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Degrading Proteases and Organ Failure during Physiological Shock
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Circulatory shock is a frequent cause of death and one of the most important
unresolved medical problems. Reduction of blood supply to the small intestine during
ischemia disrupts the mucosal epithelial barrier, allowing inflammatory materials in the
lumen of the intestine, including digestive enzymes, to cross into the intestinal wall. If
digestive enzymes are transported into the periphery, they can activate other proteases
and degrade extracellular structures. Understanding the contribution of degrading

proteases to circulatory shock may be essential to interfere with its lethal course.
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My objective is to determine which proteases are involved in the progression of
shock and their contribution to intestinal degradation and peripheral organ failure. |
hypothesize that during shock, the intestine is proteolytically degraded, accelerating
leakage of proteases into the plasma, lymphatics, and peritoneal space, which may cause
subsequent activation of proteases in peripheral organs and degradation of extracellular
structures on endothelial and epithelial cells.

To determine degradative mechanisms inherent to the intestinal wall and
independent of luminal contents, | will use a model of severe intestinal ischemia to study
barrier failure, digestive and wall proteases, and epithelial protein degradation. 1 will
study the activities and transport of digestive proteases from the lumen of the intestine
during hemorrhagic shock. 1 will determine the contribution of luminal contents to
intestine and lung injury after hemorrhagic shock. Lastly, I will test methods to prevent
breakdown of the intestinal barrier to reduce penetration of luminal contents past the
mucosal barrier and reduce peripheral organ injury.

| obtained evidence that the intestinal tissue degrades in severe ischemia even
without luminal digestive enzymes. In hemorrhagic shock, | show that luminal contents
are responsible for intestinal injury but not lung injury as determined by neutrophil
accumulation and endothelial protein degradation. Protease activity and levels are
elevated in the peritoneal space, lymph, blood, and vital organs after hemorrhagic shock.
Protease inhibition to the gut reduces intestinal injury and protein degradation in the lung.
These results suggest that proteases play a critical role in the pathophysiology of shock

and may be important targets to reduce organ injury.
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Chapter 1

Introduction

1.1 PHYSIOLOGICAL SHOCK

In the past century, advances in many areas of medicine have improved quality of
life and life expectancy. However, less progress has been made in the area of circulatory
shock, which accounts for 70% of deaths in intensive care units and is the leading cause
of death for individuals under 44 years of age [1].

During shock, the normal physiological state is severely disrupted. In several
forms of shock, including shock caused by excessive blood loss, the central blood
pressure is reduced, which results in inadequate cardiac output and reduced oxygen
delivery to the tissues. After a systemic blood pressure drop, perfusion to peripheral
organs is reduced and the limited blood supply is redirected to maintain vital organs such
as the heart and brain [2]. As a result, there is reduced flow to organs supplied by the
splanchnic circulation, including the small and large intestine, causing these organs to
become ischemic from inadequate oxygen and nutrient supply [3]. The ultimate
mortality of shock follows a succession of failing organs [4]. This is phenomenon to as

multiple organ system dysfunction.



Many hypotheses have been tested to try to explain the mechanism of multiple
organ system dysfunction in shock. These include inappropriate neutrophil activation
and adhesion [5,6], release of oxygen free radicals [7,8], and translocation of bacteria
from the intestine [1,9,10]. However, these events occur in later stages of organ failure
and are not the underlying mechanism that initiates organ dysfunction. Shock can occur
at any age, race, or sex and is less likely caused by genetics [11,12].

The decline of cell and organ function during multiple organ dysfunction has long
been attributed to the small intestine [13-15]. The response to shock is not species
specific and has been observed in all mammalian animals studied, suggesting a
commonality in the mechanisms that lead to organ failure. Among all organs that fail in
shock, investigators pioneering the field of shock observed that intestinal failure occurred
early and consistently in experimental shock models [14,16,17]. It has been found that
peripheral organ injury is less severe in organs distant from the intestine if the intestine is
excised prior to hemorrhagic shock [18]. Since the intestine is easily injured, we will

begin our discussion on the current perspectives of the gut in shock.

1.2 THE ROLE OF THE INTESTINE IN SHOCK

Early shock studies attributed the intestine as a major contributor to the
progression of organ failure during shock [14]. Reducing blood flow to the intestine is
sufficient to induce shock without removal of systemic blood volume [16] and serves as a

model for initiating shock. Since the intestine is a complex organ and may fail via a



variety of mechanisms, we will start by discussing the barriers and transport routes from

the intestine to the peripheral organs.

1.2.1 THE Mucus LAYER AND EPITHELIAL BARRIER

The fundamental function of the intestine is to absorb nutrients from ingested
food. Food begins its journey through the digestive track by being chewed in the mouth
and swallowed, then conducted via the esophagus by parasympathetic peristalsis into the
stomach. The chyme, a mixture of food, saliva and stomach secretions, is secreted by the
stomach and enters the lumen of the small intestine (duodenum where it is mixed with
digestive enzymes secreted from the pancreas and bile salts from the liver which are
stored in the gall bladder) so that it can be broken down into absorbable elemental
components. The mixture is transported through the jejunum and ileum portions of the
small intestine by means of peristaltic contractions generated by smooth muscle in the
intestinal wall.

The luminal contents inside the intestine interface with the mucus layer on the
surface of the epithelial cells. Mucins are carbohydrate rich glycoproteins that compose a
major part of the mucus layer [19]. There are several mucin isoforms in the small
intestine that are secreted from goblet cells and anchored to the epithelial barrier [20-22].
The mucus layer protrudes about 150-300 um over the epithelial membrane [23]
containing integrated antimicrobial agents and ultimately preventing penetration of

particles that are unable to be absorbed [24].



Mucins also protect the epithelial cells from apoptosis [25]. The intestinal
epithelial barrier is sensitive to ischemia. Enhancement of epithelial apoptosis has been
observed as early as 15 minutes after ischemia [26]. Disruption of the mucins occurs
early in intestinal ischemia and the mucin barrier becomes severely disrupted in less than
30 minutes of ischemia [27-29]. Mucosal lesions may be accompanied by damage to the
submucosa and take days and weeks to heal [30].

Enterocytes, the epithelial cells that line the intestinal villi, form a tight barrier
beneath the mucus layer [31]. These epithelial cells are continuously generated by
progenitor cells in the crypts and enter apoptosis when they are expelled off the tip of the
villi into the lumen [32,33]. The epithelial layer in the gut has one of the most rapid cell
turnover rates in the body [34]. The epithelial cells are tightly held together by a plethora
of tight and adheren junctional proteins [31]. On the epithelial surface, there are many
transporters that move the monomeric compounds across to the blood [35,36].
Enterocytes rely on glucose diffusion through the mucus layer that can be internalized by
the GLUT?2 receptor for metabolic support and consequently maintain a high intracellular
glucose concentration [37].

The high metabolic demand of epithelial cells makes them sensitive to ischemic
conditions that accompany shock. Intestinal ischemia accelerates the natural apoptotic
process of the epithelial cells [26]. In fact, the detachment of epithelial cells from the
villi, termed anoikis, was discovered under ischemic conditions in the intestine [26].
Metabolic support by enteral glucose administration during intestinal ischemia has been

able to reduce apoptotic shedding [38-41]. However, there are still many unanswered



questions regarding the status of these cells and which proteins, if any, are degraded

during the ischemic state and whether luminal contents affect protein degradation.

1.2.2 THE INTESTINAL MICROVASCULAR NETWORK

One major route of nutrition absorption by the mucosal epithelium is the portal
venous system. The circulation carries absorbed micronutrients such as carbohydrates
and small peptides through the intestinal venules that protrude into the microvilli.

Escape of erythrocytes from microvessels is an early marker for macroscopic
lesions. In the intestine, these lesions occur frequently at the tip of the villi during
prolonged ischemia and can eventually propagate into the deeper tissue layers of the
intestinal wall [15,41,42]. The phenomenon of diffuse bleeding into the lumen of the
intestine may be a result of intestinal necrosis and has been repeatedly observed in
different mammalian species [41,43]. Even a low flow state is sufficient to cause
microvessels to rupture and allow hemorrhage into the lumen of the intestine [13]. The
lack of oxygen as a consequence of reduced intestinal perfusion may be a major
contributor to the degradation of these microvessels [44]. Irreversible organ failure is
postulated to correlate with the severity of intestinal regions with hemorrhagic necrosis

[44].



1.2.3 THE INTESTINAL LYMPHATIC NETWORK

The lymphatics are involved in fluid, protein, lipid absorption and immune cell
transport from the tissues, a process that is intimately linked to regulating immunity [45].
The mesenteric lymph duct is a large lymphatic vessel that is a collecting point for lymph
generated by the intestine and pancreas.

Since intestinal ischemia leads to destruction of villi, the lymphatic channels
responsible for draining lymph fluid from the villi may collect intestinal extracellular
fluid [46]. Furthermore, lymph fluid from animals that undergo intestinal ischemia is
toxic [47,48] and may contain food particles like free fatty acids [49]. Cross transfusions
of post-shock mesenteric lymph from an animal that has been subjected to hemorrhagic

shock to a naive animal is sufficient to generate organ damage in the lung [50].

1.2.4 THE MUSCULARIS

The primary function of intestinal muscularis is to aid in gastric motility [51] and
is the least sensitive component of the intestinal villi to ischemic conditions [52]. If this
layer is damaged, the gastric motility transiently increases followed by paralysis [53].
During ischemia, neutrophils accumulate in the muscularis [6], which has been linked to
a reduction in motility [52]. Following ischemic injury, the muscularis displays
morphological changes including contraction and cell lysis [54].

Intestinal components that penetrate the muscularis may enter into the peritoneal

cavity. Evidence for this possibility is supported from the observation that after intestinal



ischemia-reperfusion injury, the peritoneal fluid contains components from the lumen of

the intestine, along with inflammatory mediators [55].

1.3 THE AUTODIGESTION HYPOTHESIS

Recently, a hypothesis has been advanced, referred to collectively as the
autodigestion hypothesis, to explain the dramatic breakdown of the intestinal wall during
ischemia as well as the destruction of cellular and molecular elements in the systemic
circulation and peripheral organs. The autodigestion hypothesis states that digestive
enzymes escape from the lumen of the intestine during intestinal ischemia due to
breakdown of the mucosal barrier. The hypothesis is based on the idea that the primary
source of the enzymatic activity necessary for nonselective degradation of food is derived
from pancreatic digestive enzymes and is located in the lumen of the intestine where
proteins, lipids, and carbohydrates are naturally degraded into absorbable components. In
shock, the mucosal barrier of the intestine is damaged, allowing normally
compartmentalized pancreatic proteases to break down the intestinal wall [13,27,28]. As
the epithelial barrier breaks open during intestinal ischemia, the proteases that
traditionally are contained in the lumen of the intestine may appear in the intestinal wall
and may damage extracellular components of cells and tissues, thereby compromising
homeostasis [46]. As digestive enzymes escape further into the systemic circulation,
cells in the circulation (e.g. blood cells, endothelial and parenchymal cells) may be

exposed to their proteolytic activity and be subject to possible structural degradation [56].



Several studies have established a correlation between the ability of an animal to
recover from shock and blockage of the digestive enzymes [57-62]. If the enzymes in the
intestine are inhibited during shock, cell and tissue injury are reduced. As a result, there
are fewer activated leukocytes, fewer rolling leukocytes in venules, reduced endothelial
apoptosis, in addition to a higher incidence of survival [63,64]. Despite the potential
importance of proteolytic degradation in shock, the types of proteases involved in these

degrading processes and their concentrations have not been determined.

1.4 PROTEASES INVOLVED IN SHOCK

1.4.1 SERINE PROTEASES

The pancreas is a major source of serine proteases (chymotrypsin, trypsin, and
elastase); these are produced in the acinar cells of the exocrine pancreas in the zymogen
form. The zymogens are secreted into the small intestine through pancreatic ducts and
are activated by enterokinases and able to activate other zymogens [65]. Once activated,
serine proteases are powerful enzymes (i.e. concentrated, relatively unspecific and fully
activated) cleaving the carboxyl side after specific individual amino acids (i.e. trypsin
cleaves after lysine and arginine amino acid residues). The high concentration and
activity of these enzymes in the intestine is an essential requirement for food digestion
and generation of monomeric components that can be absorbed by membrane
transporters in the epithelium. Digestive proteases are usually compartmentalized in the

lumen of the small intestine by the mucosal barrier, which prevents larger molecules from



entering the wall of the intestine under normal physiological conditions [66]. However,
in the case of intestinal ischemia when the enhanced apoptosis of the villi and the
intestinal mucus layer disintegrate [26,33], digestive enzymes are able to penetrate into
the wall [27,67].

As a result of a longstanding interest to block the digestive enzymes in conditions
like pancreatitis, inhibitors against pancreatic digestive enzymes have been developed.
Synthetic protease inhibitors, such as nafamostat mesilate (ANGD) and gabexate mesilate
(FOY), have been shown to be effective at blocking luminal serine proteases and
reducing peripheral inflammation during shock [13,68].

Besides pancreatic digestive proteases, the serine protease elastase can be released
by neutrophils, which has been shown to damage the microcirculation during
ischemia/reperfusion injury [69]. Early studies have hypothesized that activated
neutrophils in ischemia can damage endothelial cells [70].

Serine proteases are also present in the clotting cascade and include enzymes like
plasmin, thrombin, complement factor and Factors XI, IX, VII, X [71]. Some of these
proteases interact with the surface of endothelial cells. For example, thrombin can
activate protease-activated receptor 1 (PAR-1) on endothelial cells [72], so the possibility
of protease-cell interaction exists and has been studied in limited circumstances outside
of the shock community.

The plasma contains a plethora of serine protease inhibitors (serpins) including o-
1-anti-trypsin and a-2 macroglobulin [73-77]. Deficiency of these protease inhibitors

may be a lethal progression of shock [78].
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1.4.2 MATRIX METALLOPROTEINASES

Matrix metalloproteinases (MMPS) are a class of proteases that degrade the
extracellular matrix. They are synthesized in pro-enzyme forms and can be activated by
serine proteases [79-81]. MMP-1, MMP-2 and MMP-9 are synthesized by endothelial
cells [82-84]. Endothelial cells shed MMP-2 and MMP-9 from protease-containing
vesicles during angiogenesis within a four-hour period [85], which may be important in
the repair process after shock injury. Neutrophils are another source of MMP-9 [81,86].

MMPs have a specific class of inhibitors called tissue inhibitors of
metalloproteinases (TIMPs). The balance between MMPs and TIMPs is critical to
regulating their activity [87]. Several synthetic drugs such as statins and doxycycline are
capable of inhibiting MMPs [84]. Administration of doxycycline has been shown to
reduce injury and MMP-2 and 9 levels in the brain, lung, and kidney after ischemia injury
[88-90].

There are several studies that have examined the levels of MMPs during ischemia;
however, there are few studies that investigated their activity in hemorrhagic shock
models. In hemorrhagic shock, cDNA levels of MMP-2,7,9 are unchanged while the
TIMP mRNA levels increase after 3 hr of resuscitation [91]. One study using a model for
hemorrhagic shock detected increased MMP-9 levels after hemorrhage and resuscitation
[92]. However, these results in hemorrhagic shock models do not match results observed
in localized organ ischemia where MMP-2/9 has been found to be elevated in renal,
brain, lung, and cardiac ischemia compared to normally perfused animals [93-96]. In the

family of MMPs, MMP-9 has been specifically attributed to disrupting endothelial barrier
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integrity [97]. In-vitro studies demonstrate an increase in shear stress is sufficient to
increase MMP-9 activity [98,99], and thus it may be sensitive to mechanical stimulation.
MMP-9 can cleave multiple surface components including ICAM-1, IL-2Ra, pro-
IL-1pB, KIT-I, pro-TGF-B, VE-cadherin, occludin, syndecan-1, syndecan-4, and NG2
proteoglycan [100]. MMP-9 can also cleave pro-TNF and increase levels of TNF-a after

resuscitation [101,102].

1.4.3 PLASMA PROTEASE ACTIVITY

There is limited evidence for elevated pancreatic enzyme activity in the plasma of
shock animals. Amylase and lipase activity levels have been found to be elevated in
shock patients and are a measure for the state of shock and progression of organ failure
[103]. Direct exposure of post-shock plasma to cultured endothelial cell monolayers
increases endothelial permeability, although the mechanism or the particular proteases
potentially involved is not well established [104]. Digestive enzymes may be involved in
generating inflammatory mediators in the circulation [13,105]. Pancreatic proteases may
activate MMP-9 in rats subjected to intestinal ischemia [81]. Since serine proteases
activate other proteases, the cascade can result in a systemic amplification of degrading

protease activity in the circulation and possibly in various other tissues.
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1.5 PERIPHERAL ORGAN INJURY AND THE GUT

The severity of peripheral organ injury is linked to the quality of the gut after
shock. If the proteases are inhibited in the gut before the onset of shock with the serine
protease inhibitor ANGD, lung injury is attenuated as measured by myeloperoxidase
(MPO) secretion as a marker for neutrophil accumulation [62,106]. Furthermore,
evidence supports that gut derived inflammatory mediators, potentially containing these
proteases, are transported through the mesenteric lymph [47,48]. All of the pro-
inflammatory products that eventually enter into the circulation can activate neutrophils
[63]. Activated neutrophils can propagate the damage by entrapment in the
microcirculation and by rupturing the basement membrane of endothelial cells through
secretion of neutrophil elastase [107,108]. Neutrophils also secrete MMPs, which can
digest extracellular matrix proteins during transmigration and tissue repair [109,110].
These local protease secretions stimulated by luminal factors may be important in the

progression of organ injury and endothelial dysfunction.

1.6 ENDOTHELIAL DYSFUNCTION IN SHOCK: POTENTIAL CONNECTION WITH

PROTEOLYTIC ACTIVITY

To date, there has been limited exploration of how serine proteases or MMPs may
damage extracellular surface components of endothelial and other cells in-vivo following

shock.
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One of the key events arising from proteolytic activity is a shift in vascular
permeability. Vascular permeability can be increased proteolytically by direct injection
of collagenases into the circulation [111], and therefore may be in part a protease
dependent process. Vascular permeability can increase if tight junction proteins, e.g.
occludin, beta catenin, and VE-cadherin are fragmented rather than the creation of
transcellular holes [112,113]. Endothelial apoptosis correlates with the level of
permeability of the endothelium [114,115]. After hemorrhagic shock, endothelial cells
exhibit hyperpermeability and an increased rate of apoptosis [116,117].

The extent of damage to the endothelial surface proteins resulting from protease

activation and/or gut injury has yet to be explored in the case of hemorrhagic shock.

1.7 OVERVIEW OF DISSERTATION

There is increasing evidence that the intestine is the driving force for the
irreversible outcomes that follow an initial insult in shock and that it may initiate a
dramatic sequence of proteolytic events in sites distant from the intestine. The objective
of this thesis is to determine which families of proteases are involved in the progression
of shock and how they contribute to intestinal degradation and peripheral organ failure.

| hypothesize that in hemorrhagic shock, the reduction of blood flow in the
intestine results in a proteolytic breakdown of the mucosal barrier, allowing leakage of
the digestive proteases into in the wall of the intestine followed by further transport into
plasma, lymphatics, and peritoneal space, which may cause subsequent activation of

other proteases in peripheral organs. The up-regulated proteolytic activity causes damage
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by digesting extracellular membrane components on epithelial and endothelial cells such
as cadherins, tight junction proteins, and functional proteins like vascular endothelial
growth factor receptor 2 (VEGFR-2), resulting in cellular dysfunction (including
increases in permeability and apoptosis).

To test this hypothesis, | propose the following Specific Aims:

Aim 1: Determine during complete intestinal ischemia the role of proteases in
intestinal tissue damage as the ischemic intestine barrier fails. The breakdown of the
intestinal wall will be studied and interventions against key classes of proteases will be
tested. The types of protease activities present, epithelial protein degradation, and
apoptosis levels will be examined to build a foundation for understanding the

mechanisms of gut breakdown during ischemia.

Aim 2: Investigate the activities and transport of proteases to peripheral organs
during hemorrhagic shock. The pancreatic protease activities and levels will be
determined in the blood, peritoneal space, and organs distant from the intestine (lung,

liver, heart and brain). Protease activation in peripheral organs will also be investigated.

Aim 3: Examine in hemorrhagic shock the differences in protease activation and
organ damage between a flushed and unflushed intestinal lumen. The role of luminal
digestive proteases in protease activation, intestinal and peripheral organ damage

following hemorrhagic shock will be elucidated.
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Aim 4: Identify whether protection of the gut mucosal barrier and/or protease
inhibition during hemorrhagic shock has an effect on endothelial surface receptors
in selected systemic organs. Previous inhibition studies during shock were directed
solely on blocking pancreatic proteases in the lumen of the intestine. In this aim, we will
explore the effectiveness of individual and combinatorial therapeutics to reduce the
transport, activity, and destruction caused by proteases. Endothelial surface receptors

degradation will also be examined.
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Chapter 2

Breakdown of the Intestinal Wall during
Ischemia and Interventions to Maintain

Barrier Integrity

2.1 INTRODUCTION

Intestinal ischemia is an important problem in critical care that can be caused by
trauma or sepsis and is accompanied by an increase in small intestine permeability [1-4].
The reduced perfusion to the intestine results in damage to the intestinal villi and other
components of the intestinal wall [5,6]. The permeability increases so that intestinal
contents may leak across the mucosal barrier [7,8]. After escape from the intestinal
lumen, intestinal contents can be transported through the venous intestinal vasculature
[9,10], lymphatics [11], or if they pass completely through the intestinal wall, via the
peritoneum into the systemic circulation [12,13], and may be responsible for distant
organ injury [11,14]. Enteral blockade of digestive enzymes attenuates these processes

[9,15], but the mechanisms by which these inhibitors provide protection and the initial
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mechanisms in ischemia that leads to a permeable intestinal wall permitting entry of
luminal contents are not well defined.

In ischemia, there are many potential sources of enzymes present in the intestinal
tissue that may contribute to the breakdown of the intestinal wall. There are, of course,
the digestive enzymes in the lumen. These enzymes may persist in the lumen even after
the passage of food as shown by the detection of digestive proteases such as trypsin in the
mucus layer of the epithelium despite flushing out all solid content [16]. In addition,
epithelial cells and the wall of the intestine are characteristically rich in matrix
metalloproteinases (MMPs), capable of digesting the extracellular matrix [17,18].
Endothelial cells, in the rich network of microvessels, and extravasated leukocytes are
also potential sources of MMPs [19,20]. If activated or released during ischemia, these
enzymes could degrade the intestinal wall, enabling leakage of pancreatic-derived
digestive enzymes and/or small cytotoxic mediators such as free fatty acids [13,21,22]
from the lumen, across the wall of the intestine, into the peritoneum.

In a severe ischemic state, there may also be other mechanisms for breakdown of
the intestine, e.g. by depletion of ATP, including cell apoptotic processes [5]. However,
the contribution of a proteolytic versus an apoptotic mechanism to the increased
permeability and breakdown of the intestinal wall in severe ischemia in the absence of

luminal contents is not well understood.



29

2.2 CHAPTER AIMS

The objective of this chapter is to investigate in a severe model of intestinal
ischemia which degrading processes (cell death, proteases, and/or lipase) contribute to
the transmural permeability of a low molecular weight tracer and breakdown of the
intestinal wall. This is done in the absence of luminal contents to distinguish the
mechanisms inherent to the intestinal wall from those that may result from mediators in
the luminal content (discussed in Chapter 5). | hypothesize that metabolic support will
preserve the epithelial barrier while proteolytic inhibition will prevent tissue breakdown
during complete intestinal ischemia (Figure 2.1). To test this hypothesis, glucose, which
can be directly metabolized by enterocytes and has documented positive effects during
intestinal ischemia [23-26], will be placed into the lumen to provide a source of
metabolic energy to the epithelium during severe ischemia. In order to study whether
proteases contribute to intestinal wall breakdown, several classes of inhibitors will be
placed into the intestinal lumen to assess whether degrading enzymes (e.g. serine
proteases, lipase, MMPs) contribute to the rise in wall permeability and tissue
destruction. Morphological damage, the level of protease activity in the tissue, and
junctional protein integrity are examined. Understanding the breakdown process of the
intestinal wall may help in the design and implementation of new interventions against

escape of luminal contents into the peritoneum during intestinal ischemia.
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Figure 2.1 Hypothesis summary for intestinal wall breakdown during iscehmia. In a

vascularized non-ischemic intestine, the epithelium is intact and is the primary barrier

preventing transmural fluorescein penetration. During ishemia with no intervention, the

epithelial barrier breaks down and the cells shed into the lumen by anoikis (grey

epithelial cells) (Barrier 1). Activated MMPs released during ischemia create gaps large
enough for fluorescein transport in the wall (Barrier 2). Disruption of the primary barrier
allows fluorescein to penetrate past the muscularis and serosa. Serine proteases found in
the mucus layer also may degrade the internal structure of the villi. If nutritional support

in administered to the lumen as a source of ATP from glucose metabolism to the
epithelial cells, the epithelial barrier remains intact (Glucose). Alternatively, MMP

inhibition prevents degradation of the tissue past the epithelial barrier so that fluorescein
penetrates to the abluminal side (MMP Inhibition).
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2.3 METHODS

2.3.1 ANIMALS

The animal protocol was reviewed and approved by the University of California,
San Diego Institutional Animal Care and Use Committee. Male Wistar rats (body weight
between 250-400 g, Harlan, Indianapolis, IN) were allowed food and water ad libitum
prior to surgery. Rats were administered general anesthesia (xylazine, 4 mg/kg; ketamine

75 mg/kg IM) and euthanized with B-Euthanasia (120 mg/kg).

2.3.1.1 INTESTINAL ISCHEMIA

Since intestinal properties are non-homogenous, the transmural permeability over
the entire length of the jejunum and ileum was investigated. Due to physical constraints
of the small intestine anatomy, it is not feasible to simultaneously analyze permeability
from multiple segments in-vivo. Therefore, an ex-vivo approach was designed to
measure permeability along the entire length of the small intestine.

A midline incision was made to expose the intestine. The proximal end of the
jejunum (approximately 5 cm distal from the ligament of Treitz) was cannulated with a
female luer to barb tube connector (1/8” inner diameter). The intestine was removed and
placed in saline immediately before euthanasia. The lumen of the intestine was flushed
with 40 ml saline using pulsatile pressure. Removal of all solid content was verified by

visual inspection. Next, the intestine was cut into eight equal length segments (~8 cm)
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sequentially ordered from the proximal jejunum (position 1) to the distal ileum (position
8). Both ends of each segment were cannulated with Female Luer to Barb tube
connectors (thus allowing entry and exit points from the intestinal lumen to be sealed
completely), secured with 4-0 suture, and the exterior portion of one adaptor on each
segment sealed with clay.

To determine the permeability of the intestine, all 8 segments from one animal
were filled with fluorescein (332 Daltons, 20 pug/ml from 5 mg/ml stock in ethanol;
Sigma-Aldrich, St. Louis, MO) as small molecular weight tracer mixed with saline,
glucose (100 mg/ml in saline; Sigma-Aldrich), the non-metabolizing glucose analog
mannitol (100 mg/ml in saline) the broad-spectrum protease and lipase inhibitor ANGD
(2 mg/ml in 100 mg/ml D-glucose in saline; nafamostat mesilate, Torii Pharmaceutical,
Chiba, Japan), the lipase inhibitor orlistat (0.25 mg/ml in saline from 100 mg/ml stock in
ethanol; Sigma-Aldrich), the serine protease inhibitor aprotinin (Trasylol, 1x10*
kallikrein inhibitor units/ml; Bayer Health Care, Pittsburgh, PA), the serine protease
inhibitor tranexamic acid (31 mg/ml in saline; Sigma-Aldrich), the MMP inhibitor
doxycycline hyclate [27] (1 mg/ml in saline; Sigma-Aldrich), or the MMP inhibitor GM
6001 [28] (1 pg/ml in saline from 1 mg/ml stock in DMSO, Millipore, Billerica, MD).
These inhibitors were chosen because enteral tranexamic acid, ANGD+glucose, and
aprotinin+orlistat have previously been shown to mitigate mortality after experimental
shock [6,10,12,15,21,29]. Whether these improvements were from the effects of the
inhibitors on luminal content or from maintaining the intestinal barrier needed to be

determined.



Table 2.1 Molarity and osmolarity of enteral solutions.

Concentration (moles/L)

Total Osmolarity (osm/L)

Saline 0.154 0.308
Glucose 0.555 0.863
Mannitol 0.555 0.863
ANGD+Glucose 3.7x10°3 0.867
Orlistat 5x10* 0.308
Aprotinin | | 1x10* (kallikrein inhibitor 0.308
units/ml)
Orlistat+Aprotinin || 5x104/1x10* (kallikrein 0.308
inhibitor units/ml)
Tranexamic Acid 0.200 0.508
Doxycycline 1.95x10° 0.310
GM 6001 2.57x10°® 0.308
Tranexamic 0.200/0.555 1.063
Acid+Glucose
GM 6001+Glucose 2.57x107%,0.555 0.863

33
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Table 2.2 Inhibitor molecular weight and target enzymes.

Molecular
Weight Trypsin Chymotrypsin | Elastase | Lipase MMP
(Da) Inhibitor Inhibitor Inhibitor | Inhibitor | Inhibitor
ANGD 542 yes yes yes yes no
Orlistat 498 no no no yes no
Aprotinin 6540 yes yes yes no no
Tranexamic weak no no no Yes and
Acid inhibits
158 plasmin, an
MMP
activator
Doxycycline | | 444 no no no no yes
GM 6001 388 no no no no yes

300 pl of sample were added to each intestinal segment (not enough to fully
inflate the intestinal tissue) through the open tubing adaptor before sealing with clay.
Sealed segments were rinsed in saline, individually placed in 15 ml conical tubes
containing 6 ml saline, and incubated at 37 °C for 2 hours. The exterior solution for each
position was sampled at 0, 30, 60, 90, and 120 minutes and loaded in duplicate (75
pl/well) into a 96 well plate (black-sided flat bottom polystyrene, Corning, New York,
NY). Plates were read in a plate reader (FilterMax F-5 Multi-mode, Molecular Devices,
Sunnyvale, CA) for concentration of fluorescein (excitation 494/emission 521) to
quantify leakage across the wall of the intestine.

After the two-hour incubation, intestinal pieces from segments 2 and 7 were

embedded in O.C.T. (Tissue Tek, Torrance, CA) and snap frozen in t-methyl butane in
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liquid nitrogen. Tissue pieces from segments 5 (for enzyme analysis) and segment 7 (for
immunoblots) were snap frozen and stored for subsequent homogenization.

The small intestines of a separate group of animals were used as Pre-Ischemic
Controls for morphology and the corresponding regions of tissue were embedded in
O.C.T. and frozen. As a non-ischemic control for permeability, a segment of distal ileum
(approximating segment 7 which had the greatest permeability in the ex-vivo ischemic
case) from a separate group of animals was cannulated, flushed, filled with saline with
fluorescent markers as described above, and immersed in a small saline bath, but the
blood supply to the segment was left intact. The animals were maintained under general
anesthesia for 2 hours and the samples of exterior fluid from the saline bath were

measured and adjusted for the volume dilution of the bath.

2.3.2 PERMEABILITY ANALYSIS

To determine the fluorescein transport across the intestinal wall, the velocity at
time 0 was subtracted from velocity values at later time points to correct for background,
and fluorescence values were corrected to account for the volume reduction due to
sampling during the experiment. The relative fluorescent unit (RFU) measurements were
converted to equivalent moles by using the linear relationship between concentration and
fluorescein fluorescence (not shown, R?=0.999). The transport of fluorescein across the
wall (measured in moles, per time) was calculated as the change in fluorescence over a 30
min interval divided by 30 min. Individual positions were excluded if the fluorescence

measured at time 0 exceeded a pre-selected threshold, suggesting a torn specimen or a
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specimen with improperly sealed ends (this occurred 9 times out of a total of 408

intestinal segments).

