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Abstract

Although long recognized in microvascular research, an increasing body of evidence suggests that
inflammatory markers are present in human diseases. Since the inflammatory cascade serves as a
repair mechanism, the presence of inflammatory markers in patient groups has raised an important
question about the mechanisms that initiate the inflammatory cascade, i.e. the mechanisms that cause
tissue injury. Using a severe forms of inflammation, shock and multi-organ failure, for which there
is no accepted injury mechanism, we summarize studies which suggest that the powerful pancreatic
digestive enzymes play a central role in destruction of the intestine and other tissues if their
compartmentalization in the lumen of the intestine and in the pancreas is compromised. Furthermore,
we summarize evidence that uncontrolled degrading enzyme activity in plasma causes proteolytic
cleavage of the extracellular domain of membrane receptors and loss of associated cell functions.
For example, in a model of metabolic disease with Type |1 diabetes proteolytic cleavage of the insulin
receptor causes the inability of insulin to signal glucose transport across membranes. The evidence
suggests that uncontrolled proteolytic and lipolytic enzyme activity may trigger mechanism for tissue
injury. The significance of such mechanisms remain to be explored in human diseases.
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Introduction

With deep gratitude | accept the 2008 Landis Award by the Microcirculatory Society. | thank
President Cindy Meininger, the Members of the Awards Committee and the individuals who
proposed my name for the award. Professor Landis’ seminal contributions to microvascular
research have been guiding principles to our understanding and analysis of the microvascular
phenomena, and | am honored to have this association with him although | never met him in
person. My roots are firmly embedded in this Society having been introduced to the field of
microcirculation by Benjamin W. Zweifach, one of the founders and pioneer and for decades
one of the major proponents of the field.

Microcirculation and Inflammation

I learned the first time about the inflammatory cascade from the Benjamin W. Zweifach,
reading about the pioneers. For decades advancements in microvascular research and in the
understanding of inflammation went hand in hand and many of the main discoveries in the
inflammatory processes were made by studying directly the living microcirculation.
Introduction of microvascular techniques made it possible to document and measure the early
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elevation of endothelial permeability, cell degranulation, leukocyte and platelet adhesion to
the endothelium, diapedesis, red cell aggregation, thrombosis, endothelial apoptosis. These
were the basis for a modern description of the inflammatory process in form of cell signaling
studies, transmembrane transport, pro- and anti-inflammatory gene expression, and systems
biology descriptions.

The term “inflammation” was originally introduced to characterize symptoms of tissue injury
(e.g. redness, swelling, sensation). But today the term is used in a broader context with reference
to an entire cascade of events that starts with an infectious or non-infectious injury and
eventually terminates with healing of tissue, i.e. “resolution of the inflammation”.

Inflammation as Injury as well as Tissue Repair Mechanism

The inflammation cascade is the only known mechanism to repair an injured living tissue.
Depending on circumstances the repair results in a scar with reduced cell functions. In the
presence of stem cells the repair may reconstitute original tissue functions present before injury.
One can divide the inflammatory cascade into two general stages. The first stage serves to
remove injured cells and tissue, e.g. by apoptosis and/or infiltration of tissue neutrophils and
macrophages and phagocytosis. The second stage consists of new tissue growth facilitated by
release of growth factors, mitosis and angiogenesis, production of an extracellular matrix by
means of biosynthesis processes that are also part of embryonic development. Both stages of
inflammation are required to resolve tissue injury.

Decades of research, especially in the 1980t into the various steps of the inflammatory cascade
have brought to light that leukocyte adhesion and leukocyte cytotoxic activity, e.g. oxygen free
radical formation, are part of the inflammatory cascade, and may actually serve to injure
innocent bystander cells and organs, like obstruction of capillaries. This observation led to
explorations designed to attenuate the injury side of the inflammatory cascade. Several of these
ideas (e.g. oxygen free radical scavenging, leukocyte adhesion blockade) were tested in clinical
trials but emerged with only limited success as a protective measure in patients (43) even though
preclinical studies gave indications to the contrary (27,113,126). This disappointment was a
wakeup call in our thinking about inflammation and motivated us to approach the inflammatory
cascade in an alternative fashion.

