of E-cadherin revealed degradation of this
protein in whole-cell lysates after one hour incubation with serum free media containing
5uM trypsin (SFM+Try) (Figure 5.7). This is supported by reduced density of the whole
molecule as seen with antibodies against both intra- and extra-cellular domains as well as
the appearance of lower molecular weight bands. Application of a layer of 10% mucin on
the apical side of the cells prior to the addition of the serum free media with trypsin
resulted in higher density of the whole molecule of both intra- and extra-cellular domains
of E-cadherin and decreased density of their corresponding lower molecular weight bands

(Figure 5.8). Similarly, density levels for the extracellular domain of TLR4 were reduced
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in intestinal epithelial cells that were treated with serum free media containing trypsin
(SFM+Try) as compared to those without trypsin treatment (SFM) (Figure 5.9). A mucin
layer on the apical side of the cells reduced degradation of the TLR4 extra-cellular
domain. Density levels of the intra-cellular domain of TLR4 remained unchanged in all

groups (Figure 5.10).

5.6 Discussion

In this study we demonstrated in-vivo with ischemic bowel and endogenous
digestive enzymes in the intestinal lumen, as well as in-vitro using intestinal epithelial
cell cultures and trypsin in the culture media, that degradation or absence of mucin results
in loss of epithelial function as a barrier. In both cases we observed loss of E-cadherin,

increased permeability to FITC-dextran, and degradation of TLRA4.

Trypsin concentration in the rat intestinal lumen has been reported to be between
1 to 40uM (25, 26); the typical trypsin concentration used to pass cells in cell culture is
0.5g/L (22uM) (27). In the present studies, we show that incubation of intestinal
epithelial cells with 5uM trypsin for one hour is sufficient to degrade E-cadherin and
TLR4 without destroying the monolayer (Figure 5.5). We demonstrated in vivo that sham
animals have an intact mucin layer with preserved epithelial cell integrity and function;
similarly we showed in-vitro that having a mucin layer on the apical side of the cell
monolayer protects the intestinal epithelial cells against trypsin-mediated disruption
(Figures 5.7-10). Collectively these results suggest that if digestive enzymes such as

trypsin are given the opportunity to come in contact with enterocytes at concentrations
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normally found in the intestinal lumen the result will be loss of integrity and function of

the epithelial barrier.

An intact mucin layer in normal intestine is essential to protect epithelial
membrane proteins against enzymatic hydrolysis and loss of function; for instance,
degradation of E-cadherin junctions results in increased epithelial permeability.
Degradation of membrane receptors, such as TLR4, disrupts the pathway for TLR4
signaling after binding of lipopolysaccharides after as little as 30 min of ischemia. It
remains to be investigated whether degradation of the extracellular domain of TLR4 may

in itself initiate a signaling cascade, as has been reported for TLR5 and TLR15 (28, 29).

While the importance of the epithelial barrier in intestinal homeostasis is well
recognized, the significance of the mucus layer with regard to passage of digestive
enzymes remains less certain. We show here in-vitro that addition of an exogenous layer
of mucin to the apical side of intestinal epithelial cells significantly reduces trypsin-
mediated disruption of E-cadherin and TLR4 but does not completely prevent it. One
explanation could be that the exogenous mucin as used in the current experiment is of
gastric origin, which contains MUCS5 instead of MUC2. Although from different origins
these two mucin isoforms have similar general characteristics (30, 31). In addition, it may
be that complete protection against trypsin degradation by an exogenous mucin layer on
an epithelial monolayer is not achieved because the mucin used in this experiment is

partially purified and may not form a complete barrier as is found in-vivo.

Degradation of E-cadherin and TLR4 in-vivo was not prevented by inhibition of

luminal trypsin using two different blockers. This evidence suggests that other
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mechanisms may play a role in mucin degradation during intestinal ischemia. This
hypothesis is consistent with the basic concept that the mucin layer may be degraded only
minimally during normal digestion in the non-ischemic intestine. In an ischemic intestine
depleted of ATP, new intracellular and extracellular degrading processes may start in the

epithelium; this issue requires further investigation.

In conclusion, the results presented here confirm that mucin in the mucus layer is
a barrier that protects the intestinal epithelium against enzymatic auto-digestion. During
ischemia mucin isoforms are degraded, which may stimulate synthesis of new mucin to
restore the damaged barrier. As mucin is degraded and the barrier function of the mucus
layer is thus compromised, digestive enzymes in the lumen of the intestine are allowed to
come into contact with the epithelium with consequent loss of epithelial cell integrity and
function. This cascade of events results in intestinal injury, transport of digestive

enzymes into the systemic circulation and subsequent shock.