2.3.3 MORPHOLOGICAL ANALYSIS AND TUNEL LABELING

Intestinal segments frozen in O.C.T. were cut into 5 um sections. Sections were
fixed using ice-cold methanol (8 min at -20 °C) and immediately washed four times in
distilled water. Nuclei were stained by incubating sections in freshly mixed Weigert’s
Iron Hematoxylin A and B (Electron Microscopy Science, Hatfield, PA) (10 min)
followed by rinsing thoroughly with water. Collagen fibers were labeled by incubating (2
min) in Van Gieson’s Solution (Electron Microscopy Science).

To assess the level of apoptosis after ischemia, in-situ terminal transferase dUTP
nick end labeling (TUNEL) labeling was completed using a kit (Trevigen, Gaithersburg,
MD) according to manufacturer’s instructions. Sections were counterstained with 0.05%
toluidine blue in 1% boric acid to contrast 3,3’-diaminobenzidine (DAB) positive nuclei
(brown) from negatively stained nuclei (blue).

Prior to mounting, all slides were dehydrated (70, 95, 100% ethanol) and cleaned
with xylene. After air-drying overnight, sections were mounted using Hard Set Mounting
Media (Vector Laboratories, Burlingame, CA). Digital images were captured with a 20x
objective (numerical aperture 0.5) and digitally montaged together after background

subtraction.
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2.3.4 ENzZYME ACTIVITY

To examine protease activation in ischemic intestines, | used plate zymography
with a casein substrate as well as gel zymography with gelatin or casein substrates.
Segments of intestine were homogenized (0.1 g tissue/ml homogenization buffer; PBS
pH 7.4 with 0.5% hexadecyltrimethyl bromide) and centrifuged at 1.4x10*g for 20

minutes. Supernatants were stored at -80 °C until samples were processed.

2.3.4.1 CASEIN PLATE ZYMOGRAPHY

Small amounts of pancreatic digestive enzymes are potentially present in the
intestinal wall under physiological conditions (15). Therefore, to determine the in-vitro
capabilities of each inhibitor, we combined pure trypsin (100 pg/ml), chymotrypsin (1
mg/ml), elastase (1 mg/ml), or lipase (1 mg/ml) with ANGD, orlistat, aprotinin, or
tranexamic acid in the same concentrations used in the intestinal lumen and evaluated
protease activity using the casein substrate (Enzchek, Invitrogen, Carlsbad, CA) for
protease activity (180 pl substrate with 20 pl sample for 1 hour; EX/Em: 589/617 nm) or
C-POM (Invitrogen) hydrolysis for lipase activity (150 mM C-POM mixed 2:1 with
sample for 2 hours; EX/Em: 360/460 nm). Results are presented as the percent inhibition
relative to the caseinolytic or lipase activity of pure enzymes.

To determine the total protease activity of the flushed intestine including the
effects of any inhibitors (native or exogenous) that might be present in the tissue or

lumen, 20 pg of intestinal homogenate protein (determined by the BCA protein assay Kit;



38

ThermoScientific, Waltham, MA) were diluted to a total volume of 20 pl and loaded in
duplicate. Either 180 pl of casein substrate or a known concentration of the substrate’s
fluorophore, Texas Red, in assay buffer (to correct for auto-fluorescence or fluorescence
absorbance by the sample) was added to the samples. Fluorescence was measured at 0
and 120 min of incubation at 37 °C and is expressed as: Normalized Activity =

(FSampIe+Casein@120)*(FTx+Buffer@0/FTx+SampIe@0)-

2.3.4.2 GELATIN AND CASEIN GEL ZYMOGRAPHY

To assess the proteolytic activities of individual proteases in intestinal tissue
samples, sample volumes of 1 ul (with 2 pg of protein) or 8 pl (with 16 pg total protein)
were separated by gel electrophoresis in SDS-PAGE gels containing 80 pg/ml gelatin or
100 pg/ml casein, respectively. Gels were renatured by four 15 min washes with 2.5%
Triton X-100 and incubated overnight at 37 °C in developing buffer (0.05 M Tris base,
0.2 M NaCl, 4 uM ZnCl, 5 mM CaClz-2H20). After incubation, gels were fixed and
stained (50% methanol, 10% acetic acid, 40% water, and 0.25% Coomassie blue
solution) for three hours before destaining in water. The molecular weights of the
proteases were estimated by use of a standard protein ladder (Invitrogen). Gels were
digitized and bands were analyzed by densitometry in ImageJ (http://rsbweb.nih.gov/ij/)).
Gel zymography activates the zymogen forms of MMPs, and thus both the pro- and

active bands are visible.
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2.3.4 IMMUNOBLOTTING

To determine whether select epithelial barrier proteins were degraded during
ischemia, we analyzed pre- and post-ischemic tissue homogenates for relative levels of
mucin 13, claudin-1, occludin, and E-cadherin.

Tissues were homogenized for immunoblot analysis in buffer (CelLytic, Sigma-
Aldrich) with protease inhibitor cocktail (HALT, Thermo Scientific, 1:100 dilution) and
centrifuged (1x10* g, 20 min). To separate proteins by gel electrophoresis, 30 pg of
protein/well were loaded in 8 or 12% resolving gels with 4% stacking gels and
transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were
blocked for one hour with either 5% bovine serum albumin (BSA) or 5% nonfat milk in
tris-buffered saline with 0.5% Tween-20 (TBS-T). Primary antibodies diluted in 1%
BSA or 1% nonfat milk against mucin 13 (1:1000, extracellular domain, sc-66973 Santa
Cruz Biotechnology, Santa Cruz, CA), E-cadherin (1:1000, intracellular domain, 33-
4000, Invitrogen), claudin-1 (1:1000, intracellular domain, 51-9000, Invitrogen), occludin
(2:1000, intracellular domain, 33-1500, Invitrogen), pancreatic trypsin (1:1000, sc-
137077 Santa Cruz Biotechnology), or f-actin (1:1000, sc-130301, Santa Cruz
Biotechnology) were incubated overnight at 4 °C. After incubation, membranes were
washed with TBS-T (3x, 10 min) before addition of goat anti-rabbit or rabbit anti-mouse
secondary antibodies (Santa Cruz Biotechnology) diluted 1:000 in TBS-T. Following
secondary antibody incubation (60 min), the membranes were washed with TBS-T (3x)

and developed.
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2.3.5 STATISTICAL ANALYSIS

Results are presented as mean + standard error of mean (N=6/group) for figure
clarity. Two factor ANOVA was used to compare between positions (1-8) over time
within each treatment group followed by Tukey post hoc test analysis to compare each
position over time and each position to position 2 (which typically showed the least
permeability). To compare the saline group to the treatment groups, the data were fit
with polynomial equations (third order polynomials gave the best data representation).
Inhibitors’ equations were compared to saline’s equation by the F-test. Single factor
ANOVA analysis followed by Tukey post hoc test was used for protease activity
measurements and immunoblot comparisons. Statistical analysis was performed using

OriginLabs software (Northampton, MA).

2.4 RESULTS

2.4.1 INTESTINAL PERMEABILITY AND MORPHOLOGY

In the in-vivo non-ischemic control intestines, there was negligible fluorescein
transport across the intestinal ileum into the ambient saline bath compared to the
corresponding position subject to total ischemia (Table 2.3). However, the intestine
absorbed saline from the bath, making reservoir convection a potential confounding
factor. In contrast, during ischemia, fluorescein transport across the intestinal wall was

positive with increasing fluorescence at all locations along the intestine for every group
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and time interval (Figure 2.1A). The average fluorescein transport from ischemic
intestines increased with position along the length of the intestine from the jejunum to the
ileum (except for position 1 at the proximal jejunum which generally had a higher

transport than position 2) (Figure 2.2A and 2.3A).

Table 2.3 Rate of outward fluorescein* penetration through the intestine wall.

0-30 Min 90-120 Min
No Ischemia 0.119+0.004 -0.053+0.065
Ischemia 1.255+0.236* 4.883+0.360**

*Fluorescein transport (nmol/min) across the wall of the intestine (distal ileum,
equivalent to position 7) filled with saline after 2 hours. N=3 rats/group for No Ischemia
group and N=6 rats/group for the Ischemia group.

Glucose administration into the lumen of the intestine drastically reduced the
fluorescein transport across the wall of the intestine (Figure 2.2A). Ischemic conditions
in the presence of saline resulted in a major destruction of the intestinal villi and wall
both in the jejunum and the ileum that was attenuated in the presence of glucose (Figure
2.3B).

Multiple serine and lipase inhibitors were tested that had previously been shown
to improve shock outcome [6,10,21,30-32]. Ischemic intestines containing
ANGD+glucose maintained low transmural permeability and had intact villi after 2 hours
of ischemia, similar to glucose alone (Figure 2.2B). Tranexamic acid reduced fluorescein
transport over a period of about 90 min. Orlistat and aprotinin alone or in combination

did not reduce the fluorescein transport across the intestinal wall. After 2 hours of
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ischemia, the villi structures in both the jejunum and ileum were notably disrupted with
all inhibitor treatments, except ANGD+glucose (Figure 2.3B). Direct comparison of the
fluorescein transport between saline, ANGD+glucose, and glucose groups showed that
the ANGD+glucose and glucose groups had a significantly decreased rate of transmural
fluorescein transport compared to saline (Figure 2.4). Despite the low transmural
permeability of the glucose and ANGD+glucose groups, evidence of internal degradation
beneath the epithelial layer was visible in the jejunum regions after ischemia in both
groups (Figure 2.3B and Figure 2.4B), suggesting that this separation of epithelium from
the lamina propria was not mediated by pancreatic serine proteases or lipase activity.

To confirm the beneficial effects of the metabolic and proteolytic enteral
treatments were not a consequence of increased osmolarity of the solution, mannitol, a
non-metabolizable monosaccharide, was substituted for glucose and neither prevented
fluorescein penetration nor preserved villi structure (Figure 2.5A) [26,33], though its
maximum permeability at the 90-120 time point was improved compared to saline
(equivalent to saline’s 30-60 minute time point (Figure 2.4)). Additionally, the structure
of the villi was substantially degraded similar to other interventions that showed an

increase in permeability by the two hour time point (Figure 2.2 and Figure 2.3).
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Figure 2.2 Fluorescein transport in saline and glucose treated ischemic intestines.
(A) Fluorescent tracer rates (computed as amount of nanomoles of fluorescein
penetrating the outside the intestinal wall over 30 min time intervals) across the wall of
ischemic intestinal segments along the length of the small intestine from the proximal
jejunum (position 1) to the distal ileum (position 8). The intestinal segments were
enterally filled with saline or glucose. p<0.05 by two way ANOVA followed by Tukey
post hoc analysis compared to Position 2 marked by ++ (during time interval T2), * (T3),
** (T4). p<0.05 by Tukey post hoc analysis compared to T1 shown by 1 (T2),  (T3) and
8 (T4). N=6 rats/group for saline and N=5 rats/group for glucose. (B) Intestinal wall
morphology in the jejunum (top) and ileum (bottom) as seen on frozen sections after Van
Gieson and hematoxylin labeling. Arrows indicate intact villi structure that best matched
the structure of the pre-ischemic tissue and (*) indicates a sites of damaged villi, and (8)
specifies internal damage to the villi.
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Figure 2.3 Fluorescein transport with serine protease or lipase inhibition. (A)
Fluorescent tracer rates across the wall of ischemic intestinal segments filled with
ANGD+glucose, orlistat, aprotinin, orlistat+aprotinin, and tranexamic acid. p<0.05 by
Tukey post hoc test compared to Position 2 shown by ++ (during time interval T2), *
(T3), ** (T4). p<0.05 by two way ANOVA followed by Tukey post hoc test in compared
to T1 shown by # (during T3) and § (during T4). N=6 rats/group except for
orlistat+aprotinin groups where N=3 rats/group. (B) Representative micrographs of
intestinal villi after ischemia. Arrows indicate intact villi structure that best matched the
structure of the pre-ischemic tissue, (*) indicates a sites of damaged villi, and (8)
specifies internal damage to the villi.
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Figure 2.4 Comparison between glucose interventions with saline. Nanomoles/min of
fluorescein penetration across the wall of the small intestine during ischemia as a
function of the position along its position (see Figure 1 legend). Measurements points are
fit (using a third order polynomial) for the cases of saline, ANGD+glucose, and glucose
placed into the lumen of the intestine. Adjusted R? values are 0.87, 0.93, -0.02 for 30-60

min; 0.80, 0.90, and 0.46 for 60-90 min; 0.86, 0.94, 0.68 for 90-120 min for saline,

ANGD+glucose, and glucose curves, respectively. Comparing best fit curves of
ANGD-+glucose or glucose to saline by F-test, p=1.4x10* and 3.19x10" for 30-60 min;
p=5x10* and 9.8x10" for 60-90 min; p=8.6x10"* and 1.1x107 for 90-120 min.
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Figure 2.5 Comparison between glucose and mannitol interventions. (A)
Nanomoles/min of fluorescein penetration across the wall of the small intestine at the 90-
120 minute time during ischemia as a function of the position along its position (see
Figure 2.3 legend). Measurements points are fit (using a third order polynomial) for the
cases of glucose and mannitol placed into the lumen of the intestine. Adjusted R? values
for glucose and mannitol are 0.68 and 0.91, respectively. The probability between the
two curves is p=3.8x10°. (B) Representative micrographs of intestinal villi with
mannitol after ischemia. Asterisks indicate destroyed villi structure that best matched the
structure of the saline tissue (Figure 2.2).
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2.4.2 PROTEASE ACTIVITY

At the concentrations used in our experiments, ANGD and aprotinin inhibited
purified trypsin, chymotrypsin, and elastase (Table 2.4). ANGD, along with orlistat,
inhibited lipase activity. Tranexamic acid, in contrast, had little effect on chymotrypsin,
elastase, or lipase activity and blocked about a third of the trypsin activity compared to

ANGD or aprotinin.

Table 2.4 Percent inhibition of casein proteolysis or C-POM hydrolysis*.

Trypsin Chymotrypsin Elastase Lipase
ANGD (542 Da) 88 84 82 43
Orlistat (498 Da) 7 8 -2 56
Aprotinin (6540 Da) 96 90 82 8
Tranexamic acid (158 Da) 30 0 1 14

*Percent inhibition of 0.1 mg/ml trypsin, 1 mg/ml lipase, chymotrypsin, or
elastase with casein or C-POM substrates. Negative values indicate activation.
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Caseinolytic activity values measured by plate zymography in homogenates of
intestinal tissue segments with aprotinin or tranexamic acid in their lumen were reduced
compared to the saline group (Figure 2.6). In contrast, ANGD+glucose did not
significantly decrease caseinolytic activity suggesting that the protease activity in the
ischemic intestine may not arise from serine proteases inhibited by ANGD (e.g. the
pancreatic proteases). Pre-ischemic intestines exhibited higher activity than their
ischemic saline counterparts (not significant).

The proteolytic activity profile between the jejunum and ileum differed drastically
(Figure 2.7). Many of these proteases were eliminated or reduced by addition of ANGD
(inhibits pancreatic enzymes and plasmin) or tranexamic acid to the renaturing and
developing solutions (Figure 2.7), including a direct inhibition of MMPs by tranexamic
acid that is not mentioned in most literature on the subject. Passage of material from the
jejunum during flushing did not affect proteases in the ileum as there were no differences
in protease activity bands in the ileum between intestines that were flushed from jejunum
to ileum or intestines that had only the ileum (segment 7) flushed (not shown).

Gelatin and casein gel zymography revealed proteases in tissue homogenates,
even in the pre-ischemic case, capable of cleaving both substrates (Figure 2.8A&B),
including MMP-2, MMP-9 and bands associated with serine proteases. Aprotinin
treatment significantly reduced total protease activity in both gelatin and casein gels
(Figures 2.7A&B). Additionally, quantification of individual bands showed that
aprotinin significantly reduced activity in a 50 kDa gelatinase and the 20 kDa serine
proteases bands (p<0.05). The serine protease bands were also significantly decreased by

ANGD+glucose and tranexamic acid (p<0.05). However, aprotinin, unlike the other
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inhibitors, was able to irreversibly block serine proteases when applied to pure trypsin,
chymotrypsin or elastase (Figure 2.8) despite electrophoretic separation, suggesting it
could have bound irreversibly to proteases after homogenization as opposed to decreasing
activity by preventing activation of enzymes.

Because our previous findings by immunohistochemistry and in-situ zymography
show that a small amount of pancreatic-derived digestive enzymes are naturally present
in the wall of the intestine (15), we measured trypsin levels by immunoblot analysis.
Trypsin was detected in every sample; however, we saw no significant difference in
trypsin levels measured between groups in segment 7 (Figure 2.9). As trypsin levels are
not likely to change after removal of a segment of intestine from the body, this suggests
that starting levels of trypsin adhered to intestinal tissue were also similar between

groups, as would be expected.

- N W
o O ©o
1 1 1

Normalized Caseinolytic
Activity

Figure 2.6 Caseinolytic activity of intestinal wall homogenates. Caseinolytic activity
of intestinal homogenates wall from plate zymography of segment 5. N=10 for pre-
ischemic group and N=6 for all other groups. *, p<0.05 by Tukey post hoc test.
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Figure 2.7 Jejunum compared to ileum protease activity. Protease activity in the
jejunum (segment 2) and ileum (segment 7) had distinct bands for MMPs and serine
proteases that were enhanced in the ileum. Renaturation with ANGD eradicated all
serine protease bands at the bottom of the gel and reduced the prominent band at 50 kDa.
*, p<0.05 by paired t-test compared to the jejunum. §, p<0.01 by t-test with Bonferroni
correction compared to No Inhibition. N=4 rats/group.
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Figure 2.8 Gelatin and casein gel zymographies of intestinal wall homogenates.
Representative images of gelatin (A) and casein (B) gel zymographies. (A&B Lower)
Quantification of total activity in each lane by total area under the intensity curve
reported in relative intensity units (R1U). N=5 rats/group for pre-ischemic group and
N=6 rats/group for all other groups. * p<0.05 by Tukey post hoc test.
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Figure 2.9 Pancreatic trypsin levels in the wall of a homogenized intestine. Pancreatic
trypsin was detected in the homogenized wall of the flushed intestine by the femto ECL
substrate.

2.4.3 MMP INHIBITION

Tranexamic acid reduced casein plate zymography protease activity and
permeability, despite weak inhibition of pancreatic serine proteases. Since tranexamic
acid inhibits plasmin, an MMP activator, and to some extent MMPs directly (Figure 2.7),
we next investigated whether permeability increases through an MMP-derived
mechanism.

Inhibition with the broad-spectrum MMP inhibitors doxycycline or GM 6001
prevented significant increases in fluorescein transport at early time points (Figure
2.10A). However, the villi in the jejunum and ileum were not intact after 2 hrs of

ischemia (Figure 2.10B). The doxycycline and GM 6001 transport curves closely



53

matched the tranexamic acid curve in the 30-60 min and 60-90 min periods and were
significantly decreased compared to the saline treated intestines (Figure 2.11). However,
in the 90-120 min period, GM 6001 was more effective at reducing the transmural
permeability compared to either doxycycline or tranexamic acid. Caseinolytic activity
was not significantly decreased compared to pre-ischemic homogenates by doxycycline
and GM 6001 (Figure 2.12).

The combination of tranexamic acid+glucose and GM 6001+glucose (Figure
2.13A) maintained low permeability throughout the two hour ischemic period and did not
behave differently than glucose alone. Because of the glucose, the intestine villi also

remained intact following ischemia (Figure 2.13B).
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Figure 2.10 Fluorescein transport with MMP inhibition. (A) Fluorescein transport
across the wall of ischemic intestinal segments filled with doxycycline and GM 6001.
p<0.05 by Tukey post hoc test compared to Position 2 shown by ** (during T4).
Significant changes (p<0.05 by Tukey post hoc test) compared to T1 shown by + (T3) and
8§ (T4). N=3 rats/group. (B) Representative images of the intestinal villi. Arrows
indicate intact villi structure and (*) indicates a sites of damaged villi after ischemia.
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Figure 2.11 Comparison between MMP and tranexamic acid interventions.
Comparison of fluorescein rate across the wall of ischemic intestines between
doxycycline, GM 6001 and saline groups. Tranexamic acid is presented to demonstrate
the similarities in permeability profile with the MMP specific inhibitors. Adjusted R?
values are 0.87, 0.37, 0.81, and 0.71 for 30-60 min; 0.80, 0.89, 0.97, and 0.86 for 60-90
min; 0.86, 0.89, 0.86, and 0.86 for 90-120 min for saline, tranexamic acid, doxycycline
and GM 6001 curves, respectively. Comparing best fit curves of doxycycline or GM
6001 to saline by F-test, p=1.3x10* and 9.1x10° for 30-60 min; p=1.8x10" and 4.3x1073
for 60-90 min; non-significant and 2.8x10* for 90-120 min.
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Figure 2.12 Caseionlytic activity of intestinal wall homogenates treated with MMP
inhibitors. Caseinolytic activity in ischemic intestine homogenates. N=6/group for pre-
ischemic; N=3/group for doxycycline and GM 6001.
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Figure 2.13 Fluorescein transport for tranexamic acid+glucose and GM
6001+glucose treatments. (A) Fluorescent tracer rates across the wall of ischemic
intestinal segments filled with tranexamic acid+glucose or GM 6001+glucose. N=3
rats/group (B) Representative micrographs of intestinal villi with tranexamic
acid+glucose or GM 6001+glucose after ischemia. Arrows indicate intact villi structure
that best matched the structure of the pre-ischemic tissue (Figure 2.2).

S7



58

2.4.4 APOPTOSIS

Pre-ischemic intestines had little apoptosis except near the tips of the villi (Figure
2.14) while saline-treated ischemic intestines showed extensive apoptosis in both cells in
the villi and cells detached from the villi (nuclei are visible despite loss of villi structure).
Enteral glucose treated intestines had little apoptosis in the villi, though TUNEL labeling

similar to that in the saline group was present in the muscle layer (Figure 2.14).
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Figure 2.14 TUNEL labeling of intestinal segments. TUNEL labeling of pre-ischemic

control intestines and the tips. Black arrows point to intact villi. Brown stained nuclei

indicate positive TUNEL labeling while blue labeled nuclei indicate negative labeling as
indicated by the brown and blue arrows respectively. * indicates muscle TUNEL positive

cells.
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2.4.5 EPITHELIAL BARRIER PROTEINS

To investigate the ability of protease inhibition to preserve barrier proteins after
ischemia, we measured mucin 13 (the membrane-bound component of the mucin layer),
occludin and claudin-1 (tight junction proteins), and E-cadherin (adheren junction
protein), in intestinal homogenates before and after ischemia. Mucin 13 levels were
decreased with saline, orlistat, and aprotinin treatments compared to pre-ischemic levels
but were preserved significantly with glucose and tranexamic acid treated intestines (in 5
out of 6 tranexamic acid cases there was nearly complete preservation) compared to
saline (Figure 2.15A&B). Mucin 13 levels in the ANGD+glucose group were not
significantly reduced compared to the pre-ischemic group, but neither were they
significantly elevated compared to saline. Occludin levels decreased in all cases except
for glucose and tranexamic acid treatment groups (Figure 2.15A&B). E-cadherin levels
decreased significantly after ischemia regardless of treatment (Figure 2.15A&B). In
contrast, there was no significant change in claudin-1 protein levels from ischemia or
inhibitor treatment (Figure 2.15B). The MMP inhibitors doxycycline and GM 6001 did
not preserve mucin 13, occludin, or E-cadherin compared to saline-treated animals
(Figure 2.15C).

Additionally, distinct patterns of mucin 13 fragmentation bands have been shown
to form during ischemia in starved animals prior to SAO [6,29]. In contrast, in this study
where food was not restricted from these animals prior to the experiments, the mucin 13
fragmentation patterns were completely random, even occurring consistently in pre-

ischemic intestine segments (Figure 16). Fragmentation patterns varied greatly even
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within each treatment, suggesting that the fragmentation may be related to the last time

the animal ate rather than the unrelated to ischemia.
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Figure 2.15 Immunoblots of epithelial proteins. (A) Immunoblots (left) and
quantification (right) for mucin 13 and E-cadherin. N=4/group. There was a significant
difference between groups by ANOVA for mucin 13 and E-cadherin. (B) Immunoblots
and quantification for mucin 13, occludin, claudin-1, and E-cadherin. There was a
significant difference between groups by ANOVA for mucin 13, E-cadherin, and
occludin. N=4 for pre-ischemic groups, N=6 for all other groups. (C) Comparison of
Doxycycline and GM 6001 treatments with pre-ischemic, saline and tranexamic acid
groups for mucin 13, occludin, and E-cadherin. N=6/group for pre-ischemic control,
saline, and Tranexamic acid and N=3/group for doxycycline and GM 6001. *, p<0.05
compared to pre-ischemic control and #, p<0.05 compared to saline by Tukey post hoc
analysis.
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Figure 2.16 Mucin fragmentation. Mucin 13 fragmentation in the different groups did

not demonstrate any pattern in the fragments formed both before and after ischemia.
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2.5 DISCUSSION

2.5.1 SUMMARY

The current results indicate that the transmural transport of a low molecular
weight tracer from the lumen across the rat intestinal wall was undetectable in a non-
ischemic state but increases after ischemia in the absence of luminal contents. The
permeability increased consistently from the jejunum to the ileum in all cases and may be
a result of the increased protease activity in the ileum tissue. Placement of glucose into
the lumen of the small intestine abrogated the permeability increase, reduced apoptosis,
and served to maintain the epithelial barrier but not necessarily the underlying intestinal
wall (Figure 2.2B, also reported by Derikx, et al.) [34]. In the absence of glucose, only
the MMP inhibitors doxycycline and GM 6001 and the protease inhibitor tranexamic acid
reduced the transmural permeability, but they did not prevent the villi destruction or
apoptosis of the epithelium at 2 hrs. The evidence suggests that both the epithelium and
the tissue under the epithelium act as barriers to the transmural passage of a low
molecular weight tracer, though they appear to fail by different, though likely

interdependent, mechanisms during severe intestinal ischemia (Figure 2.1).
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2.5.2 GLUCOSE PRESERVES THE EPITHELIAL BARRIER BY PREVENTING EPITHELIAL

CELL SHEDDING

Glucose administration curtailed the transmural permeability increase in the
ischemic intestine, likely by maintaining the epithelial barrier, in agreement with
previous results showing preservation of the mucosal epithelial barrier during ischemia in
the presence of luminal glucose [24-26]. Despite blood flow cessation, glucose provides
epithelial cells a direct source of metabolic energy to produce ATP [23] which has been
shown to maintain the barrier in-vitro [35]. ATP supply, which could be achieved by
glucose supplementation, is required for epithelial cells to maintain attachments and
prevent excessive apoptosis [25,36-38] and anoikis, the shedding of apoptotic epithelial
cells into the lumen [5]. Elevated levels of apoptosis in epithelial cells can occur within
15 minutes of ischemia [5] which illustrates the sensitivity of the intestine to ischemic
conditions. The presence of glucose in the lumen during ischemia prevented the cells
from undergoing apoptosis (Figure 2.14) and loss of the tight junction protein occludin,
which may explain why permeability and a connected layer of epithelial cells were
maintained even when they were separated from the underlying lamina propria.

In the current model, the epithelium was intact at the start of the experiment and
remained intact with glucose treatment, or any combination of inhibitors with glucose
(Figure 2.2, Figure 2.3, and Figure 2.13). Epithelial shedding during initial stages of
ischemia may result in gaps that are incapable of timely repair and result in an intestine
that inadequately absorbs nutrients [34]. Likewise, the transition from reversible to

irreversible shock may be related to the severity of the epithelial barrier destruction and
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the extent to which full physiological gut barrier/digestive features can be restored [39].
Patients undergoing elective surgery that anticipate intestinal ischemia may therefore
benefit from intraluminal glucose supplementation in order to reduce epithelial damage

[24,40].

2.5.3 SERINE PROTEASE OR LIPASE INHIBITION WAS NOT AS EFFECTIVE WITHOUT

GLUCOSE

Since ANGD is solubilized in glucose, and glucose alone was sufficient to
attenuate a transmural permeability increase over the course of a period of 2 hours,
further experiments are required to determine the effects of ANGD, independent of
glucose, under conditions when no luminal digestive protease are present. The presence
of visible gaps that formed between the epithelial layer and the interior portions of the
villi in the jejunum (Figure 3B, also reported by Derikx, et al.) [34] suggests that ANGD
may not be able to prevent the degradation of the wall under the epithelium. These gaps
were reduced when glucose was mixed with tranexamic acid or GM 6001 (Figure 2.13).

Aprotinin, unlike ANGD, was able to inhibit proteases in the intestinal wall
(Figures 2.6 and Figure 2.8) but did not protect the morphology or prevent the
permeability increase. As a 6540 Da protein (over 10x the size of the other inhibitors
used in this study), aprotinin may not be able to diffuse into the intestinal wall in time to
provide protection against degrading proteases in an ischemic state because of its low
bioavailability [41]. For example, inhibition occurred but possibly only after the

intestinal wall was degraded and/or after homogenization.
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ANGD has been shown to attenuate gut and lung injury in hemorrhagic shock,
even in the absence of the glucose solvent [15]. In a non-flushed intestine, a small
opening in the mucosal barrier may allow penetration of luminal content and amplify
intestinal damage by increasing proteolytic breakdown of the extracellular matrix and
accumulation of neutrophils [20]. By inhibiting luminal enzymes, ANGD reduces
intestinal damage and may prevent shock mediators from passing the mucosal barrier
[21,22,42,43] that contribute to multi-organ failure, making it more applicable as a
treatment for the more physiologic, non-flushed cases of shock [9,15].

Aprotinin in combination with orlistat is a powerful inhibitor of the main luminal
digestive enzymes, comparable to ANGD (Table 4). Similar to ANGD+glucose,
aprotinin+orlistat can provide protection against shock and intestinal hemorrhage
following intestinal ischemia in-vivo and generation of shock mediators from the lumen
of the intestine [21]. The protection provided by aprotinin and ANGD in non-flushed
intestines may be due to inhibition of luminal enzymes that generate pro-inflammatory
mediators in the gut. Another possibility is that ischemia may open the mucus layer and
expose the epithelial cells to protease activity or cytotoxic intestinal products which may
open the epithelial barrier just enough to allow aprotinin to penetrate and prevent further

breakdown of the intestinal wall underneath the epithelium.

2.5.4 TRANEXAMIC ACID WORKS BY A MECHANISM SIMILAR TO MMP INHIBITION

While less capable of inhibiting luminal digestive enzymes than either ANGD or

aprotinin (Table 2), tranexamic acid is more bioavailable than aprotinin and is able to
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significantly lower the activity of the proteases in the intestinal wall (Figures 2.6, Figure
2.7, Figure 2.8). It also was able to preserve mucin 13, which could improve epithelial
survival in non-flushed intestines [6,29]. In addition, tranexamic acid was able to
maintain low transmural permeability through the first 90 minutes of ischemia. It is
currently unclear how much of this preservation was due to protection of the wall
extracellular matrix versus reduced apoptosis of the epithelial barrier (Figure 2.14), since
both the extracellular matrix and epithelial layer were damaged by the 120 min collection
time.