Clinical Evidence for Markers of Inflammation in Human Disease

Clinical evidence for markers of inflammation in patient plasma and urine samples (e.g. in
form of leukocyte activation, oxygen free radical production, levels of C-reactive protein and
several others), have now been documented for more than a decade in a variety of chronic and
acute disease (97). The evidence is consistently supported.

In fact, today we are justified to ask whether there exists any disease in which markers of
inflammation may not be detected in clinical samples. The consistent presence of inflammatory
markers is in line with the microvascular evidence that had shown evidence for hallmarks of
inflammation in many models of diseases. Thus, if one recognizes that the inflammatory
cascade represents a tissue repair mechanism, then we need to ask an important question:
What mechanisms cause tissue injury that evokes a repair cascade? The answer to this question
is essential to develop new strategies for prevention of inflammation.

Normal cell function without inflammation depends on a multitude of factors, from the
microenvironment to the supply of nutrients and removal of metabolites in the
microcirculation. One can list a large number of mechanisms that cause tissue injury, e.g.
trauma, ischemia and reperfusion, depletion of metabolites, exposure to toxins, infections by
bacteria or fungi, viruses, hypoxia, exposure to prions. But there exists important medical
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conditions in which no clear link has been established with any of these particular tissue injury
mechanisms.

Inflammation in Shock

Nowhere is the lack of a mechanism that causes tissue injury more apparent than in the case
of physiological shock and multi-organ failure, one of the most important medical conditions
from a mortality point of view. A severe form of inflammation accompanies physiological
shock (70,82,123) irrespective how physiological shock is generated, e.g. by hypovolemia,
cardiogenic mechanisms, trauma, anesthesia, sepsis, tumors, radiation, blood flow
obstructions, anaphylaxis, or by ischemia in the intestinal circulation. Typical for early
inflammation, shock is accompanied by rapid onset of cellular dysfunctions, microvascular
perfusion deficiencies, elevated permeability, diathesis of red cells, mast cell degranulation,
attenuation of autoregulatory responses, capillary stasis, coagulation, thrombus and embolus
formation, tissue edema, leukocyte-endothelial interaction, oxygen free radical formation,
apoptosis, and eventual end organ failure (99).

Progress has been made in the description of these phenomena at the microvascular level
(45,61,98,118), but there is no consensus of how this tissue destruction occurs at the molecular
level. At issue are mechanisms in shock that lead to the rapid progression of perfusion failure
in organs that appear to be innocent bystanders and secondary victims to a primary insult.

Traditional Theories for Inflammation in Shock

Many interventions against shock have been explored, including endotoxin or cytokine
blockade, endotoxin binding protein receptor, blockade of leukocyte adhesion molecules,
complement depletion, oxygen free radical scavengers, nitric oxide modulators, and fluid
resuscitation to name just a few (32,34,47,49,68,76,94,104,123,125,127). None lead to
clinically effective interventions. The use of hypertonic resuscitation, designer crystalloids and
hemoglobin carrying solutions that preserve the fluid shear stress on the capillary endothelium
are more recent treatments under investigation (17,44,124). Current interventions are largely
targeted to reduce symptoms of shock/multi-organ failure and do not target the root cause or
intervene at the “beginning of the cascade”.

How is it possible that normal functioning organs even in young healthy individuals can
progress within hours into complete dysfunction during multi-organ failure? We have
embarked several years ago on an analysis to identify one of the most elusive targets in
cardiovascular research, the actual trigger mechanisms for multi-organ failure.