Chapter 5 in full is submitted material to Plos One as it appears in “Breakdown of
Mucin as Barrier to Digestive Enzymes in the Ischemic Rat Small Intestine” by Chang
M., Alsaigh T., Kistler E. B., Schmid-Schénbein G.W. The dissertation author is the

primary author of this manuscript.
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Figure 5.2 E-cadherin protein levels after SAO. Western blot for intra- and extra-
cellular domains of E-cadherin (A) in jejunal homogenates of SHAM animals or animals
subjected to SAO protocol with luminal inhibition with acarbose (ACA), tranexamic acid
(TA) or nafamostat mesilate or without (SAO30). Relative density of (B) intra- and (C)
extracellular domains of E-cadherin. Values are mean+SEM (n=4)/group * P<0.01
compared to sham, T+ P<0.001 as compared to ACA, i P<0.01 as compared to TA
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Figure 5.4 TLR4 protein levels after intestinal ischemia. Western blot for intra- and
extra-cellular domains of TLR4 (A) in jejunal homogenates of SHAM animals or animals
subjected to SAO protocol with luminal inhibition with acarbose (ACA), tranexamic acid
(TA) or nafamostat mesilate or without (NI) (A) with corresponding density level
measurements (B, C) . Values are meantSEM (n=4)/group *P<0.05 compared to SHAM.
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Figure 5.5 E-cadherin localization in intestinal epithelial cells after trypsin exposure.
Representative micrographs of IEC-18 cells immunostained for the intra-cellular domain
of E-cadherin (green), actin (red), and nuclei (blue) after exposure to serum free medium
(SFM) with different trypsin concentrations.
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Figure 5.6 FITC-dextran diffusion across the intestinal epithelial cells monolayer.
Rate of diffusion of FITC-dextran across mucin alone, IEC-18 cell monolayer alone or
IEC-18 cell monolayer with a mucin layer after exposure to serum free media alone
(SFM) or serum free media with trypsin (SFM+Try).
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Figure 5.8 E-cadherin relative densities in IEC-18. corresponding density levels
measurements of intra- (A) and extra-cellular domains of E-cadherin (B). Values are
mean+=SEM (n=4)/group, ** P<0.001 and *** P<(0.0001 compared to SFM; 1 P<0.001,
111 P<0.0001 compared to SFM+Mucin; and I P<0.001, £ P<0.0001 compared to
SFM+Mucin+Try.
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Figure 5.10 TLR4 relative densities in IEC-18. corresponding density levels
measurements of intra- (A) and extra-cellular domains of TLR4 (B). Values are
mean+SEM (n=4)/group, ** P<0.001 and *** P<0.0001 compared to SFM; 11 P<0.001,
11 P<0.0001 compared to SFM+Mucin; and i P<0.001, 11} P<0.0001 compared to
SFM+Mucin+Try.
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Chapter 6

Effect of Ischemic Factors in Mucin
Degradation

6.1 Introduction

During early ischemic states the integrity of the intestinal mucosa becomes
compromised (1-7), which makes the intestinal wall potentially accessible to pancreatic
digestive enzymes normally present in the intestinal lumen (8, 9). Hemorrhagic lesions in
the small intestinal mucosa have been reported in dogs (10-13), cats (14-16) and similar
mucosal lesions have also been reported in patients dying in shock (1-7). A characteristic
feature is that these lesions are visible first at the tip of the villi, and in cases in which the
entire villus is destroyed the deeper layers of the intestinal wall are still free from
inflammatory changes (13, 14). During mesenteric ischemia, the perfusion of the
different layers of the intestine is redistributed disproportionately, favoring the more
metabolically active areas, evident by relatively smaller decreases in flow in the
superficial villus region. However, because of increased metabolic demand at the villus

tip, and the countercurrent shunting of oxygen at the villus base the villus tip remains
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preferentially susceptible to ischemic injury; thus under ischemic conditions, the gut dies

progressively from the inside out.

6.2 Ischemic Factors Affecting Intestinal and Mucosal Properties.

Previous studies have shown that the mucosal barrier is disrupted in shock (17,
18); mucin is the main component of this barrier and the mechanism leading to loss of
function is yet to be determined. Mucin is a glycoprotein consisting of a carbohydrate and
protein core that due to its dual nature serves as a barrier. Loss of the mucosal barrier,
and especially mucin, will permit leakage of cytotoxic mediators as well as digestive
enzymes. Mucin properties could be affected as a result of ischemia due to hypoxia,
decrease of ATP or luminal pH which have been shown to affect mucin both in-vitro and
in-vivo (19-21) or by enzymatic degradation of its outer glyco-domain and/or its inner

core protein domain.

6.2.1 Hypoxia: In hemorrhagic shock and ischemia/reperfusion injury, intestinal blood
flow is reduced and the intestinal villi are damaged. However, providing an extracellular
source of oxygen to enterocytes (by perfusing the lumen of the gut with gaseous oxygen,
oxygenated crystalloid or perfluorocarbon solutions) ameliorates mucosal injury induced
by ischemia and maintains mucosal barrier function (22-27). Perfluorocarbons (PFC) has
a high oxygen delivery capacity, is nontoxic and is biochemically inert capable of
dissolving up to 40 percent oxygen by volume (28, 29). This remarkable and reversible
oxygen solubility has encouraged investigations into therapeutic application in situations

where tissue oxygen delivery is impaired, such as in intestinal ischemia.
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6.2.2 ATP depletion: Exposing an intact epithelial monolayer to a variety of physiologic
insults, including nitric oxide donor (30), acidosis (31), and prolonged hypoxia (32), has
been linked to increased permeability and reduction in total cellular ATP levels (33).
Exposing Caco-2gg. intestinal epithelial monolayers to hypoxic conditions for prolonged
period depletes cellular ATP levels and increases paracellular permeability to
macromolecules (32). Acute and profound ATP depletion to approximately 10% of
normal levels has been shown to impair the structure and function of tight junctions in
cultured epithelial monolayers (34). Normal airway mucus hydration (and their
viscoelasticity) is regulated by at least two signaling systems mediated by ATP and
adenosine (35). Both signaling systems are present in epithelia of cystic fibrotic patients,
but the adenosine signaling system is nonfunctional because its effector component, the
cystic fibrosis transmembrane conductance regulator (CFTR) is either missing or

nonfunctional.