Tranexamic acid, as a lysine analog, inhibits plasmin and conversion of
plasminogen to plasmin. Plasmin is a trypsin-like enzyme that is a potent activator of
MMPs [44,45] and ADAMs (“a disintegrin and metalloproteinase™), which are expressed
on epithelial cells and activated during ischemia [45]. Therefore, inhibiting plasmin, plus
the direct inhibition of MMPs by tranexamic acid that we observed (Figure 2.7) which
also prevents the consequent downstream activation of metallo- or other proteases, could
explain the reduction of caseinolytic activity detected by plate zymography relative to the
pre-ischemic controls (Figure 2.6). Inhibition of plasmin and/or metalloproteinases could
protect extracellular matrix proteins from degradation, and therefore, minimize the
creation of pores that fluorescein could penetrate through to pass the serosa [17].
Tranexamic acid may also help the preservation of epithelial attachments to the basement
membrane, which may reduce anoikis (Figure 2.14).

The intestine is rich in MMPs, and we detected gelatinase activities at
approximately 50 kDa (MMP-1 or MMP-3), 60 kDa (MMP-2), and 220 kDa (MMP-9

dimer) which are similar to previous findings [18,46]. Doxycycline and GM 6001 are
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both broad-spectrum MMP inhibitors [47] (GM 6001 also inhibits ADAMSs [28]). Like
tranexamic acid, over the first 90 minutes they reduced, but did not prevent, a
permeability increase. By 120 minutes, the permeability increased and the epithelium
was dismantled with either doxycycline or GM 6001 treatments (Figure 2.10B). This
suggests that metalloproteinases may be responsible for tissue destruction that increases
transmural permeability, but that the epithelial barrier is the dominant barrier that

controls permeability.

2.5.5 EPITHELIAL PROTEINS DEGRADE DURING ISCHEMIA

We studied several candidate proteins that contribute to epithelial barrier
integrity. Mucin 13, which is bound to the epithelial cell membrane, was reduced with
ischemia and restored when the lumen was treated with glucose or tranexamic acid
(Figure 2.15). However, since MMP inhibition was unable to prevent mucin 13
degradation, tranexamic acid appears to be acting through a different mechanism. There
were no changes in claudin-1 levels, but there was a severe reduction in the tight junction
protein occludin and the adheren junction protein E-cadherin following ischemia
irrespective of treatment or protease activity levels in the intestinal tissue. Lactic acid
build up in the cells after 2 hours of ischemia could reduce the intracellular pH and aid in
E-cadherin degradation.

Occludin and E-cadherin can be degraded by MMPs [48-50]. However, MMP
inhibition did not curtail occludin or E-cadherin destruction implying they are not

responsible for their reduction following ischemia. Alternatively, as the epithelium
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becomes apoptotic, occludin, E-cadherin, and mucin 13 may be internalized and
internally degraded [29,51]. It should be noted that E-cadherin and mucin 13 also
degrade in the presence of luminal proteases [6,29]. The breakdown of mucin 13, E-
cadherin, and occludin may occur sequentially as the intestinal barrier fails and future
studies need to investigate the kinetics of the degradation of these molecules in a less

severe form of intestinal ischemia.

2.5.6 JEJUNUM AND ILEUM HAVE DIFFERENT PERMEABILITY PROFILES

In all cases, the transmural permeability for fluorescein increased from the
jejunum to the ileum (with the exception of a non-significant increased permeability in
position 1 compared to position 2). The major transition from an impermeable to a
permeable state occurred after 1 hour in positions 5 and higher, corresponding to the
ileum. The ileum, often described as the most permeable region of the intestine [52,53],
is associated with the most damage after trauma and/or shock, and is where the majority
of microhemorrhages occur in experimental shock animals and necrotizing enterocolitis
[54-57]. We were surprised that the morphology of the untreated ischemic jejunum
appeared as disrupted as that of the untreated ischemic ileum, despite its lower transmural
permeability. Since the epithelial layer, which when intact serves as the most effective
barrier to fluorescein, was destroyed in both cases, the differences between the jejunum
and ileum lie beneath the epithelium.

When we measured the proteolytic activity by gelatin gel zymography, the ileum

had a much higher density of serine proteases and MMPs compared to the jejunum in
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pre-ischemic tissue (Figure 2.7). These proteases could degrade the extracellular matrix
structure of the villi, muscularis, and/or serosa more rapidly in the ileum than in the
jejunum allowing fluorescein to pass through with less resistance, even in the absence of
a visible difference. If this is the case, then given more time the jejunum would be
expected to reach the same high levels of permeability as the ileum. Alternatively, the
enhanced presence of proteases in the ileum could cleave integrin attachments between
cells and the extracellular matrix which may enhance cell apoptosis in the wall of the
ileum at a greater rate than the jejunum [58]. Detachment of cells from the extracellular
matrix would provide another route for fluorescein to penetrate across the barrier.
Although the transmural permeability of the jejunum is lower than the ileum, it would not

necessarily prevent egress through the blood or lymph.

2.5.7 LIMITATIONS

Flushing the lumen was a great tool to uncover which factors inherent to the
intestinal wall are responsible for degradation of the wall of the intestine. However, if
there are luminal proteases present, the breakdown process may become more complex.
Additionally, when the intestine is not excised from the animal, there may be additional
transport routes via the blood and lymph for luminal content that may or may not be

prevented by the mechanisms that were effective at reducing transmural permeability.
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2.6 CONCLUSIONS

The increase in transmural permeability to small molecules during total ischemia
of the small intestine occurs by a combination of epithelial shedding and MMP-derived
proteolysis of the intestinal wall, both of which occur in the absence of luminal contents.
The increased transmural permeability was reduced by placement of glucose into the
lumen of the intestine, as well as by administration of MMP inhibitors or tranexamic
acid. Our results suggest that prophylactic treatment with enteral glucose and/or MMP
inhibition for patients at high risk for intestinal ischemia may reduce intestinal

permeability and transmural passage of luminal content.

Chapter 2, in full, is currently being prepared for submission for publication
entitled “Transmural intestinal wall permeability in severe ischemia after enteral protease
inhibition” by Angelina E. Altshuler, Itze Lamadrid, Diana Li, Stephanie Ma, Leena
Kurre, Geert W. Schmid-Schonbein, and Alexander H. Penn. Table 2.4 was contributed

by Alexander H. Penn. The dissertation author is the primary author of this manuscript.
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Chapter 3

Transport and Activities of Proteases

after Hemorrhagic Shock

3.1 INTRODUCTION

Trauma is associated with high mortality [1]. One major cause of death in trauma
patients is hemorrhagic shock [2], during which the intestine is underperfused [2,3]. As a
result of ischemia the intestinal permeability increases [4], allowing luminal content,
including pancreatic digestive enzymes, to escape from the lumen into the wall of the
intestine [5,6]. Proteases that have penetrated the barrier can further increase the overall
proteolytic activity in the intestinal wall by activating MMPs [6,7]. Pretreatment in the
intestinal lumen with a broad spectrum serine protease and lipase inhibitor (nafamostat
mesilate, ANGD), reduces circulating neutrophil activation [8] and delays or prevents
mortality in experimental shock models indicating the intestine as a key organ to preserve
during shock [8-10]. One of the possible effects of ANGD in the lumen of the intestine
may be to prevent active pancreatic proteases from entering the circulation, by helping to

preserve the mucosal barrier and/or by inhibiting proteases that enter the intestinal wall.
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Shock mediators entering or formed in the wall of the intestine may be
transported out of the intestine via the portal venous system, the intestinal lymph, or by
passive transport through the intestinal wall into the peritoneum [11-13]. It is unknown
whether digestive enzymes are among the mediators transported out of the intestine into
the systemic circulation and other organs during hemorrhagic shock. Should this occur,
uncontrolled proteolytic activity in compartments outside the lumen of the intestine could
lead to cleavage of important plasma proteins and/or cell surface receptors contributing to
the morbidity and possible mortality of the animal [14].

However, there are documented cases where serine proteases enter into the
periphery. In pancreatitis, which has similarities to shock and may also result in multi-
organ failure, plasma trypsin levels have been correlated with mortality [15]. In shock,
pancreatic amylase and lipase have been measured in plasma and predict mortality [16],
but the presence and activity of pancreatic proteases remains to be determined. It has
been hypothesized that, if released into the systemic circulation, pancreatic proteases will
not be active due to binding to plasma protease inhibitors (serpins; e.g. az-macroglobulin,
ou-antitrypsin, etc.) [17]. However, the blocking ability of serpins is limited. They may
be saturated, and it has been shown that while binding to these inhibitors prevents
proteases like trypsin from digesting large proteins, smaller peptides are still cleavable
[18]. Thus, proteins with exposed loops or terminal ends may still be at risk for
proteolytic degradation [14].

Due to possible binding to circulating antiproteases, measurements of the
potential for proteolysis in shock plasma or lymph may be underestimated if the selected

test substrate is a large globular protein such as casein, a substrate commonly used to
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measure non-specific protease activity. Additionally, our group has observed that serine
protease activity in plasma samples decreases with increasing storage time (-20 °C)
and/or freeze-thaw cycles, further increasing the difficulty of obtaining a complete
spectrum of the proteolytic potential in shock plasma [19]. Therefore, we will test

plasma samples fresh and using a variety of substrates.

3.2 CHAPTER AIMS

Since the intestinal barrier is compromised during shock, the immediate testing of
the activity and transport of serine proteases potentially derived from the intestine can
open up many possible implications for the role of these proteases in the pathophysiology
of shock. The objectives for this chapter are to determine in experimental hemorrhagic
shock (1) select protease activities and concentrations outside of the intestine (plasma,
peritoneal fluid, lymph fluid, and vital organs) by plate zymography, gel zymography,
and immunoblotting and (2) whether the mechanism by which serine protease inhibition
in the intestinal lumen provides protection in hemorrhagic shock is due to reduction of
protease activity in the systemic circulation. | hypothesize that luminal serine proteases
can escape via three routes: (1) portal venous blood, (2) peritoneal space, and (3)

mesenteric lymph (Figure 3.1).
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Figure 3.1 Hypothesis for serine protease transport from the intestine. Serine
proteases may enter into the periphery by three routes. (A) Proteases may directly enter
into portal venous blood and encounter the liver first. (B) Proteases may be transported
directly across the wall of the intestine into the peritoneal space where they may be
transported into the lymph. (C) Proteases enter through mesenteric lymph and encounter
the lung capillary beds and into the central circulation.
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3.3 METHODS

3.3.1 ANIMAL PrROTOCOL AND TISSUE COLLECTION

The animal protocols were reviewed and approved by the University of
California, San Diego Animal Subjects committee (Protocol Number S01113). Male
Wistar rats (body weight between 270 and 460g; 347+49¢g [meanzsd], Harlan,
Indianapolis, IN) were administered general anesthesia (xylazine, 20 mg/kg IM, followed
20 minutes later by sodium pentobarbital, 50 mg/kg IM). After laparotomy, 2 ml saline
were injected into the peritoneal space then drained after 2 minutes. The lavage fluid was
collected in a tube containing 20 pl heparin and centrifuged (1000 g, 5 min) to remove
any accumulated cells. Next, the left femoral vein and artery were cannulated. Saline
(HS+SAL group) or a serine protease inhibitor (6-amidino-2-naphtyl p-guanidinobenzoate
dimethanesulfate, ANGD, nafamostat mesilate, Torii Pharmaceutical, Chiba, Japan;
HS+ANGD group; 2 mg/ml [3.7 mM] ANGD in 100 mg/ml D-glucose in saline) was
injected into the lumen of the small intestine (7-10 ml at two to three injection sites to fill
the small intestine but avoid circumferential stretching). To prevent clotting in catheters
and shed blood, animals were heparinized (10 U/ml IV, assuming 6% blood volume per
body weight) prior to inducing hemorrhagic shock.

Mean arterial blood pressure (MAP) was reduced to 35 mmHg by withdrawing
blood through the venous catheter (0.2 ml/min). This pressure was maintained by further
withdrawal/return of blood over a 2-hour ischemic period. The first two milliliters of

shed blood were collected, centrifuged (1000 g, 5 min), and stored at 4° C as pre-
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hemorrhagic shock (Pre-HS) plasma. After 2 hours, the remaining shed blood plus 2 ml
of heparinized saline (to replace the 2 ml of pre-ischemic blood) was reinfused (0.5
ml/min V), and the animal observed for 2 hours. At the end of this reperfusion period, 4
ml of post-hemorrhagic shock (Post-HS) blood was collected, centrifuged (1000 g, 5 min)
and plasma aliquots were either immediately measured for protease activity or frozen (-
20° C). An aliquot of post-HS plasma received an extra 10 U/ml heparin before
centrifugation.

Post-peritoneal lavage fluid was collected in the same manner as described above.
The brain, heart, liver, and lung were collected immediately after euthanasia (120 mg/kg
sodium pentobarbital 1) and snap frozen for later protease assays, gelatin zymography,
and immunoblot analysis. Separate animals (No-HS group) were euthanized immediately
after femoral catheterization for control brain, heart, liver, and lung tissue samples.

Given the limited availability of Pre-HS plasma, some assays were performed using
remaining unpaired Pre-HS plasma (i.e. Pre-HS plasma drawn from animals in both the
HS+SAL and HS+ANGD groups).

Brain, heart, liver, and lung were homogenized (0.1 g tissue/ml) in phosphate
buffered saline (PBS) (pH 6) containing 0.5% hexadecyltrimethyl bromide (HTAB) for
myeloperoxidase (MPO) assays, MMP-1/9 assays, and gelatin gel zymography. Tissues
were homogenized for immunoblot analysis in CelLytic buffer (Sigma-Aldrich, St. Louis,
MO) with protease inhibitor cocktail (Sigma-Aldrich). Homogenates were centrifuged
(1.4x10* g, 4 °C, 30 min) and the supernatants collected, aliquoted, and stored at -80 ° C.
After removal from -80° C, protein concentrations were measured (BCA protein assay

kit, ThermoScientific, Waltham, MA) prior to use of samples in subsequent experiments.
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3.3.2 MICROPLATE ASSAYS

All microplate assays were performed in triplicate in 96 well black-sided flat
bottom polystyrene plates (Corning, New York, NY) using a microplate reader
(FilterMax F-5 Multi-mode, Molecular Devices, Sunnyvale, CA).

Since shed blood was held outside the body for 2 hours during the ischemic
period, a pilot study was performed to confirm that any increased protease activity after
reperfusion was not due to increases in-vitro in the shed whole blood. In a set of pilot
studies, freshly drawn blood was compared to blood that had been stored for 2 hours for

all protease activity measurements. No significant differences were detected.

3.3.2.1 MYELOPEROXIDASE (MPO) ACTIVITY ASSAY

As a measure of the degree of inflammation after shock, myeloperoxidase activity
was determined as a measure for neutrophil infiltration/accumulation in lung, liver, heart,
and brain. 20 pl of 1 mg/ml brain, heart, liver, or lung homogenate, were added to 180 pl
of 0.167 mg/ml o-dianisidine dihydrochloride (Sigma-Aldrich) and 0.005% H.O> in PBS
(pH 6). Absorbance was measured at 450 nm every 5 minutes for 1 hour at 37° C. MPO

activity is presented as the change in absorbance per minute per milligram of protein.
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3.3.2.2 TRYPSIN-, CHYMOTRYPSIN-, AND ELASTASE-LIKE ACTIVITY MEASUREMENTS

The ability of shock plasma and peritoneal lavage fluid to digest small peptides
was determined using benzoylarginyl-p-nitroanilide hydrochloride (BAPNA, Sigma-
Aldrich), N-succinyl-L-phenylalanine-p-nitroanilide (SPNA, Sigma-Aldrich), N-
succinyl-alanine-alanine-proline-leucine-p-nitroanilide;L-leucinamide, N-(3-carboxy-1-
oxopropyl)-L-alanyl-L-alanyl-L-prolyl-N-(4-nitrophenyl) (SAAPLPNA, Sigma-Aldrich),
which are substrates for trypsin-like, chymotrypsin-like, and elastase-like enzyme
activity, respectively. Stock solutions were prepared in dimethylsulfoxide (DMSO)
(BAPNA-20 mM, SPNA-100 mM, and SAAPLPNA-84.7 mM). Stock solutions were
then diluted in PBS to their working solution concentrations (0.5 mM for BAPNA, 5 mM
for SPNA, and 0.5 mM for SAAPLPNA). 20 pl of fresh plasma, peritoneal fluid, or PBS
as control were added to either 180 pl of PBS (containing the same percentage of DMSO
as substrates) for control or working solution of BAPNA, SPNA, or SAAPLPNA,
respectively. Light absorbance readings (at 405 nm) were made at time=0 hr and 24 hrs
(resulting measurements were below the maximum absorbance for each substrate). Post
hemorrhagic shock plasma samples were susceptible to light diffraction due to colloid
material (opacity) if allowed to evaporate. Therefore, plates were kept covered at room
temperature. Opacity was also minimized in post shock blood by treatment with
additional heparin, hypothesizing that clotting was a reason for the opacity in the

samples. A normalized absorbance was computed as:

An=AAsa+sub - AAsa- AAsup where AAsa+sub
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is the change in absorbance of the sample+substrate, AAsa is the change in absorbance of
the sample+PBS w/ DMSO, and AAsyn is the change in absorbance of the substrate+PBS.
To convert trypsin-, chymotrypsin-, and elastase-like activities into equivalent
uninhibited concentrations of each enzyme, purified bovine trypsin (Sigma-Aldrich),
chymotrypsin (Sigma-Aldrich), and elastase (Worthington Biochemical Corporation,
Lakewood, NJ) were serially diluted (in the micromolar to femtomolar range) and added
to their respective substrates. The plates were read at 24 hours and a calibration curve
generated to estimate the equivalent uninhibited concentration, based on proteolytic
activity, in the samples. 24 hours of incubation was necessary to achieve adequate signal

to noise ratios with these substrates even when using pure enzymes.

3.3.2.3 CASEIN PROTEASE ACTIVITY MEASUREMENT

To assess the ability of proteases in plasma and peritoneal lavage fluid to digest
large globular proteins, Enzchek protease assay kit (Invitrogen, Carlsbad, CA) was
utilized, which consists of casein internally quenched with Texas Red fluorophores
(Ex/Em: 589/617 nm) reconstituted in a digestion buffer. One part fresh plasma or
peritoneal fluid was added to four parts digestion buffer and five parts casein substrate
(Fsample+casein). TO determine how much of the measured activity was due to serine
proteases, a second aliquot of each sample received 1 mM (final concentration)
phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor. To correct for

absorption or auto-fluorescence of the sample at 617 nm, a known quantity of Texas Red
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(Vector Laboratories, Burlingame, CA) was mixed in digestion buffer 9:1 with sample
(Frx+sample) Or digestion buffer (Frx+suffer). Samples were incubated for 100 min at 37 °C
in a microcentrifuge tube before pipetting the reaction mixture to the microplate and
reading fluorescence. Caseinolytic activity (Relative Fluorescent Units; RFU) was

determined as:

(FTx+Buffer/FTx+SampIe)*(FSampIe+Casein)-

3.3.2.4 MMP-1/9 ACTIVITY MEASUREMENTS

Pilot studies revealed that, unlike other protease activities examined, MMP-1/9
activity was not diminished by storage at -20 °C, which permitted the use of stored
plasma and peritoneal fluid. Plasma (100-fold final dilution) or peritoneal fluid (50-fold
final dilution) samples were loaded into a 96 well plate with fluorescent MMP-1/9
substrate (American Peptide Company, Sunnyvale, CA) diluted to a final concentration
of 10 uM in digestion buffer (100 mmol NaCl, 23 mmol Tris HCI, 2.4 mmol CaCl,, 5
MM ZnCl, 0.01% Brj 35, pH 7.6, with 1 mM PMSF to inhibit any residual serine
protease activity). Samples with digestion buffer only (no substrate) served as control for
autofluorescence. Sample fluorescence was measured every 5 minutes for 30 minutes
(ExX/Em: 365/450 nm). Activity was reported as the initial change of substrate

fluorescence per unit time (relative fluorescent units per minute).



88

3.3.3 GELATIN GEL ZYMOGRAPHY

As a first step towards identification, gelatin gel zymography was used to
determine molecular weights of prominent proteases appearing in tissue homogenates,
stored plasma, and stored peritoneal fluid after hemorrhagic shock. It should be noted
that gel zymography characteristically separates all proteases from non-covalently bound
inhibitors (pilot studies revealed this includes the binding of ANGD to trypsin,
chymotrypsin, or elastase) and can also activate some pro-enzymes to become able to
cleave gelatin substrate.

For tissue homogenates, 30 pg of protein was added to equal volume of Laemmli
sample loading buffer (Bio-Rad, Hercules, CA). Either 0.5 pl of plasma or 2 ul of
peritoneal fluid were diluted in 8 pl sample loading buffer before loading the gel.
Samples were separated by gel electrophoresis on a 4% stacking gel and 10% SDS-
PAGE resolving gel containing 80 pg/ml porcine gelatin (Sigma-Aldrich) as the protease
substrate. After protein separation, proteins in the gels were renatured in four 15-minute
washes of 2.5% Triton X-100 solution. Gels were incubated overnight at 37° C in
developing buffer (0.05 M Tris base, 0.2 M NaCl, 4 uM ZnCl», 5 mM CaCl.-2H>0).
Following incubation, gels were stained (50% methanol, 10% acetic acid, 40% water, and
0.25% Coomassie blue solution) for three hours. Gels were destained (50% methanol,
10% acetic acid, and 40% water solution) until the first appearance of bands, then
transferred to water for rehydration before acquiring images.

To confirm that the low molecular weight bands (20-30 kDa) were serine

proteases, gels were run in duplicate. One gel was renatured as described above. The
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second gel was renatured and developed in buffers containing 200 pg/ml of the serine
protease inhibitor, ANGD. Pilot studies with pure trypsin, chymotrypsin, or elastase,
with and without ANGD, confirmed that ANGD can inhibit each enzyme as measured by
plate zymography.

To determine trypsin-specific activity of lower bands, select gels were also
renatured and developed in 100 uM tosyl-lysine chloromethyl ketone hydrochloride
(TLCK) (Sigma-Aldrich), a specific inhibitor of trypsin-like enzymes.

The gel analysis function in ImageJ (http://rsbweb.nih.gov/ij/) was used to
quantify protease activity bands by densitometry. Values are reported in Relative

Intensity Units (RIU).

3.3.4 IMMUNOBLOTTING

Based on results from our lab suggesting that trypsin may more readily penetrate
into the wall of an ischemic intestine than chymotrypsin or elastase [20], and on
preliminary results from this study suggesting MMP-9 activity is increased in HS, the
immunoblot studies were focused on those two proteases.

To determine the relative concentrations of MMP-9 and pancreatic trypsin in
plasma, peritoneal fluid, and tissue homogenates, each fluid was first denatured by
mixing 1:1 with 2x sample loading buffer (Bio-Rad) containing the reducing agent [3-
mercaptoethanol (0.05% by volume) before boiling for 10 minutes. 2 pl (MMP-9 assays)
or 4 ul (trypsin assays) of denatured plasma solution or 10 pl denatured peritoneal fluid

solution was loaded per well into an SDS-PAGE gel (8% resolving, 4% stacking for
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MMP-9; 12% or precast 4-20% gels from Bio-Rad for trypsin). For detection of MMP-9
and trypsin in tissue homogenates, 40 g and 80 pg of protein per well, respectively were
loaded into the gel. After separation, proteins were transferred onto a nitrocellulose
membrane (Bio-Rad). Membranes were blocked with 5% bovine serum albumin in tris-
buffered saline with 0.5% Tween-20 (TBS-T). Primary antibodies against MMP-9
(1:1000, ab-76003, Abcam, Cambridge, MA), pancreatic trypsin (1:1000, sc-137077,
Santa Cruz Biotechnology, Santa Cruz, CA), GAPDH (1:2000; sc-48167) and B-actin
(1:2000, sc-130301, Santa Cruz Biotechnology) were diluted in 1% BSA in TBS-T and
incubated with membranes overnight at 4° C on a rotary shaker (60 cycles/minute).
Primary antibodies were washed with TBS-T (3%, 10 min) before application of anti-goat,
-rabbit, or -mouse secondary antibodies (1:3000; Santa Cruz Biotechnology). Secondary
antibodies were also washed in TBS-T (3%, 10 min). Bands were detected using
enhanced chemiluminescence (ECL) pico substrate (Thermo Scientific) for all proteins
except for plasma and lung pancreatic trypsin and brain MMP-9, which were detected
using the femto substrate (Thermo Scientific). Bands were quantified by densitometry
(ImageJ) and expressed as pico Relative Units (RU) or femto RU based on the type of

ECL detection utilized.

3.3.5 STATISTICAL ANALYSIS

Results are presented as mean + standard deviation (n=5 or 6 rats/group). Paired

t-tests or Mann-Whitney tests were used to compare plasma and peritoneal fluid values

before versus after hemorrhagic shock (in individual animals) and unpaired t-tests to
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compare HS+SAL versus HS+ANGD groups. Unpaired t-tests or Mann-Whitney tests
were used to compare tissue samples of the No-HS group with HS+SAL or HS+ANGD
shock groups or when insufficient Pre-HS plasma remained to perform a paired assay.

P<0.05 was considered statistically significant.

3.4 RESULTS

3.4.1 INFLAMMATION AND INTESTINAL DAMAGE IN HEMORRHAGIC SHOCK

ANGD treatment after shock reduced MPO activity (i.e. neutrophil infiltration) in
brain, heart, and lung tissues, but not significantly in liver homogenates at two hours after
reperfusion (p=0.18) (Figure 3.2). ANGD treated animals also had fewer macroscopic
lesions on the intestine in the form of visible red cell microhemorrhages into the

interstitium after hemorrhagic shock compared to saline treated animals (not shown).

—
N
)

mHS+SAL
| @HS+ANGD

—

oON B O OO

Organ MPO Activity
(Abs/min/mg protein)

Brain Heart Liver Lung

Figure 3.2 Myeloperoxidase activity. MPO activity in tissue homogenates at 2 hours
after hemorrhagic shock. N=5 rats per group. *, p<0.05 by t-test vs. HS+SAL.
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3.4.2 PROTEASE ACTIVITY DETECTED BY SMALL PEPTIDE SUBSTRATES BUT NOT

CASEIN SUBSTRATE

When using the small peptide substrates BAPNA, SPNA, and SAAPLPNA to
assess protease activity, post-shock plasma trypsin-, chymotrypsin-, and elastase-like
activities were all elevated after shock compared to low activity levels in pre-shock
controls (Figure 3.3A). Trypsin-, chymotrypsin-, and elastase-like activities in peritoneal
fluid were also significantly elevated after shock, though variability was enhanced in the
HS+SAL group due to individual cases with high protease activity (Figure 3.3B).
Overall, trypsin and elastase activity levels were higher in the peritoneal fluid compared
to plasma, though this elastase activity could be due in part to elastase released from
neutrophils. ANGD had no significant effect on peritoneal fluid protease activity or on

plasma protease activity other than to increase post-shock trypsin activity.
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paired t-test comparing pre vs. post HS+SAL or HS+ANGD; **, p<0.05 by t-test vs. post

HS+SAL,; #, p<0.05, paired Mann-Whitney test comparing pre vs. post HS+SAL or
HS+ANGD.
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When general protease activity was measured using a casein substrate, there was
no significant difference in plasma protease activity two hours after HS compared to
before HS (with or without ANGD) (Figure 3.4A). There was a significant increase in
protease activity after shock in peritoneal fluid (Figure 3.4B), and the caseinolytic
activity in post-shock peritoneal fluid correlated well with MAP at 2 hours post-HS
(Figure 3.5). ANGD treatment did not significantly reduce protease activity in peritoneal
fluid compared to saline-treated animals. Interestingly, PMSF significantly lowered the
remaining protease activity in nearly all cases, suggesting a portion was of serine protease
origin. There was an increase in PMSF-resistant protease activity over the pre- to post-
shock time period in the plasma of the HS+SAL group, but not the plasma of the
HS+ANGD group, in which activity levels did not noticeably increase after shock (Figure
3.4A).

Given the tendency of post-shock plasma to clot if the small-peptide zymography
plates were not covered during digestion (see Methods), we sought to determine whether
some of the measured increase in protease activity could be due to activation of proteases
in the clotting cascade. Supplemental heparin added to the post-shock blood only
affected chymotrypsin-like activity measured with SPNA (from 0.17 to 0.13 normalized
absorbance, P<0.04). Similarly, there was a tendency for post-shock plasma (only) to
cause a gel to form during the casein digestion. This gel was easily disrupted and did not
form if the post-shock blood was supplemented with heparin, which prevented

coagulation. Supplemental heparin gave similar results to disrupted gels (not shown).
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Figure 3.4 Plasma and peritoneal fluid caseinolytic activity. Caseinolytic activity
with and without addition of a serine protease inhibitor, 1 mM PMSF, of (A) plasma and
(B) peritoneal fluid pre/post shock with saline or ANGD pre-treatment in the intestinal
lumen. Protease activity was detectable, but low with this substrate. N=5 rats per group.
*, p<0.05 by paired t-test vs. without PMSF; %, p<0.05 by paired t-test comparing pre vs.
post plasma or peritoneal fluid from HS+SAL or HS+ANGD animals.
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Figure 3.5 MAP correlation with peritoneal lavage protease activity. The percent
change of peritoneal protease activity for HS+SAL animals correlates with the MAP at
the end of the reperfusion observation period 2 hours after hemorrhagic shock.
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3.4.3 PERIPHERAL TRYPSIN DETECTION

Low molecular weight bands around 20 kDa (the approximate molecular weight
of pancreatic serine proteases) were also detected in the plasma and peritoneal fluid by
gelatin gel zymography (Figure 3.5A). These low molecular weight bands did not appear
when the gels were renatured and developed in buffer containing ANGD, suggesting they
could potentially be trypsin, chymotrypsin, and elastase. In further support of this
hypothesis, renaturing and developing in buffer containing TLCK, a trypsin-like enzyme
inhibitor, also caused a substantial reduction in the appearance of the bands (Figure 3.7).
Interestingly, ANGD treated animals had significantly higher levels of this band in the
plasma suggesting the band corresponds primarily to trypsin activity, given our trypsin
results in Figure 3.3A.

Two isoforms of pancreatic trypsin were detected in plasma by immunoblot at 23
and 26 kDa. Variability was great for the 23 kDa band, which required femto ECL to
detect. There was a non-significant trend for increased presence of this band after HS
(P=0.07 for HS+SAL and P=0.11 for HS+ANGD by Mann-Whitney test). No trend was
observed for the 26 kDa band in plasma. The 26 kDa isoform of trypsin in the peritoneal
fluid was significantly increased in the HS+SAL group and to a lesser, though still
significant, extent in the HS+ANGD group (Figure 3.6B right; P=0.15 for HS+SAL vs.
HS+ANGD post-shock peritoneal fluid by Mann-Whitney test). TLCK inhibition
reduced the appearance of serine protease bands in the post-HS peritoneal fluid (Figure

3.7), suggesting they are of serine origin.
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Both trypsin and chymotrypsin activity was detected in the lymph fluid collected
after 1 hour of intestinal ischemia by SAO (Figure 3.8; adapted from Michael Richter’s
thesis [21]). The protein levels of trypsin and chymotrypsin did not change after

intestinal ischemia (Figure 3.8C).
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Figure 3.6 Plasma and peritoneal fluid gel zymography and trypsin levels. (A)
Gelatin gel zymography detection and quantification in Relative Intensity Units (RIU; bar
graph beneath) of ~20 kDa bands for plasma (right; N=6, 6, 5 rats/group) and peritoneal
fluid (left; N=5 rats per group). (B) Immunoblot detection and quantification (bar graph
beneath) of trypsin in plasma (left) and peritoneal fluid (right), revealing the 26 and 23
kDa isoforms of trypsin that are present. +p<0.05 by Mann-Whitney test vs. Pre-HS; 4,
p<0.05 by t-test vs. Pre-HS; **, p<0.05 by t-test HS+ANGD vs. HS+SAL; #, p<0.05 pre
vs. post HS+SAL or HS+ANGD by paired Mann-Whitney test; *, p<0.05 by paired t-test
comparing pre vs. post HS+SAL.
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Figure 3.7 TLCK inhibition of trypsin-like proteases in peritoneal fluid. Post-HS
peritoneal fluid samples’ low molecular weight bands with or without ANGD treatment

were diminished after incubation with TLCK, a trypsin inhibitor, following overnight
digestion. Each lane represents a separate animal.
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Figure 3.8 Lymph fluid protease activity and levels after SAO (adapted from
Michael Richter’s thesis [21]). Serine protease activity in the mesenteric lymph fluid of
(A) trypsin and (B) chymotrypsin by cleavage of charge separating substrates was
elevated after 1 hour of intestinal ischemia during each hour of reperfusion. (C)
Immunoblots confirm the presence of trypsin and chymotrypsin protein levels in the
lymph, although they were not significantly different between before and after intestinal
ischemia. *, p<0.05 by t-test for each time point.