The Auto-digestion Hypothesis

Compelling experiments confirm a long held clinical impression that the intestine plays a
central role in shock (e.g. with actual removal of the intestine) (13). A unique feature of the
intestine is the presence of the digestive enzymes from the pancreas. Digestive enzymes are
discharged from the pancreas in the form of zymogens and are activated by enterokinases in
the duodenal segments of the upper ileum (41). The digestive enzymes in the ileum are fully
activated as part of normal digestion until they are degraded and/or auto-degrade as they pass
through the lumen of the ileum. Even though food protein, lipid and complex carbohydrates
are digested as part of normal nutrition, digestion of the intestinal tissue itself is prevented.
This protection against auto-digestion is provided to a large extent by the special barrier
characteristics of the villus structure and epithelial brush border. Two major mechanisms are
known to prevent transport of digestive enzymes into the wall of the intestine, (a) the barrier
formed by the epithelium and (b) mucus secretion from goblet cells that lead to a net outward
transport away from the brush border barrier.
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Under ischemic conditions, however, the usually tight epithelial barrier may be significantly
compromised with major morphological damage (Figure 1) and high molecular weight
molecules may penetrate the tight junction regions in the inter-epithelial gaps and enter into
the interstitial space of the intestinal wall (14,37,90,93,95,122). There may also be a lack of
mucin secretion from goblet cells reducing a potentially significant diffusion barrier for active
digestive enzymes. Instead, fully activated digestive enzymes enter into the submucosal space
and initiate self-digestion of an otherwise unprotected villus structure, a process that leads to
complete destruction of their tissue matrix (75). Digestive enzymes may be carried even into
deeper muscle tissue layers of the intestinal wall (92) (Figure 1); they can enter the portal
venous circulation, the intestinal lymphatics, and may escape across the serous coat into the
peritoneal fluid.

Thus failure of the mucosal barrier in the intestine is a process of special pathophysiological
significance. The fully activated and powerful digestive enzymes in the lumen of the intestine,
usually prevented from entry into the mucosal barrier, will rapidly enter into the wall of the
intestine under any conditions that compromises this important barrier. The barrier may open
due to reduced ATP production, e.g. due to reduced oxygen supply, since ATP is a requirement
for maintenance of the junctional complexes and epithelial barrier properties (12,39). But there
are several other pathways by which the intestinal barrier may also be compromised, the
presence of inflammatory mediators, e.g. derived from microbial colonies. We also found
inflammatory mediators in the lumen of the intestine generated from food items after exposure
to digestive enzymes, such as unbound free fatty acids (84). This observation has far-reaching
implications for understanding the sources of inflammatory mediators in the intestine.

Blockade of Pancreatic Digestive Enzymes in Shock

The fact that digestive enzymes can generate powerful inflammatory mediators and that they
themselves are cytotoxic if given access to the circulation, raises the question whether blockade
of the pancreatic digestive enzymes may serve to attenuate the inflammation in multi-organ
failure. There are few previous studies that used blockade of pancreatic digestive enzymes in
the lumen of the intestine as an experimental tool. We started to explore this approach in
different models of shock and multi-organ failure (summarized in recent Reviews (2,31)).

One approach along these lines proposed in the literature is acute pancreatectomy or occlusion
of the pancreatic duct (40,58,65). But this approach yielded so far no significant reduction in
shock symptoms (74) in part due to the fact that the digestive enzymes that are already present
in the lumen of the intestine were not blocked. As part of normal digestive activity, the
pancreatic enzymes in the lumen of the intestine are usually sufficient to cause autodigestion
of the intestinal wall without the need for further enzyme enrichment by discharge from the
pancreatic duct.

Instead, we started to explore the hypothesis that blockade of digestive enzymes in the lumen
of the intestine reduces the level of inflammation in shock and attenuates typical symptoms of
multi-organ failure. In a model with splanchnic artery occlusion, blockade of serine proteases
and lipases in the intestinal lumen, leads to a significant reduction of the inflammatory mediator
production and dramatically reduced the destruction of the mucosal barrier (Figure 2), a
hallmark of most models of shock (74,75), and the long term survival rate (23). These
observations were confirmed in an alternative model of shock with combined trauma and
hemorrhage (20).

One important consequence of the blockade of the digestive enzymes in the lumen of the
intestine was that markers for inflammation and tissue apoptosis in remote organs were
eliminated as well, i.e. there is a reduction of the organ failure in peripheral organs. For
example, the characteristic enhancement of leukocyte rolling and attachment on the
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endothelium in the cremaster muscle microcirculation and the tissue apoptosis is essentially
eliminated when the digestive enzymes in the lumen of the intestine are inhibited with a serine
protease inhibitor (29) (Figure 3). There was no need for intravenous anti-inflammatory
treatment to reduce the peripheral inflammation.