The normal cystic fibrosis transmembrane conductance regulator (CFTR) acts as a
CAMP-activated Cl— channel and also helps regulate Na+ reabsorption by the epithelial
Na+ channel (ENaC). To hydrate airway mucus, the adenosine system normally regulates
CFTR to inhibit Na+ reabsorption and initiate Cl— secretion. Since mutant CFTR cannot
perform these functions, Na+ reabsorption causes water reabsorption by osmosis, leading
to mucus dehydration, flattened cilia, and stasis (35). The CFTR is also critical to

intestinal anion secretion in the small intestine (36).

6.2.3 pH changes: Previous studies on gastric mucin indicate that the rheology of this

material is pH dependent, transitioning from a viscous solution at neutral pH to a gel in


http://en.wikipedia.org/wiki/Cystic_fibrosis_transmembrane_conductance_regulator
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acidic conditions. Bulk rheology measurements on porcine gastric mucin (PGM) show

that pH elevation by H. pylori induces a dramatic decrease in viscoelastic moduli (37).

In the small intestine the proximal duodenum is unique in that it is the only leaky
epithelium regularly exposed to concentrated gastric acid. To prevent injury from
occurring, numerous duodenal defense mechanisms have evolved. The most studied is
bicarbonate secretion, which is presumed to neutralize luminal acid. Less well studied in
their protective roles are the mucus gel layer and blood flow (38). Exposure of the
mucosa to physiologic acid solutions promptly lowers intracellular pH (pHi), followed by
recovery after acid is removed; indicating that acid at physiologic concentrations readily
diffuses into, but does not damage duodenal epithelial cells. Cellular acid then exits the
cell via an amiloride-inhibitable process, presumably sodium-proton exchange (NHE).
Mucus gel thickness and blood flow increase promptly during acid perfusion; both
decrease after acid challenge and are inhibited by vanilloid receptor antagonists or by
sensory afferent denervation (38). Bicarbonate secretion is not affected by acid
superfusion but increases after challenge. With continued acid exposure, a new steady
state with thickened mucus gel, increased blood flow, and a higher cellular buffering

power protects against acid injury (38).

6.3 Aims in this Chapter

The mucus that covers the intestinal tract forms a physical barrier between the
intestinal lumen and the underlying epithelia. It has been reported that one of mucin’s
function is to form a transport barrier for the apical cell surfaces and to participate in

intracellular signaling (17, 18, 39). In this study I will determine whether the disruption
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of the mucus layer, such that it results in penetration of digestive enzymes into the wall of
the ischemic intestine, is due to hypoxia, ATP depletion or acidosis. | hypothesize that
oxygen depletion and ATP depletion are a requirement for mucin degradation and
supplementation with enteral oxygen or ATP serve to minimize the mucin degradation.
The aims in this chapter are to determine whether hypoxia, ATP depletion and pH change
in the lumen of the intestine lead to the disruption of the mucosal layer and degradation

of mucin during intestinal ischemia.

6.4 Materials and Methods

6.4.1. Animal groups and SAO model: All animal protocols were reviewed and
approved by the University of California San Diego Animal Subjects Committee. Male
Wistar rats (250-300g, Harlan Sprague Dawley Inc, Indianapolis, IN) were randomly
assigned to one of the following groups (n=4 per group): two groups with saline injection
in the lumen of the intestine with either sham surgery (SHAM) or 30min splanchnic
ischemia (SAQ). In order to study the effect of hypoxia two groups with perfluorocarbon
(Sigma-Aldrich, St Louis, MO) without oxygen injected in the lumen of the intestine with
either SHAM or SAO surgery (SHAM+PFC, SAO+PFC) and two groups with
oxygenated perfluorocarbon, bubbled for 20min with either SHAM or SAQO surgery
(SHAM+PFC+02, SAO+PFC+02). To study the effect of free radicals, dimethylthiourea
(DMTU, Sigma-Aldrich), 2.0 mg/g BW was injected in the lumen of the intestine of SAO
animals (SAO+DMTU). To study the effect of ATP supplementation two groups with
ATP-MgClI, (Sigma-Aldrich), 25mg/kg BW was injected in the lumen of the intestine

with SHAM or SAO surgery (SHAM+ATP, SAO+ATP). To study the effect of pH a
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SHAM group with saline at pH 5.5 and a SHAM and SAO with HEPES buffer. Rats were
kept on solid food restriction for 12 hours prior to surgery with water ad libitum. After
general anesthesia (Ketamine/Xylazine, 75 mg/kg BW / 20 mg/kg BW, IM) 30 min after
saline, PFC, ATP or HEPES injection, the superior mesenteric and celiac arteries were
isolated and occluded for 30 min for the ischemic groups or isolated without occlusion in
the sham group. After 30 min SAO or sham surgery the animals were euthanized with

Beuthanasia® 0.22 ml/kg BW, IV.