Lung tissue homogenates also had two distinct bands of low molecular weight
protease activity observed by gelatin zymography that were inhibited by renaturing in
ANGD (Figure 3.9A). The proteases were confirmed to be at least trypsin-like in
specificity by the failure of the bands to appear strongly after renaturing and developing
the gels in buffers containing TLCK (Figure 3.10). The upper band was significantly
elevated after shock. There was considerable variability in the presence of the lower
band in the HS+SAL group, but no significant differences between the groups. Three
isoforms (23, 26, and 32 kDa) of pancreatic trypsin were detected by immunoblotting
(Figure 3.9B) with the 32 kDa band likely corresponding to trypsinogen-3, the zymogen

form of trypsin-3 from the pancreas (according to the antibody manufacturer’s datasheet).
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These 23 and 32 kDa isoforms were significantly elevated after hemorrhagic shock in the
HS+SAL group. The 26 kDa isoform of pancreatic trypsin was present in all HS+SAL
animals but only detected in one lung homogenate from the HS+ANGD group. No

isoforms of trypsin were detected in heart or liver tissues by immunoblot.
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Figure 3.9 Pancreatic trypsin levels in lung tissue. (A) Two activity bands around 20
kDa were detected in lung homogenate by gel zymography. (B) Three isoforms of
trypsin were detected in lung tissue homogenate using the femto ECL substrate. The 32
kDa band corresponds to the molecular weight of the trypsin precursor, trypsinogen,
whereas the 23 and 26 kDa bands probably correspond to active forms of trypsin. N=5,
6, 6 rats per group for No-HS, HS+SAL, and HS+ANGD, respectively. #, p<0.05 vs.
No-HS by Mann-Whitney test; #, p<0.05 vs. No-HS by t-test.
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Figure 3.10 TLCK eliminates low molecular weight bands in lung. Low molecular
weight bands in lung homogenates corresponding to serine proteases were undetectable
after TLCK incubation during digestion of the gel.

3.4.4 MMP-9 ACTIVITY AND CONCENTRATION

MMP-9 activity was significantly elevated after shock compared to pre-shock
levels as detected by plate zymography with the MMP-1/9 specific substrate (Figure
3.11A). Gelatin gel zymography also revealed elevated MMP-9 bands in hemorrhagic
shock that were undetectable in pre-shock plasma and peritoneal fluid (Figure 3.11B).
Immunoblot results for total protein confirmed the presence of MMP-9 in post-HS
plasma and peritoneal fluid regardless of pre-treatment with ANGD, but little to no
MMP-9 before shock (Figure 3.11C). On average, activity of MMP-9 dimers was

increased in the plasma of ANGD treated animals (undetectable in HS+SAL group).
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Figure 3.11 MMP-9 activity and levels in plasma and peritoneal fluid. (A) Plate
zymography with MMP-1/9 substrate, (B) gelatin gel zymography, and (C) immunoblots
for MMP-9 in plasma (left) and peritoneal fluid (right). MMP-9 activity was elevated by
both plate and gelatin gel zymography. There was no change in MMP-2. N=6, 5, 5 rats
per group for plasma and N=6 rats per group for peritoneal fluid. Immunoblots were
quantified in RU with the pico ECL substrates. #, p<0.05 vs. Pre-HS group by t-test; *,
p<0.05 by paired t-test comparing pre vs. post HS+SAL or HS+ANGD.
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Lung, liver, and heart homogenates also had elevated MMP-9 activity levels after
shock measured by gelatin gel zymography (Figure 3.12A). Immunoblot analysis
revealed detectable MMP-9 in all organs after shock, although they were low and femto
chemiluminescent detection of MMP-9 protein levels was necessary to visualize bands in
the brain homogenate (Figure 3.12B).

Both pro-MMP-2 and MMP-2 were detected by gel zymography in all samples,
but there were no differences between the groups after quantification (not shown).

Since MMP-9 can be directly activated by serine proteases, blood was collected
every 15 minutes during the first hour of ischemia of HS+SAL animals to determine the
order of appearance of MMP-9 and serine proteases in the plasma as measured by gelatin
gel zymography and immunoblots. In all animals (N=3), bands at the molecular weight
of active MMP-9 appeared in gelatin gel zymography and immunoblots by 15 minutes,
whereas serine protease bands in the zymography or trypsin levels measured in the
immunoblot did not distinctively appear during the first hour of ischemia, suggesting
MMP release and initial activation in HS did not depend on entry of serine proteases into

the circulation.
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Figure 3.12 MMP-9 activity and levels in vital organs. (A) Gelatin gel zymography
revealed increased levels of MMP-9 activity in the heart, liver, and lung (quantifications
to the right) after hemorrhagic shock. There was no change in MMP-2. (B) Immunoblot
detection of MMP-9 was upregulated in brain (bands detected with femto ECL substrate),
heart, liver, and lung (bands detectable by pico ECL substrate). N=5 rats per group, %,
p<0.05 by t-test vs. No-HS.
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3.5 DISCUSSION

3.5.1 SUMMARY

Following hemorrhagic shock, protease activities by trypsin-, chymotrypsin-,
elastase-like enzymes, and MMP-9 were significantly elevated in plasma and peritoneal
fluid when measured by specific small substrates and gelatin gel zymography. However,
a general substrate, casein, served to detect elevated activity in peritoneal fluid but not in
plasma. Immunoblotting confirmed the transport of pancreatic trypsin and the presence
of increased levels of MMP-9 activity after hemorrhagic shock in the plasma, peritoneal

fluid, and peripheral organs.

3.5.2 TRANSPORT OF SERINE PROTEASES INTO THE PERIPHERY

An active form of trypsin was detected in peritoneal fluid only after shock,
indicating a direct penetration of trypsin into the peritoneal fluid from the intestinal
lumen or pancreas. This evidence suggests that after hemorrhagic shock not only the
intestinal mucosal barrier but also the entire intestinal wall in the rat may become
permeable to shock mediators and to digestive enzymes [22]. Increased permeability
could explain the presence of inflammatory mediators in the peritoneal fluid after shock
[11].

Serine proteases may also be transported by the mesenteric lymph fluid and enter

into the circulation via the thoracic duct (Figure 3.8). The lymph fluid mixes with the
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blood before entering the capillary bed in the lung, one of the first organs to fail in shock
[12,23]. While the increase in plasma trypsin levels after shock as measured by
immunoblotting was moderate and non-significant (femto ECL substrate was necessary
to visualize the bands by immunoblotting), three isoforms of pancreatic trypsin were
detected in the lung homogenate and two of the three were significantly elevated in
hemorrhagic shock (Figure 3.9). Thus, it is possible that pancreatic intestinal proteases
are being transported through the lymphatic fluid and become entrapped in lung tissue,
which is susceptible to increased vascular permeability allowing collection of plasma
proteins in the tissue [24]. The inability to detect pancreatic trypsin in the liver may
indicate that transport of intestinal proteases at this early stage of hemorrhagic shock
predominantly is through the lymph fluid and peritoneal fluid rather than via the portal

venous blood.

3.5.3MMP ACTIVITIES AND LEVELS

Active MMP-9 was elevated in all samples after hemorrhagic shock, in line with
reported events during ischemia-reperfusion in organs, including non-intestinal organs
[25-28]. De-novo transcription of MMP-9 requires several hours and is less likely a
major source at the two-hour reperfusion collection in the current study, than release of
existing MMP-9. Given that endothelial cells, neutrophils, and monocytes are all sources
of MMP-9 [29,30] and MMP-9 levels were all increased after the ischemia/reperfusion
induced by hemorrhagic shock, MMP-9 may be activated by the ischemia associated with

hemorrhagic shock rather than only by specific events in the intestine. This hypothesis is
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supported by our finding that MMP levels are increased in plasma at 15 minutes of
ischemia, while pancreatic proteases remain undetectable with current techniques in the
plasma through the first hour of ischemia. Transport of the serine proteases may occur
predominately during reperfusion, when the majority of injury during shock occurs,
rather than during ischemia [31]. Since MMP-9 was not detected in the zymogen form in
the plasma during the first hour of ischemia, it is less likely that serine proteases entering
upon reperfusion would convert appreciable amounts of zymogen MMP-9 into its active
form, though serine proteases may stimulate further MMP release. Our group has
previously shown that MMPs in the ischemic intestinal wall are activated by trypsin
entering from the intestinal lumen [6], so it is also possible that additional active MMP-9

from the intestine or pancreas could enter the circulation during reperfusion.

3.5.4 ANGD REDUCES NEUTROPHIL ACCUMULATION BUT NOT PROTEASE ACTIVITY

ANGD in the intestinal lumen reduces protease activity in an ischemic intestine,
morphological damage to the villi and systemic inflammation [8]. Other serine protease
inhibitors with similar structure give similar protective effects when enterally
administered [32]. Our results also show that gross morphological damage to the
intestine and neutrophil infiltration in peripheral organs as measured by organ MPO
levels are decreased with ANGD treatment.

However, at 2 hours after hemorrhagic shock ANGD had little effect on protease
activities measured in compartments distant from the intestine (plasma, as well as lung,

liver, heart, and brain homogenates). The limited effect may be due in part to the
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ischemic pancreas acting as a source of plasma proteases that would not be affected by
ANGD in the lumen of the intestine. This hypothesis is supported by the presence of a
trypsinogen band in the lung and by the fact that the 26 kDa band of trypsin, the only
band of trypsin detected in peritoneal fluid, was absent from all but one of the lung
homogenates in the HS+ANGD group, while 23 kDa and 32 kDa (trypsinogen) bands
were unaffected by intestinal ANGD treatment.

Enterally administered ANGD prevented organ neutrophil infiltration, but did not
significantly lower protease activities. This evidence suggests that neutrophil infiltration
is facilitated by the low flow state in conjunction with shock mediators other than
circulating proteases. This hypothesis is supported by the limited efficacy in acute shock
of ANGD given 1V as opposed to administration into the intestinal lumen [33]. We
hypothesize that there are multiple categories of shock mediators derived from digestive
enzymes or their byproducts, which may enter into the intestinal wall and may be
affected by enzyme inhibitor treatment in the lumen of the intestine. These mediators
may cause distant organ injury after transport from the ischemic intestine via the
circulation. Besides the digestive enzymes focused here, they include: 1) bioactive
peptides formed by proteolytic cleavage of extracellular proteins in the intestine [34], 2)
free fatty acids formed by digestive lipases acting on intestinal cells and/or dietary fat in
the intestinal lumen, which may damage cells directly via a detergent mechanism [5,35],
and 3) damage associated molecular pattern molecules (DAMPs) released from dead cells
in the intestine (e.g. after free fatty acid-induced necrosis) [34]. It is possible that these
latter mediator types may be involved in neutrophil infiltration into organs distant from

the intestine in hemorrhagic shock.
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ANGD in the lumen of the intestine also had the surprising effect of increasing
plasma trypsin-like activity, as well as gelatinolytic activity in a band at the molecular
weight of trypsin. Plasma trypsin protein concentration, however, as determined by
immunoblot after HS was not different with saline versus with ANGD, suggesting that
the presence of ANGD may have caused the trypsin that was crossing into the blood to
become modified to a more active form or activate other trypsin-like enzymes of a similar

molecular weight, rather than increasing the actual trypsin present.

3.5.5 Si1zE OF PROTEASE SUBSTRATE INFLUENCES DIGESTION POTENTIAL

Both large and small protease substrates were tested in this study to compare their
efficacies in detecting protease activity in plasma. Casein is a large globular substrate
that can be collectively cleaved by multiple protease classes (serine proteases, MMPs,
sulfhydryl, and acid proteases, etc.), making it a useful substrate for general detection of
proteolytic activity. Though it is possible that, given a longer digestion time, plasma
digested casein may yield an improved fluorescent signal, at 2 hours reperfusion only low
levels, barely above those measured by buffer alone were observed. Despite this,
differences could be detected between pre- and post-HS plasma when PMSF was used to
block serine proteases. The remaining activity could be from MMPs such as MMP-9,
which is increased after HS (Figure 3.11). However, casein was not able to detect a
significant increase in overall activity in plasma after shock that was observed using

smaller, more specific substrates.
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Casein substrate may not be the optimal choice for detection of protease activity
in shock plasma. The small peptide substrates were significantly cleaved despite levels
of activity of only nanomolar concentrations of trypsin, chymotrypsin, and elastase,
whereas casein was not able to detect differences before and after HS. These findings
support the evidence that plasma protease inhibitors such as o2-macroglobulin, ou-
antitrypsin, etc., only prevent pancreatic proteases from hydrolyzing larger globular
proteins such as casein, but do not inhibit their activity on smaller substrates [18].
Instead, either the actual protein of interest should be used as a substrate, or in lieu of
that, small peptide substrates alone or in combination with the hypothesized substrate
may be better able to reveal the proteolytic potential in a given plasma sample.

The intestine is a key organ in the etiology of shock. If the release of mediators
from the intestine is limited by ligation of the major mesenteric lymph vessels, both lung
injury and mortality are reduced [12]. Several intestine-derived shock mediators have
been proposed, but because of the presence of plasma protease inhibitors, digestive
enzymes have mostly been discounted as potential shock mediators distant from the
intestine itself. However, active proteases are capable of degrading surface receptors
such as the insulin receptor or activating receptors such as the protease-activated
receptors [14,36]. Furthermore, MMP-9 cleaves vascular endothelial cadherin, which is
important to maintain endothelial permeability, and is disrupted during shock [37,38].
Cytokines pro-IL-1p and pro-TNFa are converted into their active form by MMP-9 and
are involved in vascular inflammation during shock [39-42]. Though early neutrophil
infiltration into organs distant from the intestine may not be affected by plasma,

peritoneal, and organ protease activities, it is likely that later events in shock, such as
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insulin resistance, may be linked to the action of proteases. Thus circulating proteases
may represent a distinct damage mechanism. Organ failure in shock may be the result of

the synergy of multiple damage mechanisms.

3.6 CONCLUSIONS

This investigation has shown that both serine and MMP proteolytic activity is
increased early (2 hr ischemia/2 hr reperfusion) after shock in plasma, peritoneal fluid,
and organs distant from the intestine, especially the lung, which is particularly vulnerable
to damage during shock. The increase in protease presence and activities may contribute

to the lethal progression of shock and may be a target for therapeutics.

Chapter 3 was published in PLoS ONE with the title “Protease activity increases
in plasma, peritoneal fluid, and vital organs after hemorrhagic shock in rats” by Angelina
E. Altshuler, Alexander H. Penn, Jessica A. Yang, Ga-Ram Kim, and Geert W. Schmid-
Schonbein. The dissertation author is co-first author of this manuscript. Figures 3.3 and
3.4 were contributed by Alexander H. Penn. Figure 3.8 was contributed by Mr. Michael

Richter.
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Chapter 4

Damage to Endothelial Surface Receptors

after Hemorrhagic Shock

4.1 INTRODUCTION

Surface receptors on the endothelial cells have an essential role in regulating
vascular permeability and responding to signals transported through the circulation.
Since there is a possibility for proteolytic exposure in the plasma to key extracellular
components after shock, we have chosen to study several classes of endothelial

extracellular proteins.
4.1.1 FUNcTIONS OF VEGFR-2 AND VEGFR-3
The receptor VEGFR-2 is a type 111 kinase receptor important in vascular

endothelial cell survival, permeability, migration, and proliferation [1,2]. The

extracellular region contains seven immunoglobulin-like domOains connected to a short
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transmembrane domain to the intracellular region containing the tyrosine kinase domain
[3]. When VEGFR-2 is inhibited, cell survival decreases [4].

In addition, VEGFR-2 regulates inflammatory genes like the transcription factor
NF«B, which controls the transcription of DNA in response to shear stress [5]. VEGFR-
2 is a mechanosensor important for endothelial cell’s response to flow patterns [6]. Shear
stress activates the VEGFR-2 receptor by phosphorylation and induces VE-cadherin-f-
catenin-VEGFR-2 complex formation [7]. Blocking VEGFR-2 by an inhibitor disrupts
the shear-induced translocation of NF«kB [8], and endothelial cells do not align to the
shear stress when VEGFR-2 is proteolytically cleaved [9]. While the soluble VEGFR-2
receptor has not been detected in critical care patients, the soluble receptor has been
identified in obesity and correlated to incidence of diabetes [10].

The agonist VEGF can bind to the VEGFR-2 receptor to induce signaling and
proliferation [11]. Under hypoxic conditions, VEGF is released to initiate the formation
of new blood vessels to aid in the re-oxygenation of tissues [12]. VEGF stimulation
induces phosphorylation of VE-cadherin, which promotes loss of endothelial junctions
[13]. Gene microarray studies on pigs after hemorrhage and resuscitation have found that
hypoxia inducing factor genes are upregulated which directly stimulate the expression of
VEGF [14].

Similar to VEGFR-2 in vascular endothelial cells, lymphatic endothelial cells
express VEGFR-3 [15]. Though less work has been completed on this receptor,
especially in the context of shock, it may also be susceptible to proteolytic breakdown
since there is elevated protease activity in the lymph following intestinal ischemia as

presented in Chapter 3.
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To date, there have been no studies on the effect of hemorrhagic shock on either
the VEGFR-2 or VEGFR-3 receptor in organs that are susceptible to injury such as the

lung.

4.1.2 VE-CADHERIN IN ISCHEMIC CONDITIONS

Vascular endothelial cadherin (VE-cadherin) is important in maintaining vascular
stability of the endothelium [16]. The protein forms adhesive trans-dimers between
neighboring cells [17]. VE-cadherin is especially important in cell-cell adhesion in the
lung endothelium [18]. Furthermore, deletion of VE-cadherin results in an increase in
vascular permeability that impairs endothelial cell survival [19].

In ischemia, the junctional properties of VE-cadherin can be degraded by
proteases such as neutrophil elastase [20]. Therefore, this protein’s integrity may be

compromised from an increase in protease activity following hemorrhagic shock.

4.1.3 INSULIN RECEPTOR AND INSULIN RESISTANCE

The insulin receptor is a transmembrane tyrosine kinase composed of two alpha
and two beta subunits [21]. The insulin receptor binds the hormone insulin, which
activates the glucose transporter-4 to uptake glucose into the cell [22]. Once glucose
enters the cell, it can be either stored or broken down. When there is an interference with

this pathway, glucose remains in the blood causing hyperglycemia (high plasma glucose).
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While the most frequent discussion about insulin resistance is in the context of
cardiovascular disease and metabolic syndrome, hyperglycemia also has been
documented in shock and the critically ill patients [23-25]. The incidence of diabetes
induced in hospitalized patients is between 12 and 25% [26]. Median insulin doses
administered to patients is higher in non-survivors [27] due to their lack of response to
standard doses. Increasing insulin sensitization is hypothesized to be a more effective
way to treat patients [28]. Some previous studies have linked cytokines or free fatty acids
to reduced glucose metabolism by impairing the insulin receptor function [29,30].

A variety of ischemic and hypotensive organs have displayed insulin resistance
[31-34]. Glucose metabolism has been studied in hypotension where both glucose and
amino acids levels increase once the pressure drops below 90 mmHg [35]. Glucose
metabolism is influenced by catecholamines and the degree of fasting in the animal
[36,37]. After hemorrhage, plasma glucose levels can double rapidly [38].

The insulin receptor signaling pathway is disrupted to a greater degree in liver and
muscle tissue of older animals [25]. Ischemic livers have decreased AKT
phosphorylation and insulin tyrosine phosphorylation [39]. Of the signaling methods
described in hypotension and ischemia, there exists no conclusive mechanism that
explains why insulin receptor signaling is impaired. Proteases may be involved in the
extracellular degradation of the insulin receptor in shock, like seen in hypertension
[40,41].

Soluble insulin receptors in the plasma can be cleaved by a protease upon
stimulation by insulin, which may be blocked by administration of plasma protease

inhibitors, including anti-alpha trypsin [42,43]. Soluble insulin receptors measured in
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human plasma samples were associated with Type Il diabetes occurrences [44]. Type Il
diabetes which can disappear with lifestyle changes, diabetes symptoms in critical care

patients can also subside if the patient recovers.

4.2 CHAPTER AIMS

Endothelial dysfunctions in the form of increased vascular permeability and
insulin resistance occur in critically ill patients [45,46]; however, the levels of these
proteins that regulate these events have not been investigated in the context of
hemorrhagic shock. Endothelial cells directly interface with active proteases present in
the blood following HS, as demonstrated in Chapter 3. The objective of this Chapter is to
present measurements of the receptor levels that influence endothelial permeability and
regulate blood glucose levels. | hypothesize that the levels of VEGFR-2, VE-cadherin,
and the insulin receptor will change after hemorrhagic shock because they are exposed to
non-selective protease activity in the plasma (Figure 4.1).

Due to availability, we had to change the choice of anesthetic in our experiments.
This chapter will also discuss the development of a model that matches the outcomes of
xylazine/Nembutal anesthesia with ketamine/xylazine anesthesia. This new model will

be used in subsequent Chapters.
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Figure 4.1 Hypothesis summary for receptor degradation by proteases. Protease
activity in the plasma increases after shock. The elevated protease activity may attack
extracellular protein structures on the surface of the endothelium.
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4.3 METHODS

4.3.1 ANIMAL MODELS

The animal protocols were reviewed and approved by the University of

California, San Diego Animal Subjects committee (Protocol Number S01113).

4.3.1.1 HEMORRHAGIC SHOCK WITH NEMBUTAL/XYLAZINE

Hemorrhagic shock was performed the same as described in Section 3.3.1.

4.3.1.2 HEMORRHAGIC SHOCK WITH KETAMINE/XYLAZINE

Male Wistar or Sprague Dawley rats were administered general anesthesia
(xylazine, 4 mg/kg; ketamine 75 mg/kg IM) and euthanized by infusion of B-Euthanasia
IV (120 mg/kg). Following general anesthesia, the femoral artery and vein were
cannulated.

Animals were injected with saline into the lumen of their intestine as described in
Section 3.3.1. The animals were heparinized to minimize clotting in catheters and in
shed blood (1 U/ml calculated blood volume 1V assuming 6 ml blood volume per 100 g
total body weight) before onset of hemorrhage. MAP was reduced to either 30 mmHg or
35 by withdrawing blood through the venous catheter (0.4 ml/2 min or 0.4 ml/min) with a

5 ml syringe. The initial 1 ml of blood drawn was collected, centrifuged (1000 g, 5 min),
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and the plasma was immediately frozen at -80 °C. The pressure was monitored and
adjusted by withdrawal/return of blood over the 90 or 120 minute ischemic period. At
the end of ischemia, the shed blood was returned to the animal (0.5 ml/min) plus 1 ml of
saline (to replace the 1 ml of blood collected before shock). The animals remained
anesthetized and were observed in the reperfusion phase for 2 or 3 hours after the
initiation of the return of shed blood. Select animals had 100 pl samples of blood
collected hourly during the course of HS.

Gross morphology images of the intestine were captured at the end of the
reperfusion period. Post-hemorrhagic shock blood was collected through the arterial
catheter, spun (1000 g, 5 min), and the plasma was immediately frozen at -80 °C. The

animals were euthanized and pieces of lung were snap frozen for homogenization.

4.3.2 IMMUNOBLOTTING

Tissues (lung, liver, heart, or brain) were homogenized in lysis buffer containing
protease cocktail (1:100, ThermoScientific) diluted to load 40 pg of protein per well and
denatured by boiling with the reducing agent f-mercaptoethanol in sample loading buffer
(BioRad).

Samples were then separated using an SDS-PAGE gel (8% running, 4% stacking)
and transferred onto polyvinylidene fluoride membrane (Biorad). The membrane was
blocked with 5% bovine serum albumin in tris-buffered saline tween-20 (TBS-T).
Primary antibodies against extracellular VE-Cadherin (C-19, 1:1000; sc-6458), VEGFR-2

(S-20; 1:1000; sc-48161), VEGFR-3 (C-20; 1:1000; sc-321), insulin receptor a-subunit
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against the extracellular domain (C-20, 1:1000, sc-710, Santa Cruz Biotechnology, Santa
Cruz, CA), insulin receptor 3-subunit against the intracellular domain (1:1000, sc-711,
Santa Cruz Biotechnology), and B-actin (1:2000, sc-130301, Santa Cruz Biotechnology)
were diluted in 1% BSA in TBS-T and incubated overnight at 4° C on a rotary shaker.
Primary antibodies were washed three times for ten minutes with TBS-T before
application of anti-goat, -rabbit, or -mouse secondary antibodies (Santa Cruz
Biotechnology). The bands were detected using chemiluminescence pico substrate

(Themo Scientific).

4.3.3 IMMUNOHISTOCHEMISTRY OF INSULIN RECEPTOR IN TISSUES

For detection of the insulin receptor subunits, fixed tissues were permeabilized
with 0.1% Triton X-100 for 5 minutes and washed twice with TBS-T (0.1%). Peroxidase
activity was blocked by incubating with 0.5% hydrogen peroxide for 10 minutes followed
by two washes twice with TBS. Tissues were blocked with 5% goat serum for one hour.
Primary antibodies were diluted 1:100 in 5% goat serum in TBS-T against insulin
receptor a-subunit and B-subunit incubated overnight on a rotary shaker at 4 °C.
Irrelevant normal rabbit antibodies and no primary controls were run simultaneously for
each tissue. After incubation, sections were washed three times with TBS-T. HRP
conjugated anti-rabbit antibody (Santa Cruz Biotechnology) was diluted in TBS-T with
1% goat serum 1:400 and applied for 1 hour at room temperature. Sections were washed

three times in TBS-T before being developed with ImmPact Dab (Vector Labs). Tissues
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were washed in water and dehydrated with an ethanol gradient and dried before mounting

with hard set mounting media (Vector Labs).

4.3.4 STATISTICAL ANALYSIS

Results are summarized as mean+SEM. For comparisons, a t-test with Bonferroni

correction were used and p<0.025 was considered significant.

4.4 RESULTS

4.4.1 PROTEIN DEGRADATION AFTER HS WITH XYLAZINE/ NEMBUTAL

After hemorrhagic shock, the lung junctional protein VE-cadherin was reduced
irrespective of the luminal treatment with ANGD (Figure 4.2). The vascular endothelial
survival receptor, VEGFR-2 and the lymphatic endothelial receptor VEGFR-3 were also
reduced following shock in lung homogenates (Figure 4.2).

Neither the alpha (extracellular) nor beta (intracellular) insulin receptor subunits
were degraded in the lung following hemorrhagic shock (Figure 4.3A). However, the
precursor bands which form at higher molecular weights during insulin receptor synthesis
were significantly reduced in the HS+SAL and HS+ANGD animals compared to the No-
HS animals (Figure 4.3A). Histological sections of a collapsed lung revealed that the

labeling for the alpha and beta subunits of the insulin receptor matched the immunoblot
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results and were unchanged (Figure 4.3B). The heart, liver, and brain had no changes in

the alpha (extracellular) and beta (intracellular) insulin receptor subunits (Figure 4.4)
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Figure 4.2 Endothelial protein degradation in the lung. VE-cadherin, VEGFR-2, and
VEGFR-3 all decreased after HS in the lung regardless of whether ANGD was present in
the lumen of the intestine. *, p<0.025 by t-test with Bonferroni correction. N=5
rats/group for No-HS and N=6 rats/groups for HS+SAL and HS+ANGD. Bar graphs
show mean+SEM.



v & 14 14 1
L F L 5 5 3
o 9 9 12 X 12 o4
R e = '1 ;5)_";
5 e ° . 8=
a-Insulin Receptor S S
] Ay 2 0o | g5
9 2 £2
} Precursor Bands & 0.6 7 lé 06 1 é - 0.
%OA— §0.4- £ 20.
. © 35
< B-Insulin Receptorg 02 - g 02 g § 0
S 0+ . & 04 o
(]
-Acti o o
® Q@"%,‘v- X Q@"%xv &
Y S
No-HS HS+SAL HS+ANGD
o
c5 . T
3 %. ¥ 3 -
g3 'Y
ol -
S %
’ >
€5
==t 4
28 .
T 0
@ v &
f" e

o s o ® =~ N B
P S T

131

Figure 4.3 Insulin receptor levels before and after shock. (A) The a-insulin receptor
subunit (extracellular domain) and the B-insulin receptor subunit (intracellular domain)
remained unchanged after hemorrhagic shock. The precursor insulin receptor subunits

decreased in both HS+SAL and HS+ANGD animals. *, p<0.025 by t-test with

Bonferroni correction. N=5 rats/group for No-HS and N=6 rats/groups for HS+SAL and
HS+ANGD. Bar graphs show mean+tSEM. (C) Representative images of collapsed lung
tissue for the insulin receptor subunits. Length bar=5 pum.
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Figure 4.4 Insulin receptor levels in brain, heart and liver. The a-insulin receptor
subunit (extracellular domain) and the B-insulin receptor subunit (intracellular domain)
remained unchanged after hemorrhagic shock in brain, heart, and liver tissues. Length
bar =5 pum.
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4.4.2 PROTEIN DEGRADATION AFTER HS WITH KETAMINE/XYLAZINE

Due to lack of availability of Nembutal, the anesthetic used for hemorrhagic
shock studied was changed from xylazine/Nembutal to xylazine/ketamine. Our first
attempt to repeat these previous studies with Nembutal was to replicate the same
conditions (remove shed blood at a rate of 0.2 ml/min; 2 hr ischemia at 35 mmHg, 2 hour
reperfusion) using male Wistar rats. In the presence of ketamine, there was hardly any
intestinal damage after HS (N=2) (Figure 4.5A). Plasma samples were collected each
hour of the experiment and like Chapter 3, MMP-9 activity and levels increased by the
first hour of ischemia and remained elevated (Figure 4.5B). The levels of VE-cadherin
remained unchanged compared to the No-HS animal (Figure 4.5C).

Since organ damage with the xylazine/ketamine did not reach a sufficient extent
to determine the benefit or any intervention, we reduced the pressure during ischemia
from 35 mmHg to 30 mmHg for two hours followed by a two hour reperfusion period.
The final pressure of at the end of the reperfusion period was 50 mmHg. Under these
conditions, the intestine was severely damaged after HS as indicated by bleeding into the
lumen of the intestine (Figure 4.6A). VE-cadherin and VEGFR-2 were also degraded
during ischemia (Figure 4.6B), but not to the same extent as the previous Nembutal
studies where the proteins were completely eliminated in the majority of the animals that
underwent hemorrhagic shock.