In contrast, if digestive enzyme blockers are administered only intravenously, without
simultaneous blockade in the lumen of the intestine, no significant reduction of the
inflammation is observed (20,74). The same is observed when elastase is blocked only in the
circulation (116). The evidence points to the important role of the digestive enzymes in the
intestine.

A reduction of the central inflammation may be observed even if the blockade of the digestive
enzymes in the intestine is carried out after ischemia and reperfusion (30). But such time-
delayed treatment is only expected to be effective as a therapeutic approach if the damage to
the intestine by the digestive enzymes is minimal and, in addition, the cellular damage in the
liver remains limited so that inflammatory mediators from the intestine passing through the
portal venous system are still absorbed in the liver. As increasing concentrations of digestive
enzymes infiltrate the wall of the intestine and generate inflammatory mediators any further
delay in the blockade of the digestive enzymes is associated with reduced protection against
autodigestion and increased apoptosis, leukocyte adhesion and many other markers for
inflammation in the peripheral microcirculation.

Pancreatic Digestive Enzymes in Endotoxin Shock

The evidence presented so far points towards the critical importance of the mucosal barrier as
the main protection mechanism against transport of digestive enzymes from the lumen of the
intestine into its wall and tissue autodigestion. There are other mechanisms that may affect the
mucosal barrier in the intestine producing shock-like symptoms. An example is inflammatory
mediators generated by bacterial infections and endotoxin release. In the past the hypothesis
has been that endotoxin serves as the sole mediator generating for example septic shock. But
this hypothesis has not lead to a new treatment for shock. Even though endotoxin itself is a
well-recognized inflammatory mediator, no conclusive evidence has been advanced that shows
that the endotoxin is singly responsible for the lethal progression following exposure to
endotoxin.

Instead, we tested the hypothesis that while endotoxin may cause an initial elevation of the
mucosal barrier properties (just like it increases endothelial permeability) the progression of
the inflammatory cascade in endotoxic shock depends on the digestive enzymes penetrating
into the wall of the intestine, similar to the case of shock produced by an ischemic intestine.
Accordingly, we blocked the digestive enzymes in the intestine and administered a lethal dose
(for the controls) of Gram-negative endotoxin (i.v.). During blockade of the digestive enzymes,
the endotoxin causes a transient elevation of markers for inflammation (e.g. leukocyte adhesion
to the endothelium, elevated endothelial permeability) but is followed within less than an hour
by return to a state with low levels of inflammation and no further progression to multi-organ
failure as in controls without blockade of digestive enzymes (28). These observations suggest
that endotoxic shock, as a model of sepsis, is associated with auto-digestion by pancreatic
enzymes as the primary reason for progression into multi-organ failure; the initial endotoxin
serves to elevate the mucosal permeability and therefore merely starts the autodigestion
process.

Inflammatory Mediators in Shock

The inflammation caused by pancreatic digestive enzymes may involve multiple pathways:
damage to the tissue directly by degrading enzymes, activation and generation of inflammatory
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mediators by reaction of the digestive enzymes with a variety of tissue components. After
intestinal ischemia and reperfusion, as well as in shock, plasma contains factors that exhibit a
variety of biological activities, including activation of circulating leukocytes, depression of T-
lymphocyte proliferation, depression of cardiac muscle activity (designated as myocardial
depressant factor), carcinogenic (clastogenic) activity (26) and others (58,71,114). There are
many reports in the literature of pancreatic enzymes releasing active factors affecting heart
tissue (57) with the hypothesis that the MDF is released from ischemic pancreas during shock.
A chemotactic factor can be released from self-digested spleen (73).

Consequently repeated attempts sought to identify the inflammatory mediators in shock (see
summary in (99)). Among several mediators, platelet-activating factor, generated by
phospholipase A2 in the post-ischemic gut, was proposed as active in priming neutrophils as
well as cytokines, e.g. Interleukin-6, as stimulator for neutrophil-mediate post-ischemic injury
(8). After trauma and hemorrhagic shock both lipid and aqueous factors in mesenteric lymph
are toxic to endothelial cells in culture (19 ) with a putative factor greater than 100 kDa but
independent of endotoxin (3). The investigators demonstrated a cationic peptide of rat serum
albumin present in post-trauma/hemorrhagic lymph, but not in lymph from control animals
subjected to trauma without hemorrhagic-shock. However, this peptide was not toxic to
endothelial cells (48).