6.4.2 Tissue cryosections: After euthanasia, jejunal sections (~1 cm in length) were
excised without removal of luminal contents and suspended in Tissue-Tek O.C.T.
Compound (Sakura Finetek, Torrance, CA), snap frozen in isopentane/liquid nitrogen,
and stored at -80°C for analysis. Cryosections (5 pm thickness) along the longitudinal
axis of the villi were used throughout all experiments. Cryosections were fixed in 10%

formalin solution and processed in a non-blinded fashion.

6.4.3 In-situ tissue zymography and immunohistochemistry: In-situ zymography for
trypsin activity in cryosections was assessed by measurement of fluorescence resulting
from the proteolytic cleavage of the substrate (1mM, Na-benzoyl-L-arginine-7-amido-
methylcoumarin hydrochloride; Sigma-Aldrich) as described elsewhere (40). For
immunohistochemical analysis, primary antibodies were diluted as followed: Trypsin
1:300 and mucin2 1:200 (Santa Cruz Biotechnology, Santa Cruz, CA); the extracellular
domain of TLR4 1:250 (Abcam, Cambridge, MA), and the intracellular domain of TLR4
1:250 (Invitrogen, Carlsbad, CA, USA). Secondary antibodies were as follows: FITC

(Santa Cruz Biotechnology) and HRP (ImMmPRESS, Vector Lab; Burlingame, CA). The
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slides were developed using 3, 3"-diaminodbenzidine substrate and counterstained with
hematoxylin or DAPI (Vector Lab) or propidium iodine (Sigma-Aldrich). Slides were
observed in a non-blinded fashion under an inverted microscope (20X and 60X

objectives).

6.4.4 Mucin and lectin staining: The simultaneous visualization of lectins and mucin
was carried out using Lectin GS-Il1 From Griffonia simplicifolia, Alexa Fluor® 594
Conjugate (EnzChek®, Invitrogen, Carlsbad, CA) and specific antibody for mucin2 with
FITC secondary antibody (1:10000, Santa Cruz Biotechnology) and nuclei
counterstaining with DAPI. Sections were observed on an inverted microscope (20X

objective) using the appropriate fluorescent filters.

6.4.5 Hypoxia staining: In separate experiments, the level of tissue hypoxia was detected
with Hypoxyprobe™-1 Kit (Natural Pharmacia International, Burlington, MA, USA).
This method utilizes a small molecular marker, pimonidazole, which after intravenous

injection forms adducts with thiol containing proteins only in oxygen-starved cells.

After general anesthesia, as described above, pimonidazole-HC1 (6 mg/100 g) was
injected intravenously 30 min before SAO or SHAM; at 30 min the animal was
euthanized and the jejuna section removed, embedded in O.C.T and frozen in liquid
nitrogen. Then cryosections were immunostained using a rabbit antibody that binds to

protein adducts of pimonidazole in hypoxic cells.

6.4.6 Homogenates of intestine and luminal contents: Jejunal segments were excised

without removal of luminal contents. For enzyme activity measurements, segments of
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intestine were homogenized with CelLytic™ (Sigma-Aldrich) without addition of
protease inhibitors. For Western blot assays the intestine segments were homogenized as
above in the presence of protease inhibitors (5mM EDTA, 5mM N-Ethylmaleimide,
25mM iodoacetamide, 5mM benzamidine, 300mM acarbose, 5mM 6-aminocaproic acid,
1mM protease inhibitor cocktail, (Sigma-Aldrich). In separate experiments the small
intestine of sham animals was excised, and the luminal contents were flushed with 20 ml
saline. Homogenates or luminal contents were centrifuged (16,0009 for 15 min at 4°C),
the supernatant was collected and protein concentration was assessed with the

bicinchoninic acid protein assay (Thermo Scientific).

6.4.7 Western blot: Tissue homogenate (20ug) were separated by SDS-PAGE.
Membranes were incubated with primary antibodies as follows: mucin2, mucinl13 and
trypsin 1:1000 (Santa Cruz Biotechnology), pancreatic amylase 1:1000 (GeneTex, San
Antonio, TX), intra- and extra-cellular domains of E-cadherin and TLR4 1:1000
(Abcam), intracellular domain of TLR4 1:1000 (Invitrogen). Secondary antibodies were
diluted 1:20000 (Santa Cruz Biotechnology) and detected with Super Signal West Pico
(Thermo Scientific). The exposed x-ray films were scanned and label intensity was

measured using digital gel analysis (NIH ImageJ software).

6.4.8 ATP assay: ATP concentration in intestine homogenates was measured using ATP
fluorometirc assay kit (BioVision, Mountain View, CA) according to the manufacturer’s
protocol. Briefly jejunal sections were homogenized with perchloric acid (BioVision),

centrifuged at 15,000xG for 5 min at 4°C. Samples were mixed with ATP reaction mix,
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incubated for 30min protected from light and the fluorescence was measured with

535/587 (EX/Em).