Since different strains of rats can have different outcomes after HS [47], we
decided to switch to Sprague Dawley rats so that we could condense the ischemic period

while achieving sufficient organ injury to the intestine and lung. Intestinal injury after
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hemorrhagic shock was achieved with a 90 min ischemic period at 30 mmHg (remove
blood at a rate of 0.4 ml/min) followed by a 3 hour reperfusion period (Figure 4.7A). The
levels of VE-cadherin and VEGFR-2 degraded in the lung tissue after hemorrhagic shock

with this model (Figure 4.7B).
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Figure 4.5 Shock parameters with ketamine/xylazine for 2 hr ischemia at 35 mmHg,
2 hr reperfusion model in Wistar rats. (A) Gross morphology of the intestine before
and after shock showed little damage or lesions when ketamine/xylazine anesthetic was
used. (B) MMP-9 activity increases during the first hour of ischemia and remains
elevated throughout shock. (C) VE-cadherin levels remained the same before and after

HS+SAL.
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Figure 4.6 Shock parameters with ketamine/xylazine for 2 hr ischemia at 30 mmHg,
2 hr reperfusion model in Wistar rats. (A) Visible signs of hemorrhage (white arrow)
developed in the intestine after shock when the ischemia pressure was reduced to 30
mmHg. (B) Both VE-cadherin and VEGFR-2 in the lung degraded after HS.
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Figure 4.7 Hemorrhagic shock outcomes with ketamine/xylazine for 90 min
ischemia at 30 mmHg, 3 hr reperfusion model in Sprague Dawley rats. (A) Visible
signs of hemorrhage (white arrow) developed in the intestine after shock. (B) Both VE-

cadherin and VEGFR-2 in the lung did not degrade until the full course of reperfusion
occurred.

4.5 DISCUSSION

4.5.1 SUMMARY

These studies indicate that key endothelial proteins degrade during hemorrhagic
shock including VE-cadherin, VEGFR-2, and VEGFR-3, but not the insulin receptor
subunits. The choice of anesthetic influences the severity of shock. Intestinal injury
using ketamine/xylazine was not as severe as the previously used xylazine/Nembutal.
Lastly, the severity of protein degradation for VE-cadherin and VEGFR-2 is associated

with the degree of shock severity.
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4.5.2 DEGRADATION OF VE-CADHERIN

VE-cadherin degraded in hemorrhagic shock regardless of luminal inhibition with
ANGD (Figure 4.2). VE-cadherin can be proteolytically degraded by MMPs [48], which
remained activated despite the ANGD treatment. The severity of the ischemic conditions
also dictates the degree of degradation since animals with little intestinal damage also had
preservation of their VE-cadherin levels (Figure 4.5), but once the organ injury surpassed
a certain threshold, degradation occurred (Figure 4.6). This suggests that protein
degradation is correlated with the severity of shock injury. Reperfusion injury causes the
reduction of VE-cadherin. Additionally, proteases may be recycled and internalized by
caspases [49,50], which may be stimulated during reperfusion. If the junctional proteins
like VE-cadherin disassemble, vascular permeability increases and tissue homeostasis is

compromised.

4.5.3 DEGRADATION OF VEGFR-2 AND VEGFR-3

Both the vascular and lymphatic survival receptors VEGFR-2 and VEGFR-3 were
reduced in the lung following hemorrhagic shock (Figure 4.3 and Figure 4.7). Since the
VEGFR-2 receptor is essential for tissue repair, permeability regulation and endothelial
cell survival [51], the reduction in VEGFR-2 impairs cells signaling. The difference
between reversible and irreversible shock could be linked to the ability for this receptor to

function and stimulate endothelial growth and repair.
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4.5.4 INSULIN RECEPTOR LEVELS

Despite the increase in protease activity in the plasma following hemorrhagic
shock, the insulin receptor was not degraded. This deviates from similar situations where
there was an increase in protease activity and a decrease in extracellular insulin receptor
density [9,40]. The chronic exposure to proteases may differ from the acute situation
observed in hemorrhagic shock. The reduction in insulin receptor density may require
prolonged exposure to protease activity greater than the two hour reperfusion period in
this model.

The insulin receptor is synthesized in the precursor form before it is post
processed into separate alpha and beta subunits and linked together by disulfide bonds
[42,52]. This form of the receptor decreased after shock in the lung tissue (Figure 4.3).
The degradation could be interpreted several ways. First, the protein could be made into
the mature form of alpha and beta subunits of the insulin receptor to replace receptors
that may be degraded. However, if this were the case, then the beta receptor would be
expected to also increase as more alpha subunits are replaced. Alternatively, if the
insulin receptor is damaged, the entire protein could be transported from the membrane
and recycled. The precursor bands could possibly decrease because the cells are in an
ischemic state during shock, and they are conserving their resources rather than
synthesizing new proteins and start to degrade nonfunctional proteins. Nevertheless,
even if the insulin receptor is still present, it does not necessarily equate to a functional

receptor [24,32,53,54].
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4.5.5 CHOICE OF ANESTHETIC

The severity of organ injury measured by intestinal hemorrhage and lung protein
degradation drastically differed depending on the type of anesthetic agent administered.
Ketamine delays mortality in experimental models for sepsis [55] and mitigates acute
lung injury [56]. Since ketamine alleviates some of the shock injury, the mean arterial
pressure during ischemia needed to be reduced from 35 to 30 mmHg to replicate the
experimental results generated during the use of Nembutal. Lowering the pressure by 5
mmHg substantially increased the organ injury with ketamine, illustrating the sensitivity

of rats to small pressure changes during ischemia.

4.6 CONCLUSIONS

For the first time, receptors have been shown to degrade in the lung after
hemorrhagic shock. This could be of importance for understanding the progression of
cell dysfunction and organ failure. The degree of organ injury depends strongly on the
model conditions. Since ANGD treatment to the lumen of the intestine did not reduce
protein degradation of either VE-cadherin or VEGFR-2 in the lung, other proteases aside
from the pancreatic proteases from the lumen of the intestine could potentially be
involved in the breakdown process of these proteins. Moreover, the contribution of

luminal enzymes compared to peripheral enzymes needs to be established.
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Chapter 5

Contribution of Luminal Contents to

Organ Injury after Hemorrhagic Shock

5.1 INTRODUCTION

The intestine has long been associated with the progression of shock and multiple
organ dysfunction. The luminal contents in the gut consist of digestive enzymes, food
particles, bile, bacteria, etc. that may be non-uniformly distributed along its length.

These luminal contents may serve as pro-inflammatory mediators after the onset of
intestinal ischemia contributing to the multiple organ system failure that occurs during
shock. Some studies in our laboratory have investigated a flushed intestine using an SAO
model to study the outcome of the intestine [1,2] but have not thoroughly examined the
extent of peripheral organ injury after disruption of the barrier.

Our group and others have provided evidence that the serine protease and lipase
inhibitor ANGD reduces intestinal microhemorrhages and improves the outcome after
experimental shock [3-6]. However, these experiments largely assume that the damage is

attenuated by an inactivation of proteases in the presence of these inhibitors. These
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inhibitors may also prevent digestion of intestinal structures, activation of wall proteases,
or generation of cytotoxic products in the intestinal lumen. Clarifying these events is
required to understand why pancreatic protease inhibitors have been beneficial for
recovery and survival after shock [7].

It is also unclear to what degree digestive enzymes are transported into the central
circulation from the intestine (as opposed to from the pancreas). As addressed in the
previous chapter, pancreatic enzymes can accumulate in the lung, and it has yet to be
determined whether luminal contents impact the peripheral protease activation and lung
injury following hemorrhagic shock. In addition, the elevation of global protease activity
poses a threat to key extracellular components on epithelial cells in the intestine and
endothelial cells in the circulation. Lung junctional protein degradation of cadherins after
ischemia has been observed [8], but the possibility for receptor degradation has not been
fully explored in the case of hemorrhagic shock and few investigations have been

completed to determine whether serine proteases are responsible for receptor damage.

5.2 CHAPTER AIMS

The aim of this chapter is to explore the contribution of small intestine’s luminal
contents to intestinal and peripheral organ injury following hemorrhagic shock. |
hypothesize that digestive enzymes enter into the interstitial mucosal wall and
subsequently cause microhemorrhages in peripheral organs by the accumulation of

proteases and activated neutrophils. These effects will be minimized if the luminal



148

contents, including the digestive enzymes are flushed out of the lumen of the intestine

(Figure 5.1).
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Figure 5.1 Hypothesis summary. Before HS, the intestine and the mucus barrier are
intact. In the absence of luminal contents, the mucosal layer and epithelial cells shed into
the lumen, but there is minimal destruction of the epithelium since no luminal contents
containing cytotoxic mediators (e.g. unbound free fatty acids) enter into the villi. If the
intestine is not flushed, digestive enzymes will penetrate into the wall and activate MMPs
and be transported to peripheral organs, such as the lung.
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5.3 METHODS

5.3.1 ANIMALS

The animal protocol was reviewed and approved by the University of California,
San Diego Institutional Animal Care and Use Committee. Male Sprague Dawley (mean
body weight 275£18 g, Harlan, Indianapolis, IN) were allowed food and water ad libitum
prior to surgery. Rats were administered general anesthesia (xylazine, 4 mg/kg; ketamine
75 mg/kg IM) and euthanized by infusion of B-Euthanasia IV (120 mg/kg) at termination
of experiments. Following general anesthesia, the femoral artery and vein were
cannulated. Systolic, diastolic, heart rate, and mean arterial pressure (MAP) were
recorded throughout the procedure using LabChart (AD Instruments, Dunedin, New

Zealand).

5.3.1.1 HEMORRHAGIC SHOCK PROCEDURE

Animals were grouped into no hemorrhagic shock (No-HS), hemorrhagic shock
with intestinal luminal contents flushed (HS-F), and hemorrhagic shock without intestinal
flush (HS-NF). No-HS animals were cannulated and then immediately sacrificed for
tissue collection. After femoral vessel cannulation, the HS-F and HS-NF were subject to
laparotomy and the intestine was exposed. The proximal jejunum (approximately 5 cm
distal from the ligament of Treitz) was carefully cut between intestinal blood vessels and

each end was cannulated with Female Luer to Barb tube connectors and secured with 4-0
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suture (Figure 5.2). The connector to the duodenum was sealed with clay. Next, the
distal ileum located three centimeters from the cecum was cut in order to insert another
clay sealed connector into the intestine on the distal side (closest to the cecum) and
secured with suture. The proximal end was not cannulated and sealed until after the
luminal contents were flushed.

To remove the luminal contents, a syringe filled with 40 ml of saline at 37° C was
connected to the adaptor attached to the proximal jejunum and the luminal contents were
flushed distally with saline using pulsatile pressure. The contents exiting the intestine
through the distal ileum were collected and discarded. Using this technique, all luminal
content was visibly removed from the intestine and the last ~15 ml of saline exiting the
intestine were clear of color and absent of solid content. Following the intestinal flush,
the final connector in the distal ileum was inserted and secured with suture. All
connectors were sealed with a small piece of clay. The exterior of the intestine was
rinsed with warm saline and placed into the peritoneal cavity. HS-NF animals received
the same manipulation to the intestine and placement of connectors, but the luminal
contents were not removed. Gross morphology images of pre-HS intestines were

recorded immediately after these procedures.
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Figure 5.2 Diagram of the surgical preparation before flushing luminal contents.
The green arrow indicates the connector to which the syringe will be attached for saline
flush. The red arrow indicates the exit point for luminal contents. The other two
connectors serve to seal the duodenum and ileum regions (black arrows).
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Following these intestinal preparations, the animals were heparinized to minimize
clotting in catheters and in shed blood samples (1 U/ml calculated blood volume 1V;
assuming 6 ml blood volume per 100 g total body weight) before onset of hemorrhage.
MAP was reduced to 30 mmHg by withdrawing blood through the venous catheter (0.4
ml/min) with a 5 ml syringe. The initial 1 ml of blood drawn was collected, centrifuged
(1000 g, 5 min), and the plasma was immediately frozen at -80° C. The pressure was
monitored and adjusted by withdrawal/return of blood over the 90-minute ischemic
period. At the end of ischemia, the shed blood was returned to the animals (0.5 ml/min)
plus 1 ml of saline (to replace the 1 ml of blood collected before shock). The animals
remained anesthetized and were observed in the reperfusion phase for 3 hours after the
initiation of the return of shed blood.

Gross morphology images of the intestine were captured at the end of the
reperfusion period. Post-hemorrhagic shock blood was collected through the arterial
catheter, spun (1000 g, 5 min), and the plasma was immediately frozen at -80° C. The
animals were then euthanized and pieces of lung and intestine (jejunum and ileum) were

snap frozen for homogenization or embedded in O.C.T. (Tissue Tek).

5.3.1.2 BRONCHOALVEOLAR LAVAGE FLUID

To collect bronchoalveolar lavage fluid (BALF), the left main bronchus leading to
the left lung was cannulated with an 18 gauge blunt needle and photographed to assess
gross morphological damage after hemorrhagic shock. These gross morphological

photographs were later blindly assessed for macroscopic lung damage. Scoring was as
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follows: 0, no visible lung damage; 1, mostly pink in color with some lesions starting to
form around the central part of the lung near the trachea; 2, some pink color with more
lesions forming and spreading throughout the lung; 3, mostly red with lesions through the
majority of the lung; 4 complete lung damage.

To collect BALF fluid, saline (approximately 2.0 ml/lavage) was injected and
recovered three times before centrifugation (1000 g, 5 min). Following the third wash,
the lung was injected with O.C.T., embedded, and frozen. The total volume of recovered
BALF fluid was measured and the fraction of saline recovered versus the amount injected

was used to normalize measurements.

5.3.2 TISSUE HOMOGENIZATION

In every homogenization procedure, 1 ml of homogenization buffer was added per
0.1 g tissue. Tissues were then mechanically homogenized using a handheld
homogenizer for 30 seconds before centrifuging (18,000 g, 20 min). Supernatants were

stored at -80 °C until processed.

5.3.3 INTESTINAL HEMORRHAGE

Intestine jejunum segments with intestinal contents still present were
homogenized by weight in 0.5% hexadecyltrimethylammonium bromide (HTAB) in PBS
(pH 6.0). Samples were read at 405 nm absorbance in duplicate on a plate reader to

estimate erythrocyte infiltration by measuring the hemoglobin present in each tissue
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homogenate. Intestinal bleeding was also assessed macroscopically by comparing

photographs of the intestine before and after hemorrhagic shock.

5.3.4 ENZYME AND PROTEASE ACTIVITY MEASUREMENTS

5.3.4.1 CASEIN ACTIVITY IN THE INTESTINE

Protease activity was determined by digestion of the globular protein casein
hybridized to Texas-red such that fluorescence intensity increases after cleavage
(Enzchek protease assay kit). 10 ul of intestinal homogenates (same as 4.3.3) with
endogenous luminal contents present were mixed with 90 ul casein substrate and loaded
in duplicate. Plates were incubated in a pre-warmed microplate reader and measurements
were made every 5 minutes. The change in caseinolytic activity per minute was

computed for each sample.

5.3.4.2 MYELOPEROXIDASE (MPO) ACTIVITY ASSAY

In order to assess intestine and lung neutrophil infiltration, myeloperoxidase
activity was determined in the intestine (homogenized same as 4.3.3) and lung
homogenates (PBS pH 6.0 in 0.5% HTAB). 40 ul of 2 mg/ml intestine homogenate or 20
pl of 1 mg/ml lung homogenate, were added to 180 pl of PBS (pH 6.0) mixed with 0.167
mg/ml o-dianisidine dihydrochloride (Sigma-Aldrich) and 0.001% or 0.0005% H>0-

(w/v) for intestine and lung respectively.
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To determine neutrophil MPO release into the BALF, 20 ul was loaded into each
well before 180 pl of PBS (pH 6.0) mixed with 0.167 mg/ml o-dianisidine
dihydrochloride (Sigma-Aldrich) containing 0.001% H>0.. BALF protein concentration
was also determined. All BALF calculations were normalized to the percent fluid
recovered from three lavage collections.

Absorbance was measured kinetically at 450 nm every 5 minutes for 1 hour at 37
°C. As negative controls, 180 ul of PBS (pH 6.0) was added to 20 ul of sample and the
absorbance values of these samples were subtracted from the measurements with the
substrate. The change in absorbance was linear within this period and MPO activity is

presented as the change in absorbance per minute per milligram of protein.

5.3.4.3 GELATIN GEL ZYMOGRAPHY

Unlike the experiments in 4.3.3-4.3.4, for this study focusing on MMP activity in
intestinal tissue, the luminal contents were removed by gently compressing the intestine
before homogenizing intestine segments to prevent excess digestion of the gelatin
substrate in the gels by luminal proteases. Tissues from shocked animals (flushed and
non-flushed) as well as controls were rinsed and blotted dry before weighing. Both
intestine and lung tissues were homogenized in PBS (pH 6.0) containing 0.5% HTAB
(see Section 4.3.2). Protein concentration was determined using the BCA kit
(ThermoScientific) before mixing each sample in a 1:1 ratio with loading dye (containing

SDS, but no reducing agent). 2 pg protein/lane of intestine or 20 pg protein/lane of lung
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homogenates were loaded. 0.5 pl of plasma was mixed with 2 pl loading dye and loaded
into each lane.

Samples were separated by gel electrophoresis in 11% SDS-Page gelatin
impregnated gels. Upon separation, gel proteins were renatured in 2.5% Triton-X 100 in
water (4x, 15 min) before incubation at 37 °C overnight in developing buffer (0.05 M Tris
base, 0.2 M NaCl, 4 pM ZnCl,, 5 mM CaClz-2H20). Gels were then fixed and stained
(50% methanol, 10% acetic acid, 40% water, and 0.25% Coomassie blue solution) for
three hours. Gels were destained in water to achieve appropriate contrast before
photographing and digitally analyzed (ImageJ; http://rsb.info.nih.gov/ij/).

To confirm that the ~20 kDa bands were serine proteases, gels were renatured and
developed in the aforementioned buffers with the addition of either 75 uM ANGD or 100
uM TLCK and compared to duplicate gels that received the standard renaturation

procedure.

5.3.5 IMMUNOBLOTTING

Before homogenizing intestine samples for immunoblotting, the luminal content
was gently pressed out of the intestine for the No-HS and HS-NF samples. The intestines
were rinsed in saline and blotted dry before weight determination. Lysis buffer
(ThermoScientific) was mixed with a 1:100 dilution of 0.5 M EDTA (ThermoScientific)
and a 1:50 dilution of HALT protease inhibitor cocktail. Lungs were homogenized in

lysis buffer containng HALT protease inhbitor (1:100).
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For organ homogenates, protein concentration was calculated (BCA Kkit) so that 40
g protein were loaded per well. Homogenates were mixed 1:1 with sample loading
buffer (BioRad) containing p-mercaptoethanol (0.05% by volume). Plasma was mixed in
a 1:2 ratio of plasma:sample loading buffer containing f-mercaptoethanol (0.05% w/v),
and 3 pl of this solution was loaded per well. Both tissue homogenates and plasma
samples were then denatured by boiling for 10 minutes. Proteins were separated on SDS-
PAGE gels (8% or 12% resolving, 4% stacking). Following separation, proteins were
transferred onto a nitrocellulose membrane (Bio-Rad) and blocked for one hour in 5%
bovine serum albumin in tris-buffered saline with 0.5% Tween-20 (TBS-T). Membranes

were then incubated overnight with the designated primary antibody (Table 5.1).



Table 5.1 Antibody sources and dilutions.

Target Product Number Dilution
B-actin Santa Cruz Biotechnology sc-8432 1:1000
Chymotrypsin Abcam ab-35694 1:500
E-cadherin Invitrogen 33-4000 1:1000
MMP-9 Abcam ab-76003 1:1000
Mucin 13 Santa Cruz Biotechnology sc-66973 1:1000
Occludin (intestine) Invitrogen 33-1500 1:1000
Occludin (lung) Invitrogen 71-1500 1:1000
Trypsin Santa Cruz Biotechnology sc-137077 1:1000
VE-cadherin Santa Cruz Biotechnology sc-6458 1:1000
VEGFR-2 Santa Cruz Biotechnology sc-48161 1:750

Following incubation, the primary antibody was rinsed (TBS-T, 3x, 10 min).
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Secondary antibodies against mouse, rabbit, or goat were diluted 1:10,000 in TBS-T and

incubated with the membranes for 1 hr. The membranes were washed (TBS-T, 3x, 10
min) and developed using ECL substrate (ThermoScientific).

Membranes were scanned and bands digitally quantified (ImageJ). Lung and

intestine bands were standardized by B-actin and normalized by the No-HS controls to

determine fold changes in protein levels. Plasma protein levels were not normalized.

5.3.6 HISTOLOGY

All procedures were performed on 8 pum thick frozen sections. Images were

acquired using a 20x objective and montaged together.
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5.3.6.1 IMMUNOHISTOCHEMISTRY

Mucin distribution was assessed using immunohistochemistry after hemorrhagic
shock. Sections were allowed to dry for 20 minutes before fixation in ice-cold acetone at
-20 °C for 10 minutes. Following fixation, slides were washed in PBS (2x, 3 min).
Endogenous hydrogen peroxidase activity was quenched in 95% methanol mixed with
3% hydrogen peroxide solution (5 min). Slides were washed again in PBS (2x, 3 min).
Individual sections were isolated with a hydrophobic pen (Vector Labs) before blocking
with 2.5% normal horse serum (Vector Labs) for 30 minutes. Primary antibodies against
MMP-9 (Abcam ab-76003), mucin 2 and mucin 13 (Santa Cruz Biotechnology; sc-15334
and sc-66973 respectively) were diluted 1:200 in 1.25% normal horse serum and
incubated with the sections overnight at 4 °C. The primary antibody was washed with
PBS (3x, 5 min) and sections were incubated with anti-rabbit secondary reagent
(Immpress Kit, Vector Labs) for 30 minutes. Secondary antibody was removed by
washing with PBS (3x, 5 min). Colorimetric labeling was achieved by using DAB (3, 3’-
diaminobenzidine) substrate (Vector Labs) for 30 seconds followed by rinsing in water.
Sections were finally counterstained with Toluidine blue (0.05% in 1% boric acid) for 5
seconds. Slides were washed with three changes of DI water before dehydrating in an
ethanol gradient (70, 95, and 100%) and cleaning with xylene. Slides were allowed to

dry overnight before mounting with hard set mounting media (Vector Labs).
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5.3.6.2 LUNG HISTOLOGY

Lung sections were allowed to dry for 20 minutes before fixation in ice-cold
methanol at -20 °C. Slides were washed in DI water (4x) and incubated with hematoxylin
solution (Vector Labs) for 30 seconds. They were rinsed thoroughly in DI water and
incubated in eosin (Fisher) for 30 seconds followed by additional rinses in DI water. The
slides were dehydrated in 70%, 95%, and 100% ethanol before cleaning with xylene and

were dried overnight before being mounted with hard set mounting media (Vector Labs).

5.3.7 STATISTICAL ANALYSIS

Results are presented as either meanzstandard deviation (SD). Paired t-tests were
completed for comparisons between groups for MAP during the reperfusion period and
between pre- and post-shock plasma samples. Mann-Whitney tests were used for non-
normally distributed means. ANOVA followed by Tukey post-hoc analysis was used for
normally distributed parametric variables. Statistical analysis was performed in the

software OriginLabs (Northampton, MA).
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5.4 RESULTS

5.4.1 HEMATOLOGICAL PARAMETERS

HS-F and HS-NF animals had a maximum blood volume loss during ischemia of
42+4% and 42+3%, respectively. MAP was significantly decreased compared to
immediately after the completion of reperfusion starting 60 minutes and 45 minutes into
reperfusion for HS-F and HS-NF, respectively (Figure 5.3). However, MAP did not
significantly differ between the flushed and non-flushed cases. Neither heart rate nor
pulse pressure was significantly different between the groups (Table 5.2) but dropped by

the end of the third hour or reperfusion compared to the first hour.
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Figure 5.3 Pressure traces. The MAP (meanzSD) during hemorrhagic shock for groups
of rats with flushed (HS-F) and non-flushed (HS-NF) intestine. N=6 rats/group. p<0.001
by paired t-test compared to MAP at 90 minutes for HS-F (*) and HS-NF (7).

Table 5.2 Heart rate and pulse pressure for HS-F and HS-NF animals.

Heart Rate} Pulse Pressuret
HS-NF HS-F HS-NF HS-F
Start 21417 19715 4716 47+4
Draw 160+21 156+14 40+5 33+4
Ischemia 180+40 171+27 30+5.7 3143
Reperfusion 28321 264+30 39+5 42+6
Hour 1 278+19 263+29 50+8 50+4
Hour 2 287+18 274+28* 38+4* 43+36
Hour 3 284+29 257+36 31+6* 36+£9*

1, beats/min and ¥, mmHg. N=6 rats/group. MeanzSD. *, p<0.025 by paired t-test
compared to Hour 1 reperfusion time.
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5.4.2 INTESTINAL DAMAGE

All animals had intestines with a healthy appearance prior to the onset of
ischemia/reperfusion injury (Figure 5.4). Following HS, tissue hemorrhage occurred
regularly in regions proximal to the surgical sites in the flushed cases. In the no-flush
animals, all rats developed visible hemorrhage along the length of the intestine in both
the jejunum and ileum regions (Figure 5.4, HS-NF group). These lesions appeared more
intense in sites where food appeared to be present. In contrast, among six HS-F animals
none had macroscopic lesions in the region where luminal contents had been removed.

Intestinal homogenate absorbance at 405 nm as a quantitative marker for
hemoglobin escape was elevated in the HS-NF animals (Figure 5.5), although not
significantly. As expected, given the presence of luminal content and proteases, the
proteolytic activity as determined by casein substrate digestion in the HS-NF animals was
significantly higher compared to flushed animals (Figure 5.6). Interestingly, there was a
trend for increased activity in the HS-NF group compared to the No-HS group as well
(Figure 5.6). There was a linear correlation among the six HS-NF animals between
caseinolytic activity and intestinal hemorrhage (Figure 5.7). MPO activity was also
elevated in the HS-NF animals (Figure 5.8). There was a weaker correlation between
caseinolytic activity and MPO activity in intestinal homogenates (Figure 5.9).

The villi in both the jejunum and the ileum remained structurally intact after
hemorrhagic shock regardless of the presence of luminal content. Mucin 2, derived from
goblet cells, entered into the lumen of the intestine after hemorrhagic shock regardless of

the state of flushing (Figure 5.10). Epithelial bound mucin 13 was detected along the
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villi in all three groups (Figure 5.11A). However, after hemorrhagic shock, mucin 13 and
epithelial cells were co-localized in the lumen of the intestine with or without flushing,
but more distinguished in the flushed without luminal contents at the beginning of the
experiment (Figure 5.11B). There was no difference between the protein levels of mucin
13, and there was no change in the mucin fragmentation pattern (Figure 5.11B).

MMP-9 dimer activity was elevated in the HS-NF group, but there was no change
in the band representing the active form of monomer MMP-2 by gelatin gel zymography
(Figure 5.12A). Protein levels of MMP-9 detected by immunoblotting (performed under
reducing conditions that do not distinguish between monomer and dimer forms) indicated
an elevation in the HS-NF animals compared to the No-HS animals (Figure 5.12B).
MMP-9 localization was found primarily in the muscularis region and along the epithelial
lining of the villi (Figure 5.12C).

The three different E-cadherin bands detected in the intestinal epithelial cells were
reduced in the HS-NF animals only (Figure 5.13). The tight junction protein occludin

band did not change (Figure 5.13).
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Before HS

After HS

After HS
(magnified)

Figure 5.4 Macroscopic intestinal morphology. Gross intestinal morphology following
hemorrhagic shock with either a flushed or non-flushed intestine. Black arrows indicate
sites of hemorrhagic lesions.
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Figure 5.5 Hemorrhage into the intestine. Absorbance values in intestine homogenates
at 405 nm for No-HS, HS-F, and HS-NF groups. N=6 rats/group. Data are presented as
meanxSD.
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Figure 5.6 Caseinolytic activity of intestinal homogenates. Caseinolytic activity
(meanxSD) decreases significantly following flushing luminal contents. Comparison of
groups is by ANOVA followed by Tukey post-hoc analysis. *, p<0.05 compared to No-
HS. 1, p<0.0003 comparing HS-NF and HS-F. N=6 rats/group.
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Figure 5.7 Correlation between protease activity and hemorrhage. Data points are
from the No-Flush intestinal homogenates. Mean caseinolytic activity of intestinal
homogenates correlates linearly with average hemoglobin absorbance at 405 nm.
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Figure 5.8 MPO activity of intestinal homogenates. MPO activity (mean+SD) of HS-
NF intestines was elevated compared to No-HS intestines. *, p<0.05 between No-HS and
HS-NF by ANOVA followed by Tukey post-hoc. N=6 rats/group.
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Figure 5.9 Correlation between intestinal homogenate protease activity and MPO
activity. Mean MPO activity and mean caseinolytic activity of intestinal homogenates
correlate for HS-NF animals.
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Figure 5.10 Mucin 2 immunohistochemistry. Mucin 2 (brown) is detected in both the
lumen (white arrows) and the goblet cells (black arrows) in the intestine villi.
Counterstain (blue) is shows nuclei. After HS, the mucin-2 levels in the lumen of the
intestine are enhanced.
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Figure 5.11 Mucin 13 levels in the intestine. (A) Mucin 13 coats the epithelial cells
over the villi in all cases (brown stain). Arrows indicate the membrane bound mucin 13
and stars (*) indicate the regions in which the mucin 13 is secreted into the lumen. (B)
After hemorrhagic shock, mucin 13 bound to shed epithelial cells (blue) is observed in
the lumen of the intestine in the HS-F animals and the HS-NF animals. Arrows indicate
epithelial cells found in the lumen amongst the stained (brown) mucin 13. Left panel
shows the top of the villi tip and the right panel depicts the cells shed into the lumen of
the intestine. (C) There was no change in mucin 13 protein levels by immunoblot
analysis of the 58 kDa isoform and no change in the mucin 13 fragments formed. N=6
rats/group. Bar graph shows mean+SD.
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Figure 5.12 MMP-9 activity and levels in intestinal tissue. (A) The density of the
MMP-9 dimer activity band is significantly elevated in HS-F intestinal homogenates. **,
p<0.05 by t-test. There was no change in the activity band corresponding to active
monomeric MMP-2. (B) MMP-9 protein levels were elevated by immunoblot in the HS-
NF animals compared to the No-HS animals. P<0.007 by ANOVA followed by Tukey
post-hoc analysis. (C) Immunohistochemistry against MMP-9 indicates the localization
of the protein in the muscularis layer and the epithelial cells (magnified in the box to the
right) in the jejunum segments. N=6 rats/group. Bar graphs show mean+SD.
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Figure 5.13 Intestinal epithelial junctional proteins. All three E-cadherin bands
decreased in the intestine if there was luminal content present. Occludin levels did not
significantly change. *, p <0.05 compared to No-HS and ¥, p<0.05 compared HS-F by
ANOVA followed by Tukey post-hoc test. N=6 rats/group. Bar graphs show mean+SD.
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5.4.3 PROTEASE ACTIVITY AND LEVELS IN PLASMA

Despite flushing luminal contents, both trypsin and chymotrypsin protein levels in
the plasma did not change over the course of the experiment (Figure 5.14). MMP-9
activity in the plasma was elevated after HS in both cases (Figure 5.15A). The MMP-9
protein levels were also elevated after shock and higher in the HS-NF group (Figure
5.15B). There was no change in MMP-2 or pro-MMP-2 levels (nhot shown).