Bioactive factors in digested foods could contribute to the inflammatory mediator load in the
intestine (83,84). Fully characterized bioactive peptides from milk and casein have a range of
functions (e.g. antimicrobial, immunostimulatory, immunosuppressive, antihypertensive,
opioid-like and mineral binding) (53,72,80,81). Cytotoxic peptides have been identified in
trypsin digests of casein (66,67). Consequently, the luminal content of the intestine is a mixture
of factors that are derived from digested food items and possible autolytic breakdown of
pancreatic enzymes themselves.

One of the reasons why previous approaches to isolate and identify the inflammatory mediators
in-vivo remained inconclusive is due to the fact that the active compounds in plasma, and also
in lymphatic fluid, derived from animals or patients in shock, while potent, are present only in
low concentrations. Therefore separation and purification techniques lead to loss of the
biological activity. We therefore developed an alternative approach to gain insight into
potential mediators and tested tissue homogenates from a spectrum of organs (54). This work
showed that most organ homogenates can generate a low level of cell activation, for example
measured by pseudopod formation in neutrophils due to actin polymerization and/or by oxygen
free radical formation. Only the pancreas and the intestine in the presence of digestive enzymes,
but not in their absence, produced high levels of inflammatory and even cytotoxic mediators.
Inflammatory factors derived from the pancreatic enzymes are highly toxic and may cause
rapid death (50). The high toxicity is preceded by extensive oxygen free radical production in
microvascular endothelium, adherent leukocyte interaction with the endothelium, as well as
mast cell degranulation and parenchymal cells death with or without the presence of leukocytes
(51).

The evidence suggests that when pancreatic digestive enzymes come into contact with healthy
tissue components, such as the extracellular matrix proteins and cell membranes,
proinflammatory mediators are formed and released that exhibit significant biological activity
(50,54). We hypothesize that the ‘shock factors’ are strongly pro-inflammatory in nature and
may include besides proteinaceous also lipid fragments.

Inflammatory Mediators Derived from Intestine

After ischemia the small intestine generates inflammatory mediators that have the ability to
kill naive cells within minutes (84). To shed light on these mediators we exposed intestinal
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tissue after homogenization to purified pancreatic trypsin, chymotrypsin and elastase and tested
the products generated after an incubation period and separation into aqueous protein and lipid
fractions. In spite of the fact that the intestine was initially exposed only to proteases, only the
lipid fraction exhibited the high cytotoxicity generated by an ischemic intestine. In fact, the
lipid fraction of even a homogenized non-ischemic intestine, not exposed to pancreatic
proteases, is highly cytotoxic even though the unseparated homogenate of such control intestine
exhibits no detectable levels of cytotoxicity. Recombination with the proteinaceous fraction
greatly attenuates the lipid cytotoxicity, but only if the proteinaceous fraction was not
previously exposed to proteases.

The lipid fraction of homogenized intestinal tissue with and without exposure to purified
pancreatic serine proteases was found to contain cytotoxic levels of unbound free fatty acids.
Addition of a free fatty acid binding protein, such as albumin (18), prevented the lipid
cytotoxicity. Thus, the evidence indicates that a major contribution to the cytotoxicity of
ischemic intestine may be derived from unbound free fatty acids. Breakdown of free fatty acid
proteins by proteases causes release of free fatty acids to act as cytotoxic mediators (85).

The most important mediators that generate an acute inflammatory reaction are derived from
the digestive proteases and lipases (54,119). This information is important in the design of
interventions against the pancreatic digestive enzymes.

Chronic Inflammation and Autodigestion

The question arises whether there are other circumstances in which an autodigestion process
may play a role in organ dysfunction. At issue are conditions, perhaps less severe than shock,
but still accompanied by cell dysfunction and organ disease. We started to explore a chronic
version of cardiovascular disease, the spontaneously hypertensive rat (SHR).