6.4.9 TBARS assay: Thiobarbituric Acid Reactive Substances (TBARS) was measured
using a commercial Kit (Zeptometrix, Buffalo, NY). Briefly jejunal sections were
homogenized with perchloric acid (BioVision), centrifuged at 15,000xG for 5 min at 4°C.
Samples were mixed with thiobarbituric acid (TBA) reagent, incubated at 95°C for 60
min, and cool down in ice bath for 10min. Samples were centrifuged at 3000rpm for

15min and the supernatant were read at 530/550 (EX/Em).

6.4.10 Statistical Analysis: Results are presented as mean+£SEM. Unpaired comparisons
of mean values between groups were carried out by one-way ANOVA followed by

Bonferroni post-hoc comparisons. P<0.05 was considered significant.

6.5 Results

6.5.1 Oxygenated PFC, DMTU and HEPES prevent elevation of trypsin activity in
the intestinal wall: In-situ zymography of trypsin activity in the intestinal wall revealed
no trypsin activity for the following SHAM groups (SHAM, SHAM+PFC,
SHAM+PFC+02) (Figure 6.1) and (SHAM+ATP, SHAM+HEPES) (Figure 6.2). High
levels of trypsin activity were observed for the ischemic groups with saline in the lumen
of the intestine (SAQ) and for the ischemic group with deoxygenated perfluorocarbon
(SAO30+PFC) (Figure 6.1). Moderate levels of trypsin activity were also observed for
the ischemic groups with ATP supplementation (SAO+ATP) and SHAM with saline at

pH 5.5 (Figure 6.2). Ischemic groups treated with oxygenated perfluorocarbon
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(SAO30+PFC+02) (Figure 6.1) or DMTU (SAO+DMTU) or HEPES (SAO+HEPES)

(Figure 6.2) had undetectable levels of trypsin activity in the intestinal wall.

6.5.2 Carbohydrate and protein portion of mucin are reduced during SAO: Double
labeling of lectin and mucin2 reveals that after 30min of ischemia (SAQ) in addition to
villi injury at the tip of the villi there is decrease in labeling of both lectins and mucin2 as
compared to SHAM groups (SHAM, SHAM+PFC, SHAM+PFC+02) (Figure 6.3)
especially in the interface between the villi tip and the intestinal lumen. The same was

observed in the ischemic group with deoxygenated perfluorocarbon (SAO+PFC).

Enteral injection of oxygenated perfluorocarbon (SAO+PFC+02) not only
preserved the villus structure but also preserved both lectin and mucin2 staining (Figure
6.3). ATP supplementation in both SHAM and ischemic group (SAO+ATP) resulted in
more visible staining in the lumen (Figure 6.4). There was no apparent injury in the
ischemic group with this treatment and no difference in lectin or mucin2 labeling as

compared to SHAM group.

Luminal injection with DMTU during ischemia (SAO+DMTU) also resulted in
undetectable villi injury or reduction of the staining levels of lectin or mucin2 (Figure
6.4). SHAM groups acidic saline (SHAM+pH5.5) or ischemic group with hepes buffer
(SAO+HEPES) had also normal looking villi and lectin and mucin2 staining as compared

to sham (SHAM+HEPES) (Figure 6.4).

6.5.3 Mucin2 and mucin13 degradation is mediated by ischemic factors: Western

blots of mucin2 and mucinl3 for SHAM and ischemic groups (SAO) with only saline in
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the lumen of the intestine show that the mucin2 labeling density significantly increased
after ischemia (Figures 6.5 and 6.6). Mucin13 western analysis show that besides the full
protein in the SHAM group there are low molecular weight bands at around 24kDa. But
after ischemia those bands are not detected or present in lower quantities than SHAM and
there was also appearance of a lower molecular weight band around 17kDa that was not
present in the SHAM group (Figure 6.5 and 6.6). Injection of deoxygenated
perfluorcarbon (SHAM+PFC, SAO+PFC) presented similar results as observed in groups
with only saline injection. Mucin2 protein levels are reduced in the SAO group

(SAO+PFC) as compared to sham (SHAM+PFC) (Figure 6.7 and 6.8).

Mucinl3 was also detected in form of lower molecular weight fragments at
17kDa with the only difference that bands around 24kDa did not completely disappear in
the ischemic group (SAO+PFC) as compared to the group with just saline (SAO).
Injection of oxygenated perfluorocarbon (SHAM+PFC, SAO+PFC) resulted in mucin2
with levels in the ischemic group similar to the sham group (Figure 6.7. 6.8). Mucinl3
levels in this group resulted in complete disappearance or at most very faint levels of the
17kDa band in the ischemic group (SAO+PFC+02) as compared to sham
(SHAM+PFC+02). Injection of DMTU in the ischemic group (SAO+DMTU) resulted in
reduced levels of mucin2 while mucin13 western blot reveal no appearance of the lower
molecular weight band at 17kDA (Figure 6.7 and 6.8). This pattern was also observed in
the groups with ATP injection in the lumen of the intestine where the ischemic group
(SAO+ATP) had the same mucin2 and mucinl3 protein levels as the sham

(SHAM+ATP) (Figure 6.9 and 6.10). The same pattern was observed in the groups with
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either hepes of acidic saline treatment. The sham group with acidic saline
(SHAM+pH5.5) and ischemic group with hepes (SAO+HEPES) had similar levels of

mucin2 and mucinl3 as compared to sham (SHAM+HEPES).