Homogenates of isolated neutrophils have strong gelatinase activity appearing at
molecular weights for active MMP-9, pro-MMP-9 derived from neutrophils, and the
MMP-9 dimer (Figure 5.16A). Non-reduced samples also show the same bands for
MMP-9 (Figure 5.16B). Note that as little as 156 picograms of total neutrophil
homogenate produced activity bands that were typically seen with 20 pg of lung

homogenate of 0.5 ul of plasma.
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Figure 5.14 Serine proteases in the plasma. (A) Pancreatic trypsin and chymotrypsin
were present in pre- and post-plasma samples at equal levels. There was no difference in
levels between pre and post HS samples. (B) Activity bands corresponding to the
molecular weight of serine proteases (3.7, 3.10, 4.20) formed by gelatin gel zymography
of plasma samples after HS (bar graph, mean+SD). *, p<0.05 by Mann Whitney paired t-
test compared to pre-plasma (undetectable in all Pre-plasma samples. N=6 rats/group.
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Figure 5.15 Plasma activity and protein levels of MMP-9. (A) The activity band
corresponding to the MMP-9 dimer and active form of MMP-9 increased after shock as
measured by gelatin gel zymography. §, p<0.05 by Mann Whitney test. (B) MMP-9
protein levels increased after hemorrhagic shock regardless of whether the intestine was
flushed. *, p<0.005 by paired t-test between pre and post samples. T, p<0.05 by t-test
between post-HS-F and post-HS-NF samples. Bar graphs show meanzSD. N=6
rats/group.
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Figure 5.16 Neutrophil MMP-9 activity and levels. (A) Gelatinase activity of isolated
neutrophils depicted three distinct bands for MMP-9, pro-MMP-9, and MMP-9 dimer at
different dilutions. (B) MMP-9 bands were also detected by immunoblotting.
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5.4.4. LUNG DAMAGE

Macroscopic bleeding into the lung tissue occurred in nearly all cases after
hemorrhagic shock regardless of whether or not the intestine was flushed (Figure 5.17).
Blind scoring of lung images did not serve to detect a significant difference between
groups. Lung injury scores were 2.8+1.1 and 2.9£1.3, for the HS-F and HS-NF rats,
respectively. Only one animal without a flushed intestine had a low lung injury.
Histology of the sections indicates swelling of the alveoli (Figure 5.17).

Lung damage was also assessed by the amount of MPO activity in both the whole
organ homogenate and the BALF fluid. In both flushed and no-flushed cases, there was
an increase in MPO activity compared to the No-HS animals (Figure 5.18). BALF
protein levels and MPO activity also increased following HS in both groups (Figure

5.18).
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Figure 5.17 Gross morphology and lung histology. Lung damage in form of
microhemorrhages was observed by gross morphology (see *). Histological sections of
the most damaged lungs had visible swelling of the alveoli (arrows) and corresponding

sample images magnified on the right. No-HS control exhibited no bleeding or swelling

similar to HS-NF3.
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Figure 5.18 Lung injury parameters. (A) Lung MPO activity (B) BALF protein
concentration, (C) BALF MPO activity, (D) BALF absorbance were all elevated after
shock regardless of whether or not the intestine was flushed. *, p<0.05 by ANOVA
followed by Tukey post-hoc. Bar graphs show mean+ SD. N=6 rats/group.
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5.4.5 SERINE PROTEASE ACTIVITY IN THE INTESTINE AND LUNG

In gelatin gel zymography, low molecular weight bands were found in the 20 kDa
range (the same location as the serine protease band shown in the plasma in Figure
5.14B) of a flushed intestinal homogenate (Figure 5.19A). These bands were more
intense in the HS-NF animals. Serine protease bands were also detected in lung
homogenates in a similar pattern as the intestine (Figure 5.19B). The serine protease
band densities were elevated in the lung homogenate of HS-NF animals and virtually
absent in the No-HS and HS-F animals.

To verify that the low molecular weight bands were serine protease-derived, these
bands were eliminated or reduced gels that were renatured and developed in either
ANGD or TLCK (Figure 5.20A&B). Neither ANGD nor tranexamic acid reduced the

gelatinase band intensities in the lung (Figure 5.20C).
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Figure 5.19 Serine protease bands detected in intestine and lung. (A) Serine protease
activity bands in intestine are elevated in the homogenates of non-flushed intestines,
although luminal content was removed prior to tissue processing. *, p<0.05 by t-test. (B)
Serine protease activity bands were detected only in the lung homogenates of the
intestines that were not flushed. *, p<0.05 compared to No-HS and {, p<0.05 compared
to HS-F by ANOVA followed by Tukey post-hoc analysis. N=6 rats/group. Bar graphs
show meanzSD.
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Figure 5.20 Serine protease activity inhibition during gelatin gel zymography. (A)
Low molecular weight bands forming around 20 kDa were present in post-HS lung
homogenate samples (20 pg protein/lane), plasma (0.5 ul/lane), and intestine homogenate
(2 ng/lane). Renaturing and developing with ANGD eliminated all protease bands.
Inhibition with the trypsin specific inhibitors reduced or eliminated the intensity in these
bands. (B) Post-HS lung samples with serine protease bands were slightly reduced with 1
mM tranexamic acid renaturation but (C) unchanged in the gelatinase activities.
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5.4.6 MMP ACTIVITY AND LEVELS IN THE LUNG

Active MMP-9 and pro-MMP-9 increased in both HS-F and HS-NF animals
(Figure 5.21A). The active form of MMP-9 in the HS-NF animals was elevated
compared to the HS-F animals. The protein levels as detected by immunoblotting were

also elevated after HS (Figure 5.21B).
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Figure 5.21 MMP-9 activity and levels in the lung. (A) The activity bands
corresponding to both the pro- and active forms of MMP-9 increase after shock in both
the HS-F and HS-NF cases, but there was no change in the MMP-9 dimer. (B) Protein
levels of MMP-9 also increase after HS regardless of intestinal flush. *, p<0.05
compared to No-HS by ANOVA followed by Tukey post-hoc analysis. §, p<0.05
compared to No-HS and **, p<0.05 between HS-F and HS-NF by Mann Whitney test.
Bar graphs show mean£SD. N=6 rats/group.
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5.4.7 ENDOTHELIAL PROTEINS IN THE LUNG AND INTESTINE

VE-cadherin was degraded in the lung after HS (Figure 5.22) regardless of
intestinal flushing. E-cadherin, which appears in the epithelial and endothelial cells, was
not significantly degraded after shock, but a lower molecular weight band (~135 kDa)
increased after shock in both cases (Figure 5.22). The tight junction protein occludin
decreased in the lung in both cases after hemorrhagic shock (Figure 5.22).

Both the mature and intermediate glycosylated forms of VEGFR-2 were
decreased in the lung after HS (Figure 5.23). However, the VEGFR-2 and VEGFR-3
levels did not change in the intestine (Figure 5.24). The amount of VEGFR-2 in the
intestine was low compared to the lung. In fact, VE-cadherin levels were hardly

detectable by immunoblot in the intestine under these conditions.
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Figure 5.22 Adheren and tight junction proteins in the lung. VE-cadherin, E-
cadherin, and occludin main isoforms all decrease following hemorrhagic shock. Band
densities are normalized by B-actin bands and to No-HS levels. *, p<0.05 by ANOVA
followed by Tukey post-hoc analysis. N=6 rats/group. Bar graphs show mean+SD.




187

& &
& S

2

1.5

0.5 i

; :

VEGFR-2 . — = :gg Ega No-HS HS-NF HS-F
- a

B-Actin |QEDEEDEED| 42 D2 19
1

* *
0.5

N EN

No-HS HS-NF HS-F

VEGFR-2 230 kDa
(RU)

VEGFR-2 200 kDa
(RU)

Figure 5.23 VEGFR-2 levels in lung. Both the 230 kDa mature and 200 kDa
intermediate glycosylated forms of VEGFR-2 decreased after HS in the lung regardless
of luminal contents. N=6 rats/group. *, p<0.05 by ANOVA followed by Tukey post-hoc
analysis. Bar graphs show mean+SD.
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Figure 5.24 VEGFR-2 and VEGFR-3 levels in intestine. There was no change in
VEGFR-2 or VEGFR-3 levels in the intestine after HS. N=6 rats/group.
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5.5 DISCUSSION

5.5.1 SUMMARY

Intestinal damage on the macroscopic and molecular level is more severe if the
animal are subject to hemorrhagic shock in the presence of its normal luminal contents
(HS-NF group). Red cell escape and neutrophil accumulation positively correlated with
proteolytic activity in intestinal homogenates. However, the presence of the intestine’s
luminal contents affected neither the levels of serine proteases in the plasma nor lung
injury. Lung endothelial and epithelial proteins were degraded to the same extent in both
groups even though HS-NF animals had greater lung proteolytic activity as measured by
serine proteases and MMP-9 and greater MMP-9 levels in their plasma. The MAP of
animals did not correlate with the degree of organ injury in the animals, indicating that

degrading mechanisms may not be reflected by the animal’s blood pressure.

5.5.2 INTESTINAL INJURY SEVERITY INCREASES IF LUMINAL CONTENTS ARE PRESENT

Micrographs of the intestine after hemorrhagic shock show little physical
destruction of the intestinal villi structure (Figure 5.10 and Figure 5.11) compared to that
seen in SAO models [3,9-11]. The macroscopic hemorrhagic lesions in which red cells
enter the intestinal wall and lumen are common after shock [12-14] and are only formed
if the luminal contents are present (Figure 5.4 and 5.5). Furthermore, the strong

correlation between intestinal wall hemorrhage and proteolytic activity of the intestinal
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homogenate (Figure 5.7) suggests that the digestive proteases play a role in the formation
of these vascular lesions.

Our group has shown previously that intestinal ischemia can result in transport of
pancreatic proteases into the lamina propria [9,15]. For these enzymes to enter the
intestinal wall (and subsequently for red blood cells to enter the intestinal lumen), the
mucosal barrier must fail. Following HS, regardless of flushing, epithelial cells were
present in the lumen (Figure 5.11) similar to previous reports, which observe epithelial
shedding into the lumen after intestinal ischemia [10,16-18]. This suggests that even
though the villi appear intact, openings in the barrier occur as epithelial cells are shed
along with the attached mucin, providing exit pathways for pancreatic enzymes to enter
the intestinal wall.

Since pancreatic proteases may promote epithelial barrier failure by cleaving
adhesion proteins between the cells, we investigated whether epithelial junctional
proteins were degraded after HS in the presence or absence of luminal content. The
presence of luminal content did not affect the levels of the tight junctional protein
occludin (Figure 5.13). However, the adheren junctional protein E-cadherin was
degraded only in the non-flushed animals (Figure 5.13), which is consistent with previous
reports from our group that E-cadherin degrades during intestinal ischemia, possibly by
the digestive enzymes [9,15].

Pancreatic proteases are not the only proteases entering or activated in the
intestinal wall during HS. No-HS and HS-NF animal intestines were homogenized with
their luminal contents to determine the combined caseinolytic activity. The majority of

the caseinolytic activity in a whole intestinal (wall plus lumen) homogenate is derived
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from luminal pancreatic enzymes [19], which is expected to be similar between the two
groups. However, the HS-NF animals exhibited higher levels of caseinolytic activity
suggesting there may exist an additional source of proteases present in the HS-NF
animals (Figure 5.5). Since MPO activity also increased in intestinal homogenates in the
HS-NF animals (Figure 5.8) indicating neutrophil accumulation, neutrophil derived
elastase or MMPs could be an additional source of proteolytic activity. Alternatively,
pancreatic proteases may activate MMPs [20,21] or other proteases from their pro-forms
or degrade inhibitors such as TIMPs yielding a net increase in protease activity. Studies
using enteral treatment with the serine protease and lipase inhibitor ANGD have reduced
microhemorrhages in the intestine and improved outcomes in experimental shock
[3,6,7,22], which supports the hypothesis that digestive enzymes are responsible for the
lesions. If the pancreatic enzymes enter the wall but are inactive, they would be unable to
trigger a proteolytic activation cascade of MMPs (Figure 5.12 and Figure 5.15) or
degrade epithelial proteins (Figure 5.13). However, it should be noted that ANGD is
solubilized in a glucose solution, and glucose itself is sufficient to prevent the epithelial
barrier from disintegrating during intestinal ischemia [23-25]. Failure of the epithelial
barrier alone does not appear to be sufficient to cause hemorrhage since there were no
hemorrhages in HS-F animals despite the lack of a metabolic energy source in the lumen
of the intestine. Therefore, the most plausible explanation for the reduction in
microhemorrhages is due to the absence of protease activity.

Development of microhemorrhage requires that the endothelial cells lining the
blood vessels must fail. This could occur by a number of possible mechanisms.

Pancreatic proteases may digest basement membrane and endothelial cell adhesion
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proteins. Alternatively or in addition, the proteases may cleave extracellular matrix or
dietary proteins into bioactive peptides that increase vessel leakage, or by cleaving fatty
acid binding proteins, allow free fatty acids to dissolve the lipid membranes of the
endothelial cells [26-28]. The actions of bioactive peptides or free fatty acids may also
be pro-inflammatory [29-31] contributing to the neutrophil accumulation. Neutrophil
elastase and neutrophil derived MMP-9 (Figure 5.16) can digest the endothelial basement
membrane causing intestinal hemorrhage [32,33].

Since survival signaling could affect endothelial cell viability and thus
permeability, we also examined protein levels of the endothelial growth receptors
VEGFR-2 and VEGFR-3. Interestingly, despite the dense vascular network in the
intestine, levels of the endothelial growth receptor VEGFR-2 were low and remained the
same between the groups (Figure 5.24) while VEGFR-3 protein levels, associated more
with lymphatic vessels, were more prevalent than VEGFR-2 (but also unchanged after

shock) (Figure 5.24).

5.5.3 SERINE PROTEASE TRANSPORT OCCURS BEFORE SHOCK, BUT ACTIVITY

INCREASES ONLY AFTER HEMORRHAGIC SHOCK

The major exit routes of translocated luminal content from the intestine into the
circulation can be directly via the portal venous circulation, the mesenteric lymph, or the
peritoneal space and the lymphatics surrounding the peritoneum. Contrary to the
previous model for hemorrhagic shock described in Chapter 3, the levels of trypsin and

chymotrypsin as detected by immunoblotting were greater in plasma before and after
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hemorrhagic shock in either HS-F or HS-NF animals (Figure 5.14A). This suggests an
inherent difference between the two models (choice of anesthetic, rat strain, ischemic
time, reperfusion time, and/or ischemic pressure). Since pancreatic proteases are present
in all plasma samples before the onset of hemorrhagic shock, they may have already
entered the circulation and were not cleared during the course of the experiment.
However, the activity of low molecular weight bands formed by gelatin gel zymography
always occur with greater intensity in post-HS plasma, regardless of the luminal contents
(Figure 5.14B). The source of these enzymes could also be derived from the pancreas or
unflushed regions of the intestine. Since these enzymes were inhibited when the
zymography gels were incubated with ANGD or TLCK, they are of serine protease origin
(Figure 20A&B).

Even though the luminal contents were only removed in the flushed group, the
serine protease bands were detected by gelatin gel zymography in intestinal wall
homogenates of both flushed and non-flushed intestines (Figure 5.19A), though to a
greater extent in the non-flushed intestines. These proteases were only observed in lung
tissue of the HS-NF group by gelatin gel zymography (Figure 5.19B). These pancreatic
proteases in the lung could be transported through the mesenteric lymph and accumulate
in the lung which is the first capillary bed encountered. Plasma proteins accumulate in
the lung tissue after shock and serine proteases, composing a small fraction of the total
plasma protein content, may contribute to the observed protease accumulation in the HS-
NF lung tissues [34]. Since inhibition of these enzymes with ANGD and TLCK
eliminated the bands, this suggests these are gut-derived pancreatic enzymes (Figure

5.20A&B) instead of MMPs or plasmin [35].
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5.5.4 MMP-9 ACCUMULATION IN TISSUES AFTER HEMORRHAGIC SHOCK

In all animals, MMP-9 activity and levels increased in the plasma, which is
consistent with the findings of Chapter 3. The protein levels in the plasma were elevated
in groups without flushed intestine (Figure 5.15) suggesting that luminal contents have
the ability to activate neutrophils and endothelial cells to increase secretion of MMP-9
into the plasma (Figure 5.16). The intestine’s MMP-9 levels increased only in the HS-NF
animals (Figure 5.12B) and may be due to increased neutrophil accumulation in the wall,
an observation that is supported by the increased MPO activity (Figure 5.8). The MMP-9
protein accumulation in the intestine could also be caused by conversion of the dimer to
the active form of MMP-9 (Figure 5.12A), although the activity levels did not increase as
measured by gelatin gel zymography.

MMP-9 levels and activity also increased in the lung during hypotension in both
the HS-F and HS-NF animals (Figure 5.21). The active form of MMP-9 was nearly
doubled in the HS-NF group compared to the HS-F group (Figure 5.21A). The increase
in MMP-9 activity may be due to activation by serine proteases transported into the lung
(Figure 5.19B) [21]. Although there was more MMP-9 and serine protease activity in the
lungs in the HS-NF animals, the BALF protein levels and MPO activity were elevated for

both groups after hemorrhagic shock (Figure 5.18).
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5.5.5 PROTEIN DEGRADATION IN THE LUNG

Proteolytic degradation of both endothelial and epithelial proteins was observed in
lung homogenates after hemorrhagic shock and did not differ between the HS-NF and
HS-F groups. VE-cadherin, an adhesion protein expressed on lung endothelial cells [36],
occludin, a tight junction protein present on both endothelial and epithelial cells in the
lung, and both isoforms of the endothelial growth receptor VEGFR-2 were reduced after
hemorrhagic shock in both groups (Figure 5.22 and 5.23). E-cadherin, another
endothelial adhesion protein also decreased (non-significant) after shock, and there was a
significant increase in a smaller molecular weight form of the protein suggesting cleavage
by a protease (Figure 5.22). Neutrophils accumulate in the lung during shock (Figure
5.17) and could therefore contribute to the loss and/or cleavage of these proteins, as
neutrophil elastase and MMPs have been documented to contribute to the destruction of
cadherins [8,37], possibly as part of neutrophil transmigration. The loss of any or all of
the proteins tested here could contribute to increased lung permeability. However, since
all of these proteins were degraded regardless of the presence of luminal content, the
mechanism is likely independent of the proteases present in the lumen of the intestine.

Alternatively, since we observed a slight reduction in the 155 kDa form of E-
cadherin in the HS-NF animals compared to No-HS animals (Figure 5.22) and also
detected serine protease bands by gelatin gel zymography in the lung homogenates of
only HS-NF animals (Figure 5.19). Since E-cadherin was abolished in all the HS-NF
intestine samples (Figure 5.13), the accumulation of serine proteases present in the lung

may contribute to the enhanced degradation of lung E-cadherin.
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5.5.6 LIMITATIONS

Although flushing the intestinal luminal contents is a useful experimental
technique for determining which indices of organ damage are influenced by intestinal
luminal factors during shock, it is clinically less feasible at the moment. Other
limitations of this model include that while the jejunum and ileum regions were flushed,
the duodenum and terminal ileum adjacent to the cecum contained luminal contents.
Also, many of the same mediators that could originate from the intestine in the presence
of luminal content can be generated in the ischemic pancreas [38] and would be
unaffected by flushing the intestine. As with my other animal models, I chose not to
control the food intake of the HS-NF animals, and the animals had variable amounts of
food in different regions of the intestine and may explain some of the variability in the

HS-NF group.

5.6 CONCLUSIONS

By investigating the outcome of hemorrhagic shock with or without luminal
contents in the intestine, we observed an increase in intestinal damage in the presence of
luminal contents. While the luminal contents increased the intestinal hemorrhage and
protein degradation after hemorrhagic shock, reducing this damage by removing luminal
content does not reduce the peripheral organ injury in the lung. Therefore, future studies

need to investigate methods to prevent the escape of the luminal contents past the
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epithelial barrier and alternative options to reduce lung injury following hemorrhagic

shock.

Chapters 5, 6 and 7, in full, are currently being prepared for submission for
publication entitled “Strategies to minimize organ injury by proteolytic enzymes in
hemorrhagic shock” by Angelina E. Altshuler, Michael Richter, Jason Chou, Diana Li,
Leena Kurre, Alexander H. Penn, and Geert W. Schmid-Schonbein. The dissertation

author is the primary author of this manuscript.
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Chapter 6

Intervening with Intestinal Wall

Breakdown during Hemorrhagic Shock

6.1 INTRODUCTION

The intestinal barrier is disrupted during ischemia, allowing luminal contents to
leak into the wall of the intestine and penetrate into the periphery through the peritoneal
space, circulation, or lymphatics [1,2]. The transport of luminal contents can be pro-
inflammatory after hemorrhagic shock if they cross the mucosal barrier, causing a
cascade of events including neutrophil accumulation and epithelial protein degradation
[3-5].

The ideal solution to prevent luminal content from entering the wall of the
intestine is to eliminate it completely from the lumen; however, this is difficult to
accomplish in clinical situations. A more realistic approach is to prevent luminal
contents from entering the wall of the intestine in the first place, which could even be
achieved without blocking the digestive enzymes, as long as the mucosal barrier is intact.

The intestinal barrier may be compromised by two major mechanisms. First, epithelial
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shedding and apoptosis are accelerated during ischemia and can be prevented by enteral
glucose treatment [6-11]. Second, the villi can be proteolytically degraded which can be
ameliorated with tranexamic acid [5,12,13]. The majority of these studies using either
enteral glucose or tranexamic acid administration only studied the outcome of the
intestine and not the consequences of peripheral organ injury.

In Chapter 3, we found that even if we preserve the barrier with ANGD+glucose,
there is still a rise in protease activity after hemorrhagic shock. One of the key
observations from these studies is that MMP-9 activity increases after HS and could be
responsible for the degradation of endothelial cell components that were discussed in
Chapter 5. Inhibition of these enzymes reduces vascular injury in ischemia reperfusion
models [14-18], but there has been little application to the model of hemorrhagic shock
where the ischemia is global. If MMPs are inhibited, the peripheral injury may be

reduced.

6.2 CHAPTER AIMS

In this chapter, | will test three different interventions to determine the underlying
cause of peripheral organ injury. First, I will block MMPs by injecting doxycycline into
the plasma and peritoneal space. Second, | will minimize gut barrier breakdown by
enteral tranexamic acid treatment. Lastly, I will determine the effects glucose has on gut
barrier breakdown and peripheral organ injury. From these studies, we will pinpoint

which aspects of gut degradation (metabolic or proteolytic) are critical in protease



transport, peripheral protease activation, neutrophil accumulation, and protein

degradation in peripheral organs.
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Figure 6.1 Working hypotheses. (A) Doxycycline prevents MMPs from degrading
protein structures in the peripheral organs. (B) Tranexamic acid curtails protease
digestion of the intestine hindering the generation of toxic gut-derived mediators. (C)
Glucose prevents epithelial shedding and preserves the epithelial barrier so that

inflammatory mediators do not exit the lumen of the intestine.
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6.3 METHODS

6.3.1 ANIMALS

The animal protocol was reviewed and approved by the University of California,
San Diego Institutional Animal Care and Use Committee. Male Sprague Dawley (body
weight between 335+64 g [mean=SD], range; 230-448 g Harlan, Indianapolis, IN) were
allowed food and water ad libitum prior to surgery. Rats were administered general
anesthesia (xylazine, 4 mg/kg; ketamine 75 mg/kg IM) and euthanized by infusion of B-
Euthanasia IV (120 mg/kg). Following general anesthesia, the animals were placed in the
supine position before the femoral artery and vein were cannulated. Systolic, diastolic,
heart rate, and mean arterial pressure (MAP) were recorded using LabChart (AD

Instruments, Dunedin, New Zealand).

6.3.1.1 HEMORRHAGIC SHOCK PROCEDURE

Rats were randomly divided into the following groups: No-HS, Sham, HS+SAL,
HS+DOX, HS+TA, or HS+GLUC (Table 6.1). No-HS animals were cannulated and
immediately sacrificed for tissue collection.

In the other groups, rats were subjected to laparotomy and the intestine was
exposed and a “Before HS” image was captured. Using a 5 ml syringe (Becton
Dickinson), intraluminal treatments (Table 6.1) were warmed to 37 °C in a water bath

before injecting each treatment in two to three sites along the length of the intestine from
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the jejunum to the ileum (10.9 £1.7 ml; mean=SD). The intestine was never over-
inflated. After injection, the intestine was carefully returned to the peritoneal cavity and
the wound was covered with moist gauze and a piece of plastic wrap to keep the animal

warm.

Table 6.1 Animal groups for single treatments.

Intraluminal v IP
No-HS N/A N/A N/A
Sham Saline Saline Saline
HS+SAL Saline Saline Saline
HS+DOX Saline Doxycycline Doxycycline
(5 mg/kg body weight) | (10 mg/kg body weight)

HS+TA Tranexamic Acid Saline Saline

(200 mM in saline)
HS+GLUC Glucose Saline Saline

(100 mg/ml in saline)

Doxycycline was prepared fresh for each animal as a stock solution (10 mg/ml)
for both IP and 1V injections following administration into the intestinal lumen. The total
doxycycline or vehicle (saline) administration ranged between 0.35-0.70 ml and did not
alter the starting pressure or final results. Sham animals were administered control
treatments and monitored for a total of 5 hours (Table 6.1).

After treatments were administered, the animals were heparinized to minimize
clotting inside catheters and the shed blood (1 U/ml IV assuming 6% blood volume per
body weight) before onset of hemorrhage. MAP was reduced to 30 mmHg by drawing
blood through the venous catheter (0.4 ml/min). The initial blood withdrawn (1 ml) was
collected, centrifuged (1000 g, 5 min), and frozen at -80° C. The pressure was monitored
and adjusted by withdrawal/return of blood over the 90-minute ischemia period. At the

end of ischemia, the shed blood was returned to the animal plus 1 ml of saline (to replace
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the collected blood). The animal remained anesthetized and was observed for 3 hours.

Gross morphology images of the intestine were taken before and after shock.

At the end of the reperfusion period, post-hemorrhagic shock blood was collected

through the arterial catheter and processed. Pieces of lung, liver, and intestine (jejunum;

10 cm from ligament of Treitz) were and embedded in O.C.T. (Tissue Tek) and snap

frozen or frozen for homogenization.

6.3.1.2 BRONCHOALVEOLAR LAVAGE FLUID

BALF collection was carried as described in Section 5.3.1.2.

6.3.2 TISSUE HOMOGENIZATION

Tissues were homogenized as described in Section 5.3.3.

6.3.3 INTESTINAL HEMORRHAGE

Intestinal jejunum segments were processed as described in Section 5.3.3.
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6.3.4 ENzZYME AND PROTEASE ACTIVITY MEASUREMENTS

6.3.4.1 MYELOPEROXIDASE (MPQO) ACTIVITY ASSAY

MPO activity was measured as described in Section 5.3.4.2.

6.3.4.2 MMP-1/9 ACTIVITY

To confirm the efficacy of doxycycline treatment, specific MMP 1/9 substrate
was used to determine MMP-1/9 activity in pre- and post-HS plasma. In a 96 well plate,
1 pl of plasma was diluted in 9 pl MMP-1/9 digestion buffer (100 mmol NaCl, 23 mmol
Tris HCI, 2.4 mmol CaClz, 5 pM ZnCly, 0.01% Brj 35, pH 7.6), 9 ul digestion buffer
containing 1mM PMSF, or 1 mM PMSF and 0.05 mM EDTA to inhibit all MMP-1/9
activity. To these dilutions, 90 ul of 10 uM MMP-1/9 substrate was read every 5 minutes
for 1 hour at 37°C. The results are presented as the change between the PMSF treated

plasma and the PMSF plus EDTA rates of digestion of the fluorescent substrate.

6.3.4.3 GELATIN GEL ZYMOGRAPHY

Lung and liver tissues were homogenized in PBS (pH 6.0) containing 0.5%

HTAB (see Section 5.3.2). Protein concentration was determined using the BCA kit

(ThermoScientific) before mixing each sample in a 1:1 ratio with loading dye (containing
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SDS, but no reducing agent). 20 pg protein/lane of lung or liver homogenates were
loaded. 0.5 pl of plasma was mixed with 2 pl loading dye and loaded into each lane.

Samples were separated by gel electrophoresis in 11% SDS-Page gelatin
impregnated gels. Upon separation, gel proteins were renatured in 2.5% Triton-X 100 in
water (4x, 15 min) before incubation at 37 °C overnight in developing buffer (0.05 M Tris
base, 0.2 M NaCl, 4 pM ZnCl,, 5 mM CaClz-2H20). Gels were then fixed and stained
(50% methanol, 10% acetic acid, 40% water, and 0.25% Coomassie blue solution) for
three hours. Gels were destained in water to achieve appropriate contrast before

photographing and analyzing in ImageJ (http://rsb.info.nih.gov/ij/).

6.3.5 IMMUNOBLOTTING

Immunoblotting was performed as described in Section 5.3.6.

6.3.6 HISTOLOGY

Tissue histology was completed as described in Section 5.3.6.1 for mucin 2 and

mucin 13 immunohistochemistry. TUNEL labeling was completed as described in

Section 2.3.3.
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6.3.7 STATISTICAL ANALYSIS

Results are presented as either meanzstandard deviation (SD). Paired t-tests were
completed for comparisons between groups for MAP during the reperfusion period and
between pre- and post-shock plasma samples. Mann-Whitney tests were used for non-
normally distributed means. ANOVA followed by Tukey post-hoc was used for
comparisons of three or more normally distributed parametric variables. Statistical

analysis was performed in OriginLabs (Northampton, MA).

6.4 RESULTS

6.4.1 HEMATOLOGICAL PARAMETERS

To reach 30 mmHg, less blood was removed in the HS+TA and HS+GLUC
groups (Figure 6.2). The average percent blood removed for all animals was 37.4+£11.9%
[mean+SD]. However, the maximum percent of the total blood removed during the 30
mmHg ischemic period for all HS animals was 54.2+8.3% [mean+SD]. The MAP
pressure of HS+SAL animals was higher compared to untreated animals (HS-NF) (Figure
6.3). MAP of HS+SAL, HS+DOX and HS+GLUC animals began to decrease compared
to the MAP at the start of reperfusion, but HS+TA animals remained unchanged
throughout the reperfusion period (Figure 6.4).

The heart rate increased in the second and third hour of reperfusion in the

HS+GLUC group and in the third hour of reperfusion in the HS+DOX group (Table 6.2).
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There were no differences in heart rates between the groups during any of the time points
among the HS groups (Table 6.2).

The pulse pressure of the HS+SAL group significantly decreased by the second
hour of reperfusion (Table 6.3). The pulse pressure significantly began to drop by the
third hour of reperfusion in all the HS groups compared to the first hour of reperfusion

(Table 6.3).
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Figure 6.2 Blood drawn during ischemia. Percent blood volume removed to reach
initial ischemia at 30 mmHg and total blood removed from the animal during ischemia.
N=7 rats/group. Bar graphs represent mean +SD.
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Figure 6.3 Mean arterial blood pressure history for HS+SAL and HS-NF animals.
HS+SAL pressure traces remained elevated compared to HS-NF animals (described in
Chapter 5) from initiation of reperfusion (105 min time point). *, p<0.0005 comparing
the MAP of HS+SAL to HS-NF by t-test. Data are presented mean+SD. N=7 rats/group

for HS+SAL and N=6 rats/group for HS-NF.
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Figure 6.4 Mean arterial blood pressure traces. Pressure traces throughout
observation of the animals during the duration of hemorrhagic shock. Pressures are
reported as mean+SD. i, *, *, p<0.05 by paired t-test compared to the 105 minute MAP
for HS+SAL, HS+DOX, and HS+GLUC respectively. N=7 rats/group for all groups
except for Sham where N=5 rats/group. Data are presented as meanzSD.



Table 6.2 Hemorrhagic shock heart rates.

Sham HS+SAL HS+DOX HS+TA | HS+GLUC
Start 207+53 232451 230+41 252+23 226+43
Blood Draw 242+39 15630 152+14 172417 165+39
Ischemia 234+30 158+43 177+41 181+28 174+29
Reperfusion 241+44 32674 350489 346+72 315490
Hour 1 240+41 304+73 301+76 324+65 297+84
Hour 2 239+43 353+88 351479 368+85 325+91*
Hour 3 243+49 306+68 365+101* 344+77 318+92*

Heart rates (beats/minute) are presented as mean+SD. *, p<0.025 by paired t-test
compared to the heart rate of Hour 1. N=7 rats/group for all groups except for Sham

where N=5 rats/group.

Table 6.3 Hemorrhagic shock pulse pressures.

Sham HS+SAL HS+DOX HS+TA HS+GLUC
Start 45.0+5.9 37.8+5.6 49.1+12.8 42.4+7.0 38.0+10.8
Blood Draw 46.0+8.6 30.7+4.4 35.0£7.6 29.3+3.7 24.8+6.9
Ischemia 50.245.3 26.1+4.9 28.7£5.2 25.4+4.3 25.9+3.8
Reperfusion 44.2+4.4 41.6%5.5 42.7£9.0 41.9+4.8 42.7+2.0
Hour 1 45.5+4.8 55.6+10.7 50.9+14.9 51.0+5.1 52.9+6.6
Hour 2 43.6+4.4 | 43.5+6.0** 44.9+11.9 43.8£7.6 44.0+4.1
Hour 3 441447 | 34.2+7.7%* | 33.2+44.5%* | 34.2+5.9*%* 32.9+6.8**

214

Pulse pressure (mmHg) is presented mean+SD. **, p<0.01 by paired t-test compared to

Hour 1 Pulse Pressure. N=7 rats/group for all groups except for Sham where N=5

rats/group.
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6.4.2 INTESTINAL DAMAGE

The rat intestines before hemorrhagic shock had a normal appearance without
lesions or distension of the intestine (Figure 6.5). Sham animals had no visible damage
to the intestine after 5 hours of observation (Figure 6.5). After shock in the HS+SAL and
HS+GLUC animals tissue hemorrhage appeared primarily in the jejunum, but was
attenuated with HS+DOX or HS+TA treatments (Figure 6.5). The sites where the
tweezers were used to secure the intestine before the injections were subject to formation
of small lesions.

There were no significant differences in the level of intestinal hemorrhage
between the groups as measured by 405 nm absorbance of hemoglobin that had
penetrated the intestinal wall (Figure 6.6). MPO activity of intestinal homogenates was
elevated in all shock cases, but was statistically significant only in the HS+DOX group
(Figure 6.7).

Cell death was prominent throughout the villi in the untreated HS+SAL case
(Figure 6.8). The cell death, as measured by TUNEL labeling, was reduced by treatment
in the HS+DOX, HS+TA, or HS+GLUC groups. Mucin 2 and mucin 13 density was
distributed along the villi (Figure 6.9A&B), yet there was no change in the mucin 13
isoform levels in any of the groups following HS (Figure 6.9C).

Epithelial proteins occludin and E-cadherin in the intestine were not significantly
reduced after HS (Figure 6.10). There was a significant elevation of the 135 kDa isoform

of E-cadherin in the HS+DOX animals (Figure 6.10).
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Figure 6.5 Macroscopic intestine images. Representative macroscopic images of the
intestine before and after shock. The majority of hemorrhage occurs in the jejunum
where the boxes are magnified. Scale corresponds to 1 cm.
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Figure 6.6 Hemoglobin absorbance in intestine homogenates. Absorbance of
intestinal homogenates at 405 nm as a measure for hemoglobin penetration into the
lumen of the intestine. N=7 rats/group except for the Sham group where N=5 rats/group.
Box and whisker plots show the minimum and maximum data values. The central line is
the median for the data and the lower and upper lines of the box correspond to the first
and third quartiles respectively.
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Figure 6.7 MPO activity in intestinal homogenates. MPO activity of intestinal
homogenates as a measure for leukocyte infiltration. N=7 rats/group except for the Sham
group where N=5 rats/group. *, p<0.05 by ANOVA followed by Tukey post-hoc
analysis compared to No-HS.
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Figure 6.8 Apoptosis in intestinal villi. HS+SAL exhibited apoptosis throughout the
villi and into the muscularis. Treatment with doxycycline, tranexamic acid, or glucose
reduced the prominent apoptosis. Brown arrows show positive staining for cell death

and arrows indicate regions without cell death, seen primarily in the crypts.
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Figure 6.9 Mucin distribution and protein levels. Epithelial bound mucin 13 (A) and

goblet cell derived mucin 2 (B) are present both before and after shock in the jejunum.

Arrows indicate a positive staining for mucin 13 and mucin 2 on the epithelium as stained
brown and counterstained nuclei in blue. (C) Immunoblot of epithelial mucin 13 shows

that the levels of the core protein (58 kDa) do not significantly change between before

and after HS, and there are mucin 13 fragments present in all cases both before and after

shock. N=4 rats/group. Data are normalized to B-actin intensity. Bar graph shows

meanzSD.
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Figure 6.10 Epithelial proteins in the intestine. There were no significant changes in
the tight junction protein occludin or the 155 kDa form of E-cadherin. HS+DOX treated
animals had elevated levels of the 135 kDa E-cadherin isoform. *, p<0.05 by comparison
of post-HS samples by ANOVA followed by Tukey post-hoc test. N=5 rats/group.
Values are normalized to B-actin intensity. Bar graphs show mean+SD.
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6.4.3 LUNG INJURY

The lung injury score as determined by gross morphology was significantly
elevated between No-HS and HS+SAL animals (Table 6.4). The lung injury score was
also elevated compared to the No-HS animals for HS+DOX and HS+TA (Table 6.4).
However, the HS+GLUC group had a significant reduction in lung injury score compared
to HS+SAL animals if one outlier was removed (Table 6.4). All HS groups had select

animals that did not have severe lung injury, as determined by a low injury score of <1.

Table 6.4 Lung injury score.

No-HS HS+SAL | HS+DOX | HS+TA | HS+GLUC
0.3+0.3 2.2+¥1.6* | 1.9+1.3* | 1.6+1.1* | 0.5£0.5%

*, p<0.05 compared to No-HS and §, p<0.05 compared to HS+SAL by ANOVA followed
by Tukey post-hoc correction, shown as mean+SD. There was one outlier from the
HS+GLUC group that was excluded from statistical analysis which had a score of 3.

Despite the lower lung injury of the HS+GLUC animals, all HS animals exhibited
a significant increase in MPO activity as a marker for neutrophil accumulation following
HS (Figure 6.11). The BALF protein concentrations were non-significantly elevated
after HS in all groups, though to a lesser extent with HS+GLUC treatment (Figure 6.12).
The MPO activity in the BALF was also elevated in the case of shock (Figure 6.13) and

was reflected by the increased red cell lysis in the BALF (Figure 6.14).
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Figure 6.11 MPO activity in lung homogenates. MPO activity increased after HS
regardless of the treatment. *, p<0.05 compared to No-HS. #, p<0.05 compared to Sham
by ANOVA followed by Tukey post hoc test. N=7 rats/group except for Sham where
N=5 rats/group.
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Figure 6.12 BALF protein concentration. BALF protein concentration increased non-
significantly after shock. N=7 rats/group except for Sham where N=5 rats/group.
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Figure 6.13 BALF MPO activity. MPO activity in the BALF increased with worsening
condition in the lung, but there was great variability in these measurements. N=7
rats/group except for Sham where N=5 rats/group.
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Figure 6.14 BALF hemoglobin absorbance. The hemorrhage into the BALF fluid was
non-significantly increased in the post-HS cases. N=7 rats/group.

6.4.4 PLASMA PROTEASE LEVELS AND ACTIVITIES IN PLASMA

The pancreatic proteases trypsin and chymotrypsin were detected at equal levels
between pre- and post-plasma samples and did not differ between treatments (Figure
6.15A). However, low molecular weight bands that appear around 20 kDa and disappear
with ANGD or TLCK renaturation appeared significantly elevated after HS in all
samples. These bands were significantly elevated with glucose treatment compared to
HS+SAL animals (Figure 6.15B).

Since the electrophoresis process used to separate proteins during gelatin gel
zymography removes protease inhibitors from their respective proteases, pre- and post-

plasma samples were tested using a specific substrate for MMP-1/9. MMP-1/9 activity
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was reduced by 85% in the HS+DOX animals compared to the HS+SAL animals. As
expected, the other groups did not show any change in MMP-1/9 activity since they were
not targeted at inhibiting MMPs.

Gelatin gel zymography, which separates non-covalently bound protease
inhibitors from their respective proteases, revealed that plasma levels of MMP-9 and the
neutrophil derived 125 kDa pro-MMP-9 isoform increased in all cases after HS (Figure
6.16A&B). There was a significant elevation in neutrophil pro-MMP-9 and MMP-9
activity in the HS+GLUC post-plasma samples compared to the HS+SAL post-plasma
(Figure 6.16B). Additionally, the protein levels of MMP-9 as detected by
immunoblotting were also elevated in all post-plasma samples regardless of treatment
(Figure 6.17A). Despite the rise of MMP-9, its native inhibitor TIMP-1 did not change

after HS (Figure 6.17B).
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Figure 6.15 Trypsin and chymotrypsin activity in plasma. (A) Trypsin and
chymotrypsin levels were unchanged from the pre-HS levels. N=5 rats/group. (B) Serine

protease bands were identified by gelatin gel zymography.

*, p<0.05 by Mann Whitney

test. **, p<0.05 by ANOVA followed by Tukey post-hoc test. N=4 rats/group. Bar

graphs show mean£SD.
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Figure 6.16 MMP activity in plasma. (A) MMP-9 activity and (B) The neutrophil pro-
MMP-9 activities are elevated in the plasma by gelatin gel zymography. *, p<0.05 by
paired t-test. **, p<0.05 by comparison of post-HS samples by ANOVA followed by
Tukey post-hoc test. N=5 rats/group. Bar graphs show mean +SD.
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Figure 6.17 MMP-9 and TIMP-1 levels in plasma. (A) MMP-9 levels are elevated in
the plasma by immunoblotting. Samples were reduced with B-mercaptoethanol so bands
may consist of both dimer and MMP-9 levels. (B) TIMP-1 levels do not change. *,
p<0.05 by paired t-test. N=5 rats/group. Bar graphs show meanzSD.
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6.4.5 PROTEASE LEVELS AND ACTIVITIES IN TISSUES

Low molecular weight bands corresponding to serine proteases were identified in
lung tissue homogenate and were significantly elevated after HS in all cases (Figure
6.18A). These serine protease bands were even detected in select BALF samples at low
levels (Figure 6.18B). Whole lung homogenates also had detectable trypsin levels
(Figure 6.18C). The lung tissue homogenates exhibited elevated MMP-9 activities and
levels after shock (Figure 6.19A). Since MMP-9 activity and levels consistently
increased in the lung during shock, we measured TIMP-1 levels and found they were
unchanged in the lung homogenate (Figure 6.19A). BALF also had elevated MMP
activity in the more damaged lungs (Figure 6.19B). Localization of MMP-9 was
observed primarily around blood vessels in cross sections of the lung tissue (Figure
6.19C).

The liver MMP-9 activities and levels were also elevated in all cases after HS
(Figure 6.20). The TIMP-1 levels also remained unchanged in the liver between No-HS
and after HS in all cases (Figure 6.20).

The intestine MMP-9 levels were non-significantly elevated after HS for all
treatment groups. The TIMP-1 levels were also non-significantly elevated in intestinal
homogenates after HS (Figure 6.21).

When equal amounts of protein were loaded into each well, MMP-9 levels of
lung, liver, and intestine all were low in the No-HS control animals (Figure 6.22). After

HS, MMP-9 levels increased the most in the lung relative to the liver or the intestine
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(Figure 6.22). Reflecting back to the MMP-9 levels from neutrophils as seen in Chapter

5, it is likely that the increase in lung MMP-9 levels is caused by neutrophil entrapment.
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Figure 6.18 Serine proteases in lung homogenate. (A) Serine protease activity bands
were elevated in all HS cases regardless of treatment. (B) These bands were also
detected in some of the “worst” case BALF samples in low levels, but only in the
HS+DOX and HS+TA cases and not HS+SAL or No-HS. (C) Trypsin levels in the lung
were detected after HS. *, p<0.05 by comparison of post-HS samples by ANOVA

followed by Tukey post-hoc test. N=4 rats/group.

Bar graphs show mean£SD.
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Figure 6.19 MMP-9 and TIMP-1 levels in the lung. (A) MMP-9 activity and protein
levels increased in the HS+SAL, HS+TA, and HS+GLUC groups. (B) MMP activity was
also detected in the BALF of highly damaged lungs. (C) Localization of MMP-9 to the
vessels in the lung tissues. *, p<0.05 by comparison of post-HS samples by ANOVA
followed by Tukey post-hoc test. N=5 rats/group. Immunoblot data are normalized to -
actin intensity. Bar graphs show meanSD.
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Figure 6.20 MMP-9 and TIMP-1 levels in the liver. MMP-9 activity and levels
increased in the HS+SAL, HS+DOX, HS+TA, and HS+GLUC groups. *, p<0.05 by
comparison of post-HS samples by ANOVA followed by Tukey post-hoc test. N=5

rats/group. Immunoblot data are normalized to B-actin intensity. Bar graphs show
meanxSD.
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Figure 6.21 Intestine MMP-9 and TIMP-1 levels. The MMP-9 and TIMP-1 levels in
intestinal homogenate were not statistically significant. *, p<0.05 by comparison of post-
HS samples by ANOVA followed by Tukey post-hoc test. N=5 rats/group. Data are
normalized to B-actin intensity. Bar graphs show mean+SD.
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Figure 6.22 Comparative levels of MMP-9 in tissues. Equal loading of 20 pg
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6.4.6 JUNCTIONAL PROTEIN DEGRADATION IN PERIPHERAL ORGANS

Occludin, the tight junction protein, label density did not change between the
experimental groups (Figure 6.23A). Both VE-cadherin and the 155 kDa form of E-
cadherin were reduced in the HS+SAL animals compared to the No-HS animals (Figure
6.23B). VE-Cadherin was also reduced in the HS+DOX and HS+TA cases, but not in the
HS+GLUC group (Figure 6.23B). There was no change in the 135 kDa E-cadherin levels
between the groups (Figure 6.23B).

In order to compare if cadherin degradation is a tissue specific event, we
measured the VE-cadherin levels in the liver which were unchanged between the

different groups (Figure 6.24).
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Figure 6.23 Lung junctional proteins. (A) The tight junction protein was not changed

after HS regardless of the type of intervention. (B) VE-cadherin was significantly

reduced for HS+SAL, HS+DOX, and HS+TA treatments, but E-cadherin levels were not
statistically different. Measurements are expressed as relative units (RU) protein levels

normalized to No-HS controls. *, p<0.05 by comparison of post-HS samples by
ANOVA followed by Tukey post-hoc test. N=6 rats/group for No-HS and HS+SAL.

N=7 rats/group for HS+DOX, HS+TA, and HS+GLUC. Data are normalized to -actin

intensity. Bar graphs show mean+SD.
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Figure 6.24 Liver VE-cadherin levels. The levels of VE-cadherin in the liver were
unchanged after HS. Data are normalized to -actin intensity. Bar graphs show
meanxSD.
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6.4.7 VEGFR-2 DEGRADATION IN PERIPHERAL ORGANS

The mature form of VEGFR-2 (230 kDa) in the lung were diminished after HS in
the HS+SAL, HS+DOX, and HS+GLUC groups, but preserved in the HS+TA animals
(Figure 6.25A). The immature glycosylated form were also decreased after HS in the
HS+SAL, HS+DOX, and HS+GLUC groups (Figure 6.25A). The VEGF levels in the
lung tissue remained constant regardless of treatment (Figure 6.25A). VEGFR-2 levels
were significantly decreased in the liver for all HS groups regardless of treatment, and the
VEGF levels were unchanged between the groups (Figure 6.25B). VEGF levels in the
plasma were elevated in every post-HS sample (Figure 6.25C).

Although VEGFR-2 levels decreased in the majority of the post-HS samples, the
lung damage did not correlate with the preservation of VEGFR-2 after HS (Figure 6.26).
There were cases in which the HS+SAL would have a low lung injury score <1 and very

low levels of VEGFR-2.
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Figure 6.25 VEGFR-2 and VEGF levels in lung, liver, and plasma. (A) VEGFR-2
levels in the lung is significantly lowered after HS+SAL and recovered with HS+TA
treatment. There was no change in the 38 kDa levels of VEGF. (B) VEGFR-2 levels in
the liver were decreased after HS in all cases and there was no change in VEGF levels.
(C) VEGF increased in the plasma in all groups. *, p<0.05 compared to No-HS and **,
p<0.05 compared to HS+SAL by ANOVA followed by Tukey post-hoc. §, p<0.05 by
paired t-test between pre and post samples. N=5 rats/group. Bar graphs show mean+SD.
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Figure 6.26 VEGFR-2 levels and lung damage. VEGFR-2 protein levels and lung
damage do not correlate. HS+SAL to the left indicates an example of a low lung injury

score and degradation of VEGFR-2 receptor.
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6.5 DISCUSSION

6.5.1 SUMMARY

Even the animals given saline to the lumen of the intestine before the onset of HS
improved blood pressure compared to no intervention against HS (HS-NF animals).
Metabolic support by glucose reduced bleeding into the BALF, BALF protein levels, and
MPO activity in the BALF, but did not reduce the MPO activity in whole lung
homogenate or prevent lesion formation in the jejunum of the intestine. While the
intestinal gross morphology was improved by HS+TA and HS+DOX interventions,
serine protease bands formed in the lung homogenate and plasma samples after all
interventions. Pancreatic trypsin was detected after shock in lung samples regardless of
the intestine’s condition. While global protease inhibition with doxycycline reduced the
plasma MMP activity and MMP-9 levels in the lung, it was unable to prevent protein
degradation in the lung. Tranexamic acid treatment effectively prevented VEGFR-2
degradation in the lung. All groups had elevated levels of circulating VEGF after HS. In
summary, single interventions were able to stabilize the blood pressure, protect the
intestine, and reduce some protein degradation; however, peripheral organ inflammation

was not attenuated at the termination of the experiment.
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6.5.2 RESUSCITATION BY ENTERAL TREATMENT REDUCES ORGAN INJURY FOLLOWING

HS

Oral resuscitation following shock has been demonstrated to be an effective
method to improve the outcome of shock victims [19]. Even injection of saline improves
the outcome following HS by providing an additional fluid source that may contain
oxygen for epithelial cells [9]. When comparing the blood pressure of HS-NF animals to
HS+SAL animals, the addition of an average of 10.9 ml of saline to the intestine before
HS was sufficient to increase the pressure during the 3 hour reperfusion period (Figure
6.3). There were some improvements with saline treatment alone in other parameters
aside from pressure. Lung damage as measured by gross morphology, BALF protein
concentration, and BALF MPO activity was not as severe compared with the animals in
the HS-NF group from Chapter 5. The elevation of blood pressure could initially help the
animal, but at later hours of reperfusion the animal may enter the same state as the HS-

NF animals and with time, proteins in the lung such as occludin may degrade.

6.5.3 INTESTINAL DAMAGE 1S REDUCED BUT NOT ELIMINATED WITH TA OR

DOXYCYCLINE TREATMENTS

Unlike the experiments in Chapter 5 in which the luminal contents were removed,
the native luminal contents remained in the intestine at the start of these experiments to
test whether we could prevent the contents from crossing the barrier. While the gross

morphology of the intestine was improved with either doxycycline or tranexamic acid
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treatment, there was still neutrophil accumulation and some hemorrhage into the lumen.
These lesions primarily occurred in the jejunum regions (Figure 6.5). The neutrophils
could be attracted to the luminal contents in the intestine and cause their accumulation.
The hemorrhage in the jejunum was the worst with glucose, possibility suggesting
glucose solution alone could be pro-inflammatory. The concentration of glucose we used
was double the concentration used in previous models, and further experimentation needs

to be conducted to determine an optimal glucose concentration [7,13].

6.5.4 RELATIONSHIP BETWEEN INTESTINAL DAMAGE AND LUNG DAMAGE

The only HS group that showed a significant reduction in lung injury was the
HS+GLUC group compared with the HS+SAL (Table 6.4). Even though the lungs
lacked the characteristic microhemorrhages seen in the other HS groups, the MPO
activity of lung homogenates remained elevated (Figure 6.11) in the HS+GLUC group.
This infers that the ANGD portion of the ANGD+glucose treatment given to the animals
in Chapter 3 (Figure 3.2) was responsible for reducing the neutrophil infiltration in the
lungs following HS. ANGD and neutrophil elastase inhibitors have been shown to
reduce neutrophil infiltration into the organs [20-23]. This evidence suggests that
inhibiting serine proteases in the periphery may be a requirement to prevent neutrophil
extravasation.

However, in every HS+GLUC animal, there were severe lesions in the jejunum
(Figure 6.5), even though the MPO activity in the intestinal homogenates (Figure 6.7) and

MMP-9 levels (Figure 6.21) were non-significantly elevated. The blood flow to the
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jejunum has been observed to increase in the presence of glucose followed by
ischemia/reperfusion injury [24]. These observations suggest that neutrophils potentially
accumulate to a greater degree in the intestine where there is increased perfusion. During
the low flow state, neutrophils accumulate in the microcirculation [25,26], and the
presence of luminal content may attract neutrophils to the intestine to a greater degree.
The animals that received glucose had elevated MMP-9 activity in the plasma (Figure
6.16) which suggests that the pharmacological concentration of glucose that was
administered to the intestine before HS may be causing more cells (neutrophils,

endothelial cells) to secrete MMP-9.

6.5.5 INTESTINAL CELL DEATH

While the villi were not destroyed in this model of hemorrhagic shock, there was
extensive cell death even into the crypts of the intestinal villi as seen in cross sections of
the jejunum (Figure 6.8). The inability for the crypts to regenerate new epithelial cells is
associated with a poor outcome after shock [8,27]. Like the previous findings in the HS-
F and HS-NF animals from Chapter 5, mucin 13 bound to epithelial cells was unchanged
which indicates that even though cells in the villi become TUNEL-positive, the mucus
layer is still intact (Figure 6.9).

In Chapter 2, we observed that the intestine was preserved with glucose in a
model of complete intestinal ischemia. Since hemorrhagic shock is less severe, any of
the interventions tested reduced the apoptosis in the crypt region of the villi (Figure 6.8)

and could be beneficial in improving the survival of the animal.
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6.5.6 EPITHELIAL PROTEIN DEGRADATION

In these animals, there were no changes in the occludin or E-cadherin levels
(Figure 6.10). Unlike the results in the previous chapter where the HS-NF animals
showed complete destruction of E-cadherin in the presence of luminal content, the lack of
E-cadherin destruction suggests that there was insufficient protease concentration in these
samples reflecting the HS-F cases. Alternatively, the fluid injections into the lumen of
the intestine may be diluting the proteases so that their concentration becomes

insufficient to destroy E-cadherin [28].

6.5.7 DOXYCYCLINE DID NOT PREVENT PROTEIN DEGRADATION

While pre-treating the rats before HS with doxycycline did reduce the plasma
protease activities, it moderately improved the intestinal gross morphology appearance
and reduced lung microhemorrhages (Figure 6.5 and Table 6.4). However, there was a
lack of protection in protein degradation of VE-cadherin in the lung. In previous reports
that used doxycycline as an MMP inhibitor at comparable concentrations, they
documented improvement in vascular injury in organs such as the brain, lung, and kidney
[29-32]. The lack of protection we see in the lung after doxycycline intervention
suggests that in hemorrhagic shock, lung injury may be occurring by multiple
mechanisms. Alternatively, the ischemic conditions could be causing the pericytes or
other proteases beneath the surface of the endothelial cells to degrade the junctional

endothelial proteins from the basal side of the vessel [33]. Since MMPs secreted beneath
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the surface of the endothelial cells would not interface with the doxycycline after 1V
administration, the inhibitory efforts may potentially not target the exact MMPs that
cause degradation of the wall structure.

As seen in all HS groups, there was a significant increase in MPO activity in the
lung homogenates (Figure 6.11) which indicates neutrophil and monocyte accumulation
in the tissue. These cells do not only secrete MMP-9 to excavate past the endothelial
layer, but they may also secrete elastase, which was not blocked with any of our
interventions. Therefore, the neutrophils may in part be contributing to the damage of
cadherins [34]. Alternatively, the secretion of MMPs may be directed at the immediate
adhesion area beneath the adhered neutrophil, and there would not be enough time for the
doxycycline to inhibit the newly secreted MMPs. Hemorrhage from the lung
microvessels likely does not require complete destruction of the entire vessel, but rather
small holes are sufficient to allow red cells and plasma to escape into the alveolar space.
MMP-9 localization occurs primarily in the immediate vicinity of the blood vessels

(Figure 6.19C).

6.5.8 TRANSPORT OF PANCREATIC PROTEASES INTO THE PERIPHERY

Since the lung is often associated with gut damage, mediators coming from the
gut could also be transported through the mesenteric lymph fluid (Figure 3.8). Even
before HS, trypsin and chymotrypsin were present in the plasma (Figure 6.15A).
However, the activity of serine proteases increased after HS in the plasma (Figure 6.15B),

the lung (Figure 6.18A), and even the BALF (Figure 6.18B). Since these intestines had
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native luminal contents inside their lumen, the proteases could be derived from either the
intestine’s lumen or the pancreas and then accumulate in the lung, which is the first
microvascular bed they encounter during venous return. Glucose treatment which best
preserved the epithelial barrier in the current experimental groups had the greatest
increase in plasma protease activity (Figure 6.15B), suggesting that glucose is
encouraging the transport of serine proteases into the circulation by preserving the

intestinal microvascular and lymphatic network.

6.5.9 PROTEASE ACTIVITY IN THE PERIPHERY DOES NOT CORRESPOND TO RECEPTOR

DAMAGE

Despite identifying a global increase in MMP-9 activity in every compartment
after HS, this did not affect VVE-cadherin degradation. In the liver, there was no change
in VE-cadherin (Figure 6.24) despite the rise in MMP-9 activity (Figure 6.20). In the
lung, there was an increase in MMP-9 and serine protease activity (Figure 6.18 and
Figure 6.19) in all groups but no degradation of E-cadherin and partial reduction of VE-
cadherin (Figure 6.23). Even though the MMPs are present, they may not be responsible
for cleavage of cadherins. Additionally, serine proteases entering into the BALF could
contribute in part to the generation of blood leakage into the alveolar space (Figure
6.19C). The tight junction protein occludin still may be protected from proteolytic
degradation in the lung and intestine at the time of tissue collection in the current
experiments (Figure 6.10 and Figure 6.23). Alternatively, occludin can be degraded if

the lung enters apoptosis [35] which may have occurred in the HS-F and HS-NF models,
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but not in the animals which received at least saline as an intervention against

hemorrhagic shock.

6.5.10 VEGFR-2 AND THE RELATIONSHIP BETWEEN MMP-9 AND CIRCULATING VEGF

After HS, there was a decrease in VEGFR-2 receptor density in both the liver and
lung in HS+SAL animals (Figure 6.25). However, the liver VEGFR-2 levels decreased
in all groups whereas the lung VEGFR-2 levels were preserved in the HS+TA group
(Figure 6.25) indicating the receptor degradation is tissue-specific at the three hour time
point after HS. Since the entire animal is ischemic for 90 minutes during the model,
tranexamic acid in the gut could be penetrating into the periphery and protecting the
surface levels of the VEGFR-2 receptor from degradation. Previously, intestinal
ischemia alone was not sufficient to reduce VEGFR-2 levels in the lung which suggests
that the global ischemia is necessary to decrease lung VEGFR-2 levels [36]. Since
hemorrhagic shock is associated with global ischemia, tranexamic acid may be inhibiting
proteases in the plasma such as plasmin, which may cause the VEGFR-2 damage.
Surprisingly, VEGFR-2 levels even decreased in lungs that had a low lung injury score in
HS+GLUC or HS+SAL animals (Figure 6.26) suggesting that lung injury and VEGFR-2
levels are potentially not correlated.

Although VEGF levels in the tissues were unchanged after HS, there was a
significant release of soluble VEGF into the circulation, especially in the HS+GLUC
group (Figure 6.25). The HS+GLUC group also had the greatest increase in MMP-9

release into the plasma (Figure 6.16). Since TIMP-1 levels remained unchanged in the
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circulation (Figure 6.16), the unchecked upregulation of MMP-9 may be responsible for
the degradation of the extracellular matrix and VEGF release from the tissue into the
circulation [37]. MMP-9 can also post-process VEGF to different isoforms [38]. While
the mechanisms in tissue repair are often associated with angiogenic responses to hypoxic
conditions, it may be possible that the release of VEGF after ischemia is an early
response to stimulate the endothelial cells to repair damaged vessels. However, since the
etiology of shock is very complex and VEGFR-2 may be cleaved or internalized upon
binding to the ligand VEGF, the cells may be unable to synthesize new VEGFR-2. The
lack of VEGFR-2 receptors and the increase in VEGF ligand may cause an imbalance in
the signaling cascade and future work should investigate both the signaling and
functional responses in endothelial cells following ischemia/reperfusion injury. In
support of tranexamic acid treatment, survival increases drastically after HS if animals
are given enteral tranexamic acid, and thus the preservation of VEGFR-2 could

contribute to the positive outcome documented from this treatment [13].

6.5.11 LIMITATIONS

The major weakness derived from single time point experiments is the fact that
kinetics of receptor degradation and restoration over longer periods of time following
shock are not well understood. Even though the intestines of the HS+SAL group were
damaged, extending the reperfusion observation to longer time points may be sufficient
to achieve similar degradation of lung proteins compared to the HS-NF animals. In the

current experiments, we chose to not flush the luminal contents, so the non-homogeneous
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distribution of food along the intestine may be explained by this innate characteristic of
the gut. Finally, we chose to pre-treat the animals, which may realistically be an option
only for patients anticipating intestinal ischemia during elective surgery. Therefore, more
thorough studies should investigate these parameters after some time elapses between the

initial insult and the treatment.

6.6 CONCLUSIONS

These studies demonstrate that even saline in the lumen of the intestinal can help
to maintain central blood pressure and reduce the severity of intestine and lung damage
after HS. Doxycycline administration reduces the MMP activity in the plasma and some
intestinal damage, but is relatively ineffective at preventing protein degradation in the
lung. Enteral tranexamic acid treatment also helps to preserve the gut and the VEGFR-2
receptor in the lung. Glucose protects tissue lesions to form in the lung, but not
neutrophil accumulation. Each of these treatments has select advantages. The next step
is to study combinations of these particular treatments and whether they may provide

enhanced protection of the gut and peripheral organs following hemorrhagic shock.

Chapters 5, 6 and 7, in full, are currently being prepared for submission for
publication entitled “Strategies to minimize organ injury by proteolytic enzymes in
hemorrhagic shock” by Angelina E. Altshuler, Michael Richter, Jason Chou, Diana Li,
Leena Kurre, Alex H. Penn, and Geert W. Schmid-Schonbein. The dissertation author is

the primary author of this manuscript.
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Chapter 7

Application of Combination Interventions
to Attenuate Intestinal Wall Breakdown

and Distant Organ Injury

7.1 INTRODUCTION

The system-wide multiple organ failure that occurs after hemorrhagic shock is not
limited to one mechanism caused by the gut, but may be caused by a multitude of factors
including reduction of nutrient supply, cell and tissue failure, barrier breakdown, release
of inflammatory mediators, cell activation, and activation of several enzyme systems [1-
7]. While some of these outcomes are connected, multiple strategies may be required to
reduce the extent of organ failure following hemorrhagic shock.