6.5.4 Oxygenated Perfluorocarbon prevents intestinal hypoxia: Hypoxia staining
revealed that after 30min ischemia markers of hypoxia are present in the intestinal villi
(SAO, SAO+PFC) (Figure 6.11) and (SAO+ATP) (Figure 6.12) as compared to sham
groups (SHAM, SHAM+PFC, SHAM+PFC+02) (Figure 6.11) and (SHAM+ATP,
SHAM+HEPES, SHAM+pH5.5). Ischemic groups with DMTU (SAO+DMTU) and
hepes buffer (SAO+HEPES) presented some levels of hypoxic staining but not as strong
as the previous groups (Figure 6.12). In contrast, the ischemic group with oxygenated
perfluorocarbon (SAO+PFC+02) injected in the lumen of the intestine presented no

detectable sign of hypoxia staining (Figure 6.11).

6.5.5 ATP concentration in intestine homogenates decreases during SAO: The
concentration of ATP in the intestinal tissue after 30min ischemia significantly decreased
in the groups with only saline (SAO) and deoxygenated perfluorocarbon (SAO+PFC) as
compared to SHAM or SHAM+PFC (Figure 6.13). Injection with oxygenated
perfluorocarbon in ischemic intestine (SAO+PFC+02) presented no reduction in ATP
concentration as compared to SAO or SAO+PFC. Injection of ATP in the lumen of the
intestine significantly increased the ATP concentration in the wall of both sham and
ischemic intestines (SHAM+ATP and SAO+ATP) as compared to SHAM and SAO,
there was no difference between SHAM+ATP or SAO+ATP (Figure 6.13). The ATP

levels in ischemic intestine treated with DMTU (SAO+DMTU) were lower than SHAM
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and higher than SAO but it was no statistically significant (Figure 6.13). Sham groups
with hepes or acidic saline (SHAM+HEPES, SHAM+pH5.5) were not different than
SHAM but were significantly different than SAO (Figure 6.13). The ischemic group with
hepes buffer (SAO+HEPES) had levels similar to sham groups (SHAM and

SHAM+HEPES) and it was significantly different from SAO (Figure 6.13)

6.5.6 Oxygenated perfluorocarbon reduces levels of thiobarbituric acid reactive
substances: TBARS assay performed in intestine homogenates reveal a non-significant
increase in MDA equivalent levels in the ischemic intestine with luminal saline injection
(SAO) and deoxygenated perfluorocarbon (SAO+PFC) as compared to SHAM or
SHAM+PFC (Figure 6.14). In contrast, groups with oxygenated perfluorocarbon
(SHAM+PFC+02 and SAO+PFC+02) had lower levels of MDA equivalents (Figure
6.14). The levels of SAO+PFC+02 were significantly lower as compared to SAO or
SAO+PFC (Figure 6.14). Ischemic group with luminal ATP injection had no significantly
lower levels of MDA equivalents as compare to sham (SHAM+ATP). MDA levels in the
ischemic group with DMTU treatment (SAO+DMTU) were not statistically different
from SHAM. There was no significant change in the MDA levels among the other groups

(Figure 6.14).

6.6 Discussion

It has been reported that mucin’s main function is to “protect” the apical cell
surfaces and to participate in intracellular signaling [23, 31, 32]. Increases in intestinal
permeability reported in patients with sepsis (41), burn victims (42), and trauma (32) is

accompanied by gastrointestinal mucosal acidosis (32) and cellular hypoxia. The results
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in this chapter show that ischemic factors such as hypoxia, ATP depletion and pH

changes are directly involved in the disruption of mucin during intestinal ischemia.

It has been shown that hat MUC3 is selectively responsive to hypoxia through
transcription-dependent pathways (43). The data presented in this chapter indicates that
oxygen supplementation with oxygenated perfluorocarbon prevents ischemic injury, as
well as enhanced trypsin activity in the intestinal wall. There is protection of mucin2 and
mucinl3 molecule, preserved levels of intestinal tissue ATP and significantly reduced
levels of thiobarbituric acid reactive substances. Thus hypoxia directly mediates mucin
disruption, but the mechanism by which this takes place still needs to be elucidated. For
instance, it was shown that MUC3 expression is regulated by HIF-1, a member of the
Per-ARNT-Sim (PAS) family of basic helix-loop-helix (bHLH) transcription factors (44).
HIF-1 exists as an aff heterodimer, the activation of which is dependent upon stabilization
of an O,-dependent degradation domain of the a subunit by the ubiquitin-proteasome
pathway (45). Hypoxia can also increase anaerobic metabolism and the development of
lactic acidosis (46). In addition ATP depletion is a consequence of ischemia and cellular

hypoxia (46).