Aside from the luminal pancreatic enzymes, there appear to be two protease
systems involved in the degradation of the mucosal barrier of the intestine during the
pathogenesis of shock. In Chapter 2, we explored the benefits that tranexamic acid

provided to prevent gut barrier breakdown. Furthermore, we observed an even better

256
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protection of the gut if both tranexamic acid and glucose were given simultaneously. We
know that if the gut barrier is preserved, the escape of inflammatory mediators into the
circulation is reduced and neutrophil activation is attenuated [8-10].

However, proteases in the circulation can also contribute to the demise of tissue
and surface receptors as seen in Chapter 4-6. If we can reduce peripheral damage in
addition to hindering gut barrier breakdown, we may increase the protection of the animal

from injury after shock.

7.2 CHAPTER AIMS

In previous chapters, | studied how single treatments targeting three different
mechanisms can partially improve the outcome of specific parameters after hemorrhagic
shock. The aim of this chapter is to study peripheral organ injury following hemorrhagic
shock if the animal is pre-treated with two or three interventions simultaneously. | will
combine the following treatments: MMP inhibition in the circulation, tranexamic acid
protection in the gut and/or metabolic support with glucose in the gut. | hypothesize that
combining several interventions will more effectively preserve the gut barrier, reduce the
transport of inflammatory mediators, and improve receptor density in peripheral organs

(Figure 7.1).
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Figure 7.1 Hypothesis summary. If multiple interventions are simultaneously
administered to the animal before the onset of shock, the gut barrier will be better
preserved and receptor damage in the periphery is reduced.
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7.3 METHODS

The animal protocol was reviewed and approved by the University of California,
San Diego Institutional Animal Care and Use Committee. Male Sprague Dawley (body
weight between 322151 g [mean=SD], range; 233-385 g Harlan, Indianapolis, IN) were
allowed food and water ad libitum prior to surgery. Rats were administered general
anesthesia (xylazine, 4 mg/kg; ketamine 75 mg/kg IM) and euthanized by infusion of B-
Euthanasia IV (120 mg/kg). Following general anesthesia, the femoral artery and vein
were cannulated. Systolic, diastolic, heart rate, and mean arterial pressure (MAP) were

recorded using LabChart (AD Instruments, Dunedin, New Zealand).

7.3.1 ANIMALS

7.3.1.1 HEMORRHAGIC SHOCK PROCEDURE

In this chapter, we will combine the interventions previously described in Section

7.3.1.1. The treatments administered to the animals are described in Table 7.1.



Table 7.1 Multiple treatments for hemorrhagic shock.
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(200 mM in saline)

Intraluminal v IP
HS+DOX+TA Tranexamic Acid Doxycycline Doxycycline
(200 mMm) (5 mg/kg body (10 mg/kg body
weight) weight)
HS+DOX+GLUC Glucose Doxycycline Doxycycline
(100 mg/mlin saline) | (5 mg/kg body (10 mg/kg body
weight) weight)
HS+TA+GLUC Glucose Saline Saline
(100 mg/ml in saline)
Tranexamic Acid
(200 mM in saline)
HS+DOX+TA+GLUC Glucose Doxycycline Doxycycline
(100 mg/ml in saline) | (5 mg/kg body (10 mg/kg body
Tranexamic Acid weight) weight)

7.3.1.2 BRONCHOALVEOLAR LAVAGE FLUID

BALF collection was performed as described in Section 5.3.1.2.

7.3.2 TISSUE HOMOGENIZATION

Tissues were homogenized as described in Section 5.3.3.

7.3.3 INTESTINAL HEMORRHAGE

Intestinal jejunum segments were processed as described in Section 5.3.3.
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7.3.4 ENZYME AND PROTEASE ACTIVITY MEASUREMENTS

7.3.4.1 MYELOPEROXIDASE (MPQO) ACTIVITY ASSAY

MPO activity was performed as described in Section 5.3.4.1.

7.3.4.2 GELATIN GEL ZYMOGRAPHY

Gelatin gel zymography was performed as described in Section 6.3.4.3.

7.3.5 IMMUNOBLOTTING

Immunoblotting was performed as described in Section 5.3.6.

7.3.6 LUNG HISTOLOGY

Tissue histology was completed as described in Section 5.3.6.1.

7.3.7 STATISTICAL ANALYSIS

Results are presented as either meanzstandard deviation (SD). Paired t-tests were

completed for comparisons between groups for MAP during the reperfusion period and

between pre- and post-shock plasma samples. Mann-Whitney tests were used for non-
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normally distributed means. ANOVA followed by Tukey post-hoc was done for

comparisons of three or more. Statistical analysis was performed in OriginLabs software.

7.4 RESULTS

7.4.1 HEMATOLOGICAL PARAMETERS

Rats had comparable amounts of blood withdrawn in order to achieve a 30 mmHg
pressure and maintain it during ischemia (Figure 7.2). It should be noted that during the
ischemic period, the majority of rats did not decompensate as severely as untreated shock
(HS-F, HS-NF, or HS+SAL). The MAP of all the treated animals was greater than the
HS-NF animals during reperfusion (Figure 7.3). If the final reperfusion period for HS-
NF, HS+SAL, and HS+DOX+TA+GLUC are fit with linear curves, the HS-NF and
HS+SAL fit a linear trend with strong correlation, but the HS+DOX+TA+GLUC group
did not (Figure 7.4). The HS-NF and HS+SAL had negative slopes indicating the
decrease in pressure that would ultimately end in death.

The heart rates of the animals were not significantly different between the
different periods of reperfusion (Table 7.2). The pulse pressure of the rats began to drop
by the second hour of reperfusion in the HS+DOX+GLUC and HS+TA+GLUC groups

and was significantly decreased in all groups by the third hour (Table 7.3).
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Figure 7.3 Pressure traces with multiple treatments. Pressure traces plotted with HS-
NF and. *, p<0.05 compared to the MAP of HS-NF at each time point for (A)
HS+DOX+TA, (B) HS+DOX+GLUC, (C) HS+TA+GLUC, or (D)
HS+DOX+TA+GLUC. 8§, p<0.05 compared to the MAP at the 105 min time point
within each treated groups. N=6 rats/group for HS-NF and N=4 rats/group for all other

groups. Data are presented as mean+SD.
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Figure 7.4 Reperfusion period of HS-NF, HS+SAL and HS+DOX+TA+GLUC. The
last two hours of reperfusion were fit with a linear curve. The linear approximations
were for HS+DOX+TA+GLUC (y = -0.085x + 102.25; R2 = 0.3847), for HS+SAL (y = -
0.2803x + 142.19; R2 = 0.9332) and for HS-NF (y =-0.1294x + 86.472; R? = 0.9408).
N=6 rats/group for HS-NF, N=7 rats/group for HS+SAL, and N=4 rats/group for
HS+DOX+TA+GLUC.



Table 7.2 Hemorrhagic shock heart rates.
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HS+DOX+TA HS+DOX+GLUC HS+TA+GLUC | HS+DOX+TA+GLUC
Start 190+18 19549 217110 217421
Blood Draw | 142+8 153124 182+28 166+13
Ischemia 154+33 165+34 188+29 213124
Reperfusion | 250425 251422 24448 293124
Hour 1 258+32 240+£21 249118 289120
Hour 2 265141 262+27* 247£11* 297124
Hour 3 235+13 250+20* 238£7* 292428

Heart rates (beats/minute) are presented as mean+SD. *, p<0.025 by paired t-test
compared to the heart rate of Hour 1. N=4 rats/group.

Table 7.3 Hemorrhagic shock pulse pressures.

HS+DOX+TA | HS+DOX+GLUC | HS+TA+GLUC | HS+DOX+TA+GLUC

Start 42.8+4.1 43.9+4.2 43.2+4.0 4373 1

EL‘:\:\? 36.6+7.3 32.546.9 27.9+6.6 25.8+4.7

Ischemia | 32.3+6.8 35.6+1.0 34.7+4.6 20.8+6.8

Reperfusion | 46.0+2.8 50.9+2.5 52.9+3.1 54.5+17.2

Hour 1 53.3+2.7 62.7+1.8 59.1+4.4 60.1£14.7

Hour 2 47524 52.12.6 54.142.6* 57.1+19.4

Hour 3 40.5+3.3 41.0+6.1% 47,635 47.4+16.4%

Pulse pressure (mmHg) are presented as mean+SD. *, p<0.01 by paired t-test compared
to Hour 1 pulse pressure. N=4 rats/group.
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7.4.2 INTESTINAL DAMAGE

Before the onset of hemorrhagic shock, all intestines appeared healthy without
evidence of microhemorrhages or distention. After shock, especially with treatments
containing tranexamic acid, the intestine also appeared without symptoms after
hemorrhagic shock (Figure 7.5). If glucose and tranexamic acid were injected into the
lumen of the intestine, not all fluid was absorbed at the end of these current experiments,
unlike the animals treated with saline alone, where all the fluid was absorbed after HS.
At the end of the reperfusion period, peristaltic movements were observed in the majority
of cases. Although gross morphology improved after shock, the absorbance of the tissue
homogenate was not significantly elevated in all groups (Figure 7.6). The MPO activity
of intestinal homogenates resembled the No-HS group for HS+DOX+TA treated animals,
but remained unchanged among the other groups (Figure 7.7). MMP-9 levels in the
intestine were elevated after HS, though not significantly compared to No-HS (Figure
7.8).

Epithelial junctional proteins were compared against the HS-F or HS-NF animals
for the multi-treated groups and we found that for the case of E-cadherin, these proteins
resembled the HS-NF animals which were significantly reduced in the three isoforms
(Figure 7.9). The tight junction protein occludin did not change between groups (Figure

7.9).
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Figure 7.5 Gross morphology of intestines before and after HS. The gross
morphology of the intestine was improved the best when tranexamic acid was part of the
treatment. Blue boxes are zoomed in the lower left corner. Length bar equals 1 cm.
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Figure 7.6 Hemorrhage into the intestine. Light absorbance values in intestinal
homogenates at 405 nm due to hemoglobin accumulation. N=6 rats/group for No-HS.
N=4 rats/group for all other treatments. Data are presented as mean+SD.
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Figure 7.7 MPO activity in the intestine. MPO activity in intestinal homogenates
(containing luminal content). N=6 rats/group for No-HS and HS-NF and N=4 rats/group
for all other groups. Data are presented as mean+SD.
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Figure 7.8 MMP-9 protein levels in the intestine. MMP-9 levels in the intestinal wall
homogenates increased after HS regardless of treatment. N=4 rats/group. Bar graph
depicts meanxSD.
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Figure 7.9 Epithelial junctional protein levels. E-cadherin was decreased in the cases
that contained the native luminal contents for the 100, 135, and 155 kDa isoforms. *,
p<0.05 compared to No-HS and §, p<0.05 compared to HS-F by ANOVA followed by
Tukey post-hoc test. N=4 rats/group. Bar graphs indicate meanSD.
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7.4.3 PROTEASE ACTIVITY AND LEVELS IN PLASMA

In order to determine if the interventions had an effect on the transport of serine
proteases, we detected the protease activities by gelatin zymography. The low molecular
weight bands that were confirmed to be of serine protease origin were also seen in the
plasma after HS in all treatment groups (Figure 7.10).

The neutrophil derived pro-form of MMP-9 increased in the HS+TA+GLUC and
the HS+DOX+TA+GLUC groups (Figure 7.11A and B). Active MMP-9 was increased
after HS in all groups and there was no change in pro-MMP-9 levels (Figure 7.11A and
B). Immunoblotting the non-reduced protein samples confirmed the three protease

forms: MMP-9, pro-MMP-9 derived from neutrophils, and MMP-9 dimer (Figure 7.11C).
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Figure 7.10 Serine protease bands in plasma. Serine protease bands formed in plasma
only after HS regardless of treatment. N=4 rats/group. §, p<0.05 by Mann Whitney test.
Bar graphs are presented as mean+SD.
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Figure 7.11 MMP-9 activity in plasma. (A) Gelatin gel zymography showed neutrophil
derived pro-MMP-9 (150 kDa) and MMP-9 active enzymes were significantly elevated
(B) after HS. *, p<0.05 by paired t-test. **, p<0.05 by ANOVA followed by Tukey post
hoc. (C) Immunoblotting for MMP-9 without reducing samples showed three distinct
forms of MMP-9 in the plasma that appear as MMP-9 dimer (220 kDa), a neutrophil pro-
form of MMP-9 (125 kDa), and an active form of MMP-9. N=4 rats/group. Bar graphs
are presented as mean+SD.
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7.4.4. LUNG DAMAGE

Macroscopic bleeding in the lung occurred in nearly all cases regardless of
treatment (Figure 7.12), and there were no significant differences in the lung injury score
when blindly assessed (Table 7.4). The MPO activity of lung homogenates was elevated
compared to No-HS animals in all cases (Figure 7.13). The protein concentration in the
BALF was significantly elevated in the HS+TA+GLUC and HS+DOX+TA+GLUC
groups (Figure 7.14). MPO activity in the BALF was not significantly reduced in the
HS+TA+GLUC group, but elevated in all other groups (Figure 7.15). The absorbance of
hemoglobin in the BALF was significantly elevated in the HS+TA+GLUC and

HS+DOX+TA+GLUC animals (Figure 7.16).

Table 7.4 Lung injury score.

HS+DOX+GLUC | HS+DOX+TA | HS+TA+GLUC | HS+DOX+TA+GLUC
2.1+1.3 2.1+15 2314 2.6x1.0

Lung injury score ranging between 0 (lowest) and 5 (maximum). Data shown as
meanxSD.
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Figure 7.12 Lung gross morphology and histological sections. Severe lung damage in
the form of macroscopic lesions was observed in all groups (white star). Arrows indicate
swelling of the alveoli. Length bar equals 30 pm.
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Figure 7.13 MPO activity in lung homogenates. MPO activity of lung homogenates
was elevated in all cases after HS. *, p<0.05 by ANOVA followed by Tukey post-hoc.
N=4 rats/group. Bar graph is presented as mean£SD.
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Figure 7.14 Protein concentration in the BALF. The protein concentration of the
BALF was only significantly elevated in the HS+TA+GLUC and HS+DOX+TA+GLUC
groups. N=4 rats/group. *, p<0.05 by ANOVA followed by Tukey post-hoc. Bar graph
is presented as mean=SD.
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Figure 7.15 MPO activity in BALF. MPO activity in the BALF was unchanged
between the different treatment groups. N=4 rats/group. Bar graph shows mean+SD.
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Figure 7.16 BALF hemoglobin absorbance. The absorbance of hemoglobin was
significantly elevated in the BALF of HS+TA+GLUC and HS+DOX+TA+GLUC treated
animals. N=4 rats/group. *, p<0.05 by ANOVA followed by Tukey post-hoc. Bar graph
is presented as mean+SD.
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7.4.5 SERINE PROTEASE ACTIVITY IN THE LUNG

As previously documented, low molecular weight bands appeared with greater
intensity during gelatin gel zymography of lung homogenates after HS in all cases
(Figure 7.17A). Trypsin appeared in all lung homogenates as detected by
immunoblotting after HS (Figure 7.17B).

MMP-9 and MMP-9 dimer activity in the lung homogenates as detected by
gelatin gel zymography were not significantly increased (Figure 7.18A). However, the

protein levels of MMP-9 were elevated in the lung in all cases (Figure 7.18B).
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Figure 7.17 Lung serine protease levels. (A) Low molecular weight serine protease
bands appeared in the lung homogenate in all cases after HS. (B) Trypsin was detected
by immunoblotting and significantly elevated in all lung homogenates after HS. §,
p<0.01 by Mann Whitney test. *, p<0.05 by ANOVA followed by Tukey post-hoc test.
N=4 rats/group except No-HS where N=6 rats/group. Bar graphs are presented as
meanxSD.
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Figure 7.18 MMP levels in lung homogenate. (A) MMP-9 and MMP-9 dimer activity
were non-significantly elevated in all HS groups. (B) MMP-9 protein levels were
elevated in the lung homogenate. *, p<0.05 by ANOVA followed by Tukey post-hoc
test. N=4 rats/group except No-HS where N=6 rats/group. Bar graphs are presented as
meanxSD.
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7.4.6 LUNG ENDOTHELIAL PROTEIN DAMAGE

The tight junction protein occludin was significantly decreased in HS-NF lungs,
but not restored with the different treatments (Figure 7.19A). Like we saw in Chapter 4,
HS-NF animals had reduced VVE-cadherin and E-cadherin, but they were not significantly
reduced in the treated HS cases (Figure 7.19B).

The 230 kDa mature form of VEGFR-2 in the lung was significantly reduced in
the HS-NF and HS+DOX+TA+GLUC animals (Figure 7.20). The intermediate
glycosylated form was reduced in all cases after HS except for HS+TA+GLUC (Figure

7.20).
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Figure 7.19 Lung endothelial cell junctional protein levels. (A) The lung tight
junction protein occludin was significantly reduced in the HS-NF animals. (B) Both VE-
cadherin and E-cadherin were reduced in the HS-NF animals. *, p<0.05 by ANOVA
followed by Tukey post-hoc test. N=4 rats/group. Bar graphs are presented as
meanxSD.
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Figure 7.20 Lung VEGFR-2 protein levels. The 230 kDa band of VEGFR-2 in the
lung was significantly decreased in the HS-NF and HS+DOX+TA+GLUC groups
compared to the No-HS animals. The 200 kDa band was decreased compared to the No-
HS levels for all groups except HS+TA+GLUC. *, p<0.05 by ANOVA followed by
Tukey post-hoc test. N=4 rats/group. Bar graphs are presented as mean£SD.
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7.5 DISCUSSION

7.5.1 SUMMARY

The combination of multiple treatments targeted to reduce intestinal degradation
served to improve the gross morphology of the gut and provided the animals with
hemodynamic stability during the reperfusion period. However, no E-cadherin
preservation was achieved in the intestine. Neutrophils continued to accumulate in the
lung and intestine as determined by MPO activity. Serine proteases still formed after HS
in plasma and lung homogenate samples regardless of the treatments. Trypsin was
detected in lung homogenate after HS in all treated animals, and lung injury was not
attenuated by any of the interventions as measured by blind scoring. Despite the damage
observed in the lungs, the protein degradation in the lungs was not as severe for occludin,

VEGFR-2, VE-cadherin, and E-cadherin compared to untreated animals.

7.5.2 GUT PROTECTION BY COMBINATION TREATMENTS

Preservation of the gut by both internal and external methods may be the hallmark
of preventing entry into irreversible shock. While each intervention was strategically
targeted at a slightly different mechanism to preserve intestinal structure, the combination
did not reduce lung injury. All combination except HS+DOX+GLUC improved the

appearance of the gut and preserved the peristaltic motion at the end of the reperfusion
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period. Observing a functional intestine suggests that the gut was not irreversibly injured
during the ischemic period and able to return to normal.

The only group that had consistent hemorrhage was the HS+DOX+GLUC group
where microhemorrhages formed in the jejunum region in a pattern similar to the
HS+GLUC alone group (Figure 6.5). This suggests that the hemorrhages in the intestine
occur regardless of doxycycline treatment; indicating that MMP inhibition alone may not
prevent the hemorrhages. If we recall the intestine tissues in the HS-F animals, the
HS+DOX+TA resembled this group the best (Figure 5.4 and Figure 7.3). This indicates
that the TA provided protection similar to a flushed lumen, or alternatively, the digestive
enzymes were not able to destroy the underlying microvessels that cause
microhemorrhages. Using doxycycline and tranexamic acid to prevent intestinal wall
breakdown suggests that the barrier has to fail first before digestive enzymes can
transport across and contribute to intestinal injury. Even though the HS+DOX+TA
preserved the intestine, there still was neutrophil accumulation and increased MMP-9
levels in this group (Figure 7.6 and Figure 7.8).

Although the preservation of the gut was improved using HS+DOX+TA,
HS+TA+GLUC, or HS+DOX+TA+GLUC combinations, E-cadherin degradation
continued to occur in a pattern similar to the HS-NF animals (Figure 7.9). In both
experiments, the luminal contents were present which suggests that luminal digestive

enzymes are likely responsible for digesting epithelial-derived E-cadherin.
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7.5.3 TRANSPORT OF SERINE PROTEASES TO THE SYSTEMIC CIRCULATION

Despite the benefits of gut barrier protection, the transport of pancreatic serine
proteases from the gut into the plasma and lung still occurred (Figure 7.10 and Figure
7.17). These bands appeared more pronounced compared to the HS+SAL animals seen
in Chapter 3 and Chapter 6 (Figure 3.6 and Figure 6.15). In the treated animals with
ANGD, these bands also appeared with greater intensity (Figure 3.6). Even though we
protected the gut by four major interventions, the protease transport into the lung tissue
continued unless the luminal contents were removed (Figure 5.18B). Therefore, the
pancreatic proteases may have traveled through the mesenteric lymph (Figure 3.8) and
became entrapped in the lung during shock (Figure 3.9, Figure 5.19, Figure 6.18, and
Figure 7.16). Since we observed that the trypsin appearance in the lung was elevated in
non-flushed animals that received treatment, it is possible that the treatments prevented
destruction of lymphatic vessels so that lymph fluid continued during the reperfusion
phase transporting digestive enzymes. During shock, the lung accumulates proteins.
Since the pancreatic proteases appear in the circulation even before the onset of
hemorrhagic shock and the levels do not change (Figure 5.14A and Figure 6.15), the lack
of synthesis of pancreatic protease inhibitors may give rise to the observed increase in
activity. The fact that these serine proteases are even identified in BALF (Figure 6.19B)
suggests that they enter across the endothelial barrier with the plasma into the alveolar

space, and the proteases may even contribute to the breakdown of the lung.
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7.5.4 LUNG DAMAGE STILL OCCURS WITH MULTIPLE GUT TREATMENTS

The lung damage after HS occurred regardless of the interventions, and even to a
greater extent than single interventions alone, such as HS+GLUC (Table 6.4). When the
gut was protected, the neutrophils that normally might reside in the intestinal tissue
following ischemic injury may not have been attracted to the same degree and
accumulated elsewhere. This could cause a greater percentage of the neutrophil
population to reside in the lung and other organs. Even if the neutrophils accumulate in
organs such as the lung, they may not necessarily be activated and secrete MPO into the
BALF (Figure 6.13 and Figure 7.15).

Microhemorrhages occurred even when animals were treated with the multiple
combined interventions. This suggests that other factors may be contributing to their
activation, including release of cell-activating factors from the pancreas [9].
Additionally, the low flow state alone could be the major contributor for neutrophil
accumulation in the lung [11] and the secretion of proteases could be stimulated by an
alternative mechanism, potentially related to the intestinal barrier.

The interventions discussed in both this Chapter and Chapter 5 were not targeted
at blocking digestive enzymes, but rather tested methods to preserve the barrier by
preventing luminal contents from crossing into the intestinal wall tissue. Despite the
known efficacy of glucose and tranexamic acid in the gut, these treatments were unable
to prevent neutrophil accumulation to the same degree in organs distant from the gut as
the serine protease and lipase inhibitor ANGD. Both our group and others have observed

that ANGD was able to reduce peripheral organ inflammation (Figure 3.2) [10,12,13].
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ANGD in the gut can act in multiple ways. It can prevent digestive enzymes from
destroying the intestinal wall and generating bioactive molecules. Since ANGD can
block lipase, fewer free fatty acids would be generated in the gut and therefore decrease
their likelihood for pro-inflammatory signaling [2,14-16].

Finally, if ANGD escapes via the lymph or portal venous circulation into the
central circulation, it may inhibit neutrophil elastase. Neutrophil elastase has been
attributed to lung injury and can be prevented by inhibiting the elastase activity [17-20].
However, in pilot studies where we used sivelestat, an elastase inhibitor, in addition to
the three treatments that protected the intestine and stabilized the pressure, lung
microhemorrhages still formed. We further explored if aprotinin, another serine protease
inhibitor, could reduce the microhemorrhages in the lung and were also unsuccessful.
Our inability to attenuate the microhemorrhages may be due to this hemorrhagic shock
model being more extreme compared to previous models or the choice of ketamine as the
anesthetic. Since there are many insults to the lung in hemorrhagic shock, including toxic
lymph fluid, bacteria and their byproducts, free fatty acids, protease activation, and/or
neutrophil accumulation, overcoming all of the potential mediators is a challenge in
extreme hypotension [21]. Since ANGD could not be tested with glucose in this model
due to the parasympathetic effects combined with ketamine/xylazine (3/3 animals died
during ischemia) [22], we can only postulate based on Chapter 3 and previous work that

ANGD may prevent lung hemorrhage in this model [10,12,23].
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7.5.5 LUNG PROTEIN DEGRADATION IS ATTENUATED WITH GUT INTERVENTIONS

Despite the increase in traditional mediators like MPO activity, BALF protein
concentration, and MMP-9 activity being just as severe as the animals in the HS-F and
HS-NF cases, the degradation of key endothelial proteins was attenuated in the lung of
treated animals in both this Chapter and Chapter 5 (Figure 6.23, Figure 6.25, Figure 7.19,
and Figure 7.20). Even fluid resuscitation by enteral administration of saline improved
occludin breakdown in the lung (Figure 5.21, Figure 6.23). Proteins like lung VE-
cadherin and E-cadherin were improved more effectively with multiple inhibitor
treatments than with single inhibitors (Figure 6.23 and Figure 7.19).

Lastly, the functional receptor VEGFR-2 density in the lung decreased after HS
and was only restored in tranexamic acid treated intestines (Figure 6.25). The ability for
cells to restore functional receptors may be important in the repair process after ischemic
injury. In survival studies with tranexamic acid and ANGD+glucose, the animals that
lived were able to restore normal physiological functions such as eating [24]. Our
evidence suggests that proteolytic breakdown is a key process that is responsible in the
progression of irreversible shock. However, not all proteins may be of significant
importance, but if cells lack receptors necessary for survival, like VEGFR-2, then the

subsequent repair processes may be impaired.
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7.6 CONCLUSIONS

Although multiple interventions helped alleviate intestinal damage, entrapped
neutrophils still appeared to contribute to lung injury in HS. Although glucose and
tranexamic acid in combination were effective at preserving the gut barrier during
ischemia as seen in Chapter 2, transport of pancreatic enzymes from the gut into the
periphery and peripheral protease activation continued to occur. From these studies we
learn that even though we preserve the gut barrier, we cannot completely attenuate lung
inflammation without the presence of a serine protease and lipase inhibitor like ANGD.
Therefore, inhibition of serine proteases and lipases in the lumen may still provide
potential benefits, in addition to both glucose and tranexamic acid to prevent the initial

gut barrier injury.

Chapters 5, 6 and 7, in full, are currently being prepared for submission for
publication entitled “Strategies to minimize organ injury by proteolytic enzymes in
hemorrhagic shock” by Angelina E. Altshuler, Michael Richter, Jason Chou, Diana Li,
Leena Kurre, Alexander H. Penn, and Geert W. Schmid-Schonbein. The dissertation

author is the primary author of this manuscript.
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Chapter 8

Conclusions and Future Directions

In this thesis, | have investigated the role of degrading proteases both from the gut
and the peripheral tissues in the progression of shock and multiple organ failure. |
determined the contribution of proteases to intestinal breakdown, transport, and organ
injury. A common feature is that protease activities appear to be a unifying theme in the
degradation of tissues and pathophysiology of shock.

Our model for analyzing the intestinal barrier during severe ischemia in the
absence of luminal contents has brought to light inhomogeneous protease activities and
barrier properties between the ileum and jejunum regions. Future studies should continue
to study the regional differences in the intestine. We demonstrate that the intestinal
barrier is destroyed by two major mechanisms. First, the epithelial barrier is disrupted
during ischemia and can be preserved if glucose is present in the lumen of the intestine as
a metabolic source of energy for epithelial cells. A second barrier beneath the epithelium
can be degraded during ischemia by MMPs preexisting in the intestinal tissue. If the
epithelial layer is preserved, key proteins like mucin 13 and occludin are protected during
ischemia. Future work could explore exactly which extracellular matrix proteins are

degraded beneath the epithelial layer by MMPs during intestinal ischemia.
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In the clinically relevant case of hemorrhagic shock with ischemia/reperfusion
injury in the entire animal, we have identified major routes via the blood, peritoneal fluid,
and lymph fluid for the escape of digestive enzymes from the lumen of the intestine into
the periphery. In all cases after hemorrhagic shock, the activities of serine proteases
increase which can lead to activation of other proteases and degradation of surface
receptors. Serine proteases from the lumen of the intestine accumulate in the lung tissue
and enter into the BALF after hemorrhagic shock.

Since complete removal of luminal contents by flushing the intestine prior to
shock greatly reduces intestinal damage, but not lung damage, we focused our therapies
towards preserving the gut barrier especially in the presence of luminal contents.
Although tranexamic acid alone or in combination with other interventions prevented
intestinal damage to levels comparable to the protection seen after flushing luminal
contents, the lung still had neutrophil accumulation, yet there was reduced destruction of
receptors like VEGFR-2. However, the serine protease and lipase inhibitor ANDG was
effective at preventing neutrophil accumulation in peripheral organs, but not at preserving
lung junctional proteins such as VE-cadherin. We also identified peripheral MMPs as
potential candidates for lung damage and protein degradation. MMP inhibition in the
plasma only partially reduced organ damage, but did not prevent endothelial protein
degradation. These studies have uniquely identified that the progression of shock
involves multiple proteases that when blocked, improve the outcome of the animal. Also,
other extracellular proteins could be studied beyond the candidate junctional proteins and
receptors studied in this thesis. Not only have the mechanisms of organ injury been

clarified, clinical solutions can be advanced based on the outcomes of this work.
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For the future, several studies need to investigate the roles and function of these
interventions. First, VEGFR-2 levels in the lung and liver decrease while VEGF levels
increase in the plasma after HS. Since tranexamic acid was able to prevent breakdown of
this protein in the lung, it suggests that either a proteases is directly responsible for the
destruction of this receptor, or tranexamic acid is inhibiting other pathways that prevent
its degradation. VEGFR-2 regulates endothelial permeability and survival, functional
studies characterizing the signaling and binding capabilities should be investigated as this
may be important for the survival of animals after shock.

| identified neutrophils as a source of MMP-9 in the tissues and plasma. | also
pinpointed the intestine as the source for serine proteases that accumulate in the lung after
HS. In this thesis, we have developed support for two main classes of proteases to target:
pancreatic enzymes in the lumen and proteases in the tissues. Optimization of
concentrations, delivery routes, and types of interventions for inhibiting degrading
enzymes resulting in the most effective shock therapy are important future experiments.

The kinetics of tissue repair should also be investigated at later time points after
shock than investigated in these studies. One of the limitations of this model is that I
only reperfused the animal for three hours after ischemia. At later time points, cells may
or may not be able to synthesize new proteins. The repair process may be critical for
understanding the recovery of animals after hemorrhagic shock.

Finally, since proteases or their byproducts are important in the progression of
shock, there is a potential for development of clinical diagnostics to determine the
severity of shock in patients based on byproducts of proteases. Proteases may be

damaging organs and causing them to fail, which may not be immediately reflected by
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the status of the patient. Therefore, developing early markers applicable in patients could
be a critical step to determine a patient’s severity of shock. This approach could be
accomplished by either measuring protease activity, soluble receptors, or other protease
degradation byproducts. Since there are no clinical solutions or preventive approaches
for shock patients, methods to improve both detection and treatment options would

constitute significant advancements in the field of critical care.