There is evidence that oxygen-derived free radicals play an important role in the
pathogenesis of the injury of various tissues including the gastrointestinal system (47, 48)
and ischemia-induced intestinal damage (49). The hydroxyl radical can damage virtually
all types of macromolecules including carbohydrates, nucleic acids, lipids and amino
acids (50, 51). The hydroxyl radical is the major contributor to ischemic damage; it has

been hypothesized and a primary source of free radicals in ischemic lesions may be the
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enzyme xanthine oxidase (49, 52) and that ......... (53). Other potential sources of these
radicals in the lumen of the intestine include food, bacteria and neutrophils. It has been
reported that gastrointestinal mucins may function as oxygen radical scavangers due to
their high concentration of carbohydrate moieties resulting in a drop in mucin viscosity,
suggesting possible damage to the molecule (54). Thus dimethylthiourea (DMTU), a
hydroxyl radical scavenger that is able to penetrate into the intracellular space (55) may
be able to prevent mucin disruption as a result of hydroxyl radical damage. It has been
reported that LPS-induced production of free radicals may be involved in activation of
goblet cell secretion in intestinal epithelium and that DMTU administered prior to LPS

application blocks this effect (56).

The results in this chapter show that TBARS assay yield no significant increase in
MDA levels during ischemia; oxygen and ATP supplementation decreased MDA levels
as compared to ischemic group with just saline. This result may suggest that the partial
increase observed during ischemia is directly dependent on hypoxia and ATP depletion.
The data presented in this chapter show protection of the intestine when DMTU was
present in the lumen of the intestine after ischemia (SAO+DMTU). We also see no
increased trypsin activity in the intestinal wall which may indicate a lack of trypsin
transport. Mucinl3 is protected with no appearance of lower molecular weight fragments,
but there is reduction in mucin2 protein levels. Double labeling of lectin and mucin2
shows levels similar to the sham group, which may indicate partial protection of both

carbohydrates and mucin2 protein by DMTU.
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Mucus hydration (and viscoelasticity) in the airway mucosa has been shown to be
regulated by ATP and adenosine signaling (35). Also it has been reported that as ATP
tissue levels decrease during ischemia and reperfusion there is an increase in intestinal
permeability (33); thus ATP may be indirectly affecting mucin properties and
subsequently increasing intestinal permeability. The ischemic groups with ATP
supplementation present less trypsin activity in the wall as compare to the ischemic group
with only saline in the lumen. The lectin and mucin2 staining as well as protein levels of
mucin2 and mucinl3 are also preserved. Therefore the results suggest that ATP depletion
mediates mucin degradation although the exact mechanism still needs to be identified.
There are many possible pathways by which ATP may control mucin homeostasis. For
instance there is a feedback involving surface pH and ATP concentration mediated by
purinergic receptor (38, 57). Also ATP may regulate mucin hydration by chloride

transmembrane conductance regulator (CFTR) or ENAC channels (33, 35).

It is known that mucin molecules in solution can cross-link to form aggregates via
H-bonds, electrostatic and hydrophobic interactions, as well as Van der Waals forces
(20). This cross-linking leads to the formation of a gel network that can be affected by
disulfide bonds between lectins, mucin hydration, ionic strength or pH which can cause
conformational changes from an isotropic random coil to an anisotropic extended random
coil (58). A reduction in pH from 7.4 to 6.5 was seen to produce a significant decrease in
the velocity of mucin swelling from the secretory granule matrix (59). However, when
HCL is injected into solutions of gastric mucin, viscous fingers or channels dependent on

pH and mucin concentration are formed, providing a possible explanation for the
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transport of acid through the lumen of the stomach (58). It has been proposed that among
the functions of the mucin-bound carbohydrates include protease resistance, large water-
holding capacity and high charge density from sialic acid and sulfate residues, which are
charged at neutral pH (60). A change of luminal pH in the lumen of the intestine will
change the charge of the mucin molecule thus affecting mucin hydration. The results
presented in this chapter show that when acidic saline (pH5.5) was injected into the
lumen of a sham animal there was a slightly increase in trypsin activity in the wall of the
intestine and a non-significant decrease in mucin2 density as compared to sham group
with hepes buffer, mucin13 molecule appeared unaffected by addition of acidic saline. A
possible explanation is that in the sham intestine the acidic saline in the lumen was
buffered by the normal mechanisms thus preventing major injury, another experiment is
needed in which sustained acidic conditions in the lumen of the intestine are sustained.
When hepes buffer was added in the lumen of the intestine (SAO+HEPES) there was no
significant decrease in mucin2 molecule as compared to sham (SHAM+HEPES) and
there was no degradation of mucin13 which suggests that acidic pH does play a role in

mucin degradation.

In conclusion, the results presented here confirm that during ischemia mucin
isoforms are degraded and this process is the result of ischemia. The most likely sequence
of events is that intestinal ischemia results in hypoxia, which subsequently results in ATP
depletion and luminal acidosis. These combined events alter mucin structure making the

molecule susceptible to enzymatic degradation. Treatment of ischemic factors with
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oxygenated perfluorocarbon, ATP-MgCI2 supplementation, or a buffering agent such as

hepes results in protection of mucin thus reducing intestinal injury.

Chapter 6 in full is currently being prepared for submission for publication of the
material by Chang M., Cabrales P. and Schmid-Schénbein G.W. The dissertation author

is the primary author of this manuscript.
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Figure 6.5 Western blots for mucin2 and mucinl13 and -actin of intestine
homogenates of SHAM and SAO animals with normal saline in the lumen of the
intestine.
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Figure 6.6 Relative densities of mucin2 and mucin13 with respect to -actin (A and
B). Values are mean+SEM (n=4)/group * P<0.05 compared to SHAM.
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Figure 6.7 Western blots for mucin2 and mucinl13 and -actin of intestine
homogenates of SHAM and SAO animals with perfluorocarbon with or without oxygen
and SAO with DMTU treatment in the lumen of the intestine.
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Figure 6.8 Relative densities of mucin2 and mucin13 with respect to -actin (A and
B). Values are mean+SEM (n=4)/group * P<0.05 and ** P<0.001 compared to
SHAM-+PFC, 11 P<0.001 compared to SHAM+PFC+02, 1 P<0.05 and {{P<0.001
compared to SAO+PFC.



157

A SHAM SA030
ATP  ATP

hl
Mucin2 | #8 # 100 kDa

A A | — 58 kDa

Mucin13
S . | <— 24 kDa
B-actin - - «—41kDa
B C
%' 1.5, 215, T
"
c c
o o
410 L T30 -
3 s S
= E 0.5 S E 0.5-
Q Q
X 0.0 . & 0.0 1 .
Q S 2 >
£ &8
& S % g
\a o’
23 oY (] SHAM+ATP B SAO30 + ATP

Figure 6.9 Western blots for mucin2 and mucinl3 and -actin of intestine
homogenates of SHAM and SAO animals with ATP-MgCI2 in saline in the lumen of the
intestine (A). Relative densities of mucin2 and mucinl3 with respect to B-actin (B and
C). Values are meantSEM (n=4)/group.
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Figure 6.10 Western blots for mucin2 and mucin13 and B-actin of intestine
homogenates of SHAM+HEPES and SHAM+pH5.5 and SAO+HEPES in the lumen of
the intestine (A). Relative densities of mucin2 and mucinl13 with respect to -actin (B
and C). Values are meantSEM (n=4)/group. ** P<0.001 compared to SHAM+HEPES,
11 P<0.001 compared to SHAM+pH5.5.
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Figure 6.13 ATP concentrations in intestine homogenates. Values are meantSEM

(n=4)/group expressed as [ATP] per ng of protein. aaa P<0.001 compared to SHAM, bb

P<0.01 and bbb P<0.001 compared to SAO, cc P<0.01 compared to SHAM+PFC-02,
ddd P<0.001 compared to SAO+PFC-02.
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Chapter 7

Conclusions and Future Directions

The approach in the work presented in this thesis was to analyze early ischemic
events in the small intestine of the rat using systematic bioengineering analysis tools for
living tissues in combination with molecular biology techniques. The research has served
to bring to light entry of digestive enzymes across the intestinal wall during early
ischemic states as the trigger of a cascade of events leading to shock and subsequently
multiple organ failure. In each chapter the importance of preserving the mucosal
epithelial barrier during the early periods of ischemia was noted. The need to understand
during shock how digestive enzymes make their way from the lumen of the intestine
across the mucosal layer into the intestinal wall led to consider one important molecule
that makes up the large part of the mucosal layer, mucin. This molecule has been studied
to some extent in the stomach and in the lung, however, little is known about its role in

the small intestine.

The evidence presented in this thesis puts forward the idea that during ischemia
mucin is being degraded. The majority of the effort in the studies was to identify the

mechanism leading to the degradation of mucin. Circumstantial evidence indicated a
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possible of digestive enzymes in the degradation of mucin; however treatment with
enzyme inhibitors targeting serine proteases such as trypsin, chymotrypsin, elastase and
amylase showed no clear preservation of the mucin molecules although there is a notable
benefit in the use of these inhibitors for the outcome of intestinal injury. This evidence
indicates that the specific inhibitors at the concentrations used show moderate or no
improvement in the preservation of mucin. Additional studies with different

concentration or other inhibitors need to be used in the future.

The data obtained with the enzyme inhibitors also shed light into the possibility
that digestive enzymes may be in part be responsible for mucin degradation during
intestinal ischemia but the key player in mucin disruption may be a somewhere else. This
evidence lead to examine factors involved in mucin degradation characteristic for
ischemia, such as hypoxia, ATP depletion and luminal acidosis. Mucin degradation is
prevented when some of these ischemic factors are counteracted by an intervention, such
as providing oxygen supplementation directly in the lumen of the intestine during
ischemia, luminal ATP supplementation, or offering a buffer to maintain luminal pH
within a physiological range. Together this evidence indicates that ischemia is the major
player in the degradation of mucin. The exact mechanism or the dependence on each of
these ischemic factors still needs to be elucidated. This last piece of information opens a
new window of opportunities to study the molecular mechanism involved in mucin
degradation not only in the shock but also in other diseases in which mucin becomes
defective and in which ischemic events have been shown to play a role. The

understanding of the mechanism by which intestinal ischemia, as a result of a trauma,
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results in shock and subsequently MOF, is the key factor to find an effective treatment.
The idea that inhibition of serine proteases or supplementation with oxygen or ATP or
addition of a buffer within 30 minutes of trauma to improve the outcome if not prevent
shock is a transforming idea in shock research. Understanding the mechanism by which
this important barrier is breached by the powerful digestive enzymes will also provide
new opportunities to design more effective treatments for shock as well as other

conditions that involve the gastrointestinal track.