While recognized for its elevated blood pressure, an extensive microvascular research has
brought to light that the SHR strain suffers also from a multitude of cardiovascular and cellular
complications (106). The list of complications is quite extensive and individual complications
are in most cases not correlated or spatially associated with the elevated blood pressure on the
arterial side of the circulation (131). Examples of such vascular abnormalities are a life-long
elevated level of circulating leukocyte counts (100), leukocyte activation (103), immune
suppression with a deficiency for leukocyte adhesion to the endothelium (107,109) due to
deficient CD18 expression and P-selectin (5,107), an elevated level of free radical production
(22,110) with enhanced levels of xanthine oxidase and NADPH oxidase (24), enhanced
apoptosis in microvascular endothelium (63) and in lymphocytes (108), capillary rarefaction
(87,115), elevated plasma glucose levels, glycosylated hemoglobin and insulin resistance
(11,46,102), and multiple forms of lesion formation at young age (111). The SHR is thus a
genetic model of hypertension with deficiencies similar to those encountered in the metabolic
syndrome (129). Challenging questions arise how to put these multiple cell dysfunctions under
a unified conceptual roof; e.g. how an elevated arterial blood pressure may be associated with
adepressed adhesion of leukocytes to postcapillaries, microvessels with normal blood pressure
(130).

Measurement of the proteolytic activity in fresh plasma with a broadly responsive,
fluorescently quenched substrates shows about a twofold increase in unchecked proteolytic
activity in the SHR compared to its normotensive control, the Wistar-Kyoto (WKY) rat strain.
The enhanced proteolytic activity is due in part to serine proteases and in part due to matrix
metalloproteinases (25). Endothelial cells, in both high and low pressure regions of the
microcirculation also exhibit an increased expression level and increased activity (Figure 4),
which can be traced at least in part to MMP-9 (Figure 5). The source of the plasma serine
protease activity and other MMPs in the SHR remain to be explored.
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Proteolytic Activity and Receptor Cleavage: Cause of Insulin Resistance

To check whether such unchecked proteolytic activity in SHR plasma cleaves besides
fluorescently quenched substrates also important proteins, we checked whether the
extracellular domain of the insulin receptor might be subject to proteolytic cleavage.
Immunolabeling with an antibody directed against the extracellular domain of the receptor
shows that the SHR has indeed a reduced density of the extracellular domain of insulin receptor
in many tissues, including the mesentery and on circulating leukocytes (25), both of which are
exposed only in small part to elevated blood pressure. Thus, even though insulin levels may
be near normal, the ability to signal glucose transport by insulin is compromised since the
receptor is proteolytically cleaved, i.e. a characteristic sign of insulin resistance. Further
evidence for cleavage of the extracellular domain of the insulin receptor comes from the fact
that incubation of naive control cells with fresh plasma from the SHR leads within a period of
only 30 min to a reduced density (~ 15 %) of the extracellular domain of the insulin receptor.
No significant receptor cleavage is generated by plasma from control rats. The receptor
cleavage by the SHR plasma reduces the transport of the glucose into the cell cytoplasm. In
addition, the SHR suffers from cleavage of other receptors, e.g. the integrin CD18 on leukocytes
(25), in line with the defective adhesion to the endothelium and elevated leukocyte counts in
the circulation. The enzymatic cleavage in the SHR is not limited to the membrane receptors,
in fact major parts of the glycocalyx in the SHR are cleaved as well (96).

Chronic blockade of the protease activity in the SHR with a broad acting MMP inhibitor (e.g.
Doxycycline) leads to a dramatic reduction of enzyme expression levels and plasma protease
activities, concomitant with a restoration of the transmembrane glucose transport, reduction of
the blood glucose levels and the level of glycosylated hemoglobin. The cleavage of other
receptors is also reduced including CD18. With normalized expression of CD18 the adhesion
to the endothelium and the circulating leukocyte counts are restored to control levels (25).

This evidence then serves as the first direct indication that autodigestion may be an underlying
cause of cell and organ dysfunction not only in severe conditions, like shock, but in chronic
conditions such as hypertension and diabetes. The involvement of degrading proteases is at a
lower level in chronic conditions, yet autodigestion still progresses with direct cleavage of
extracellular membrane receptors.

A key unresolved issue is the origin of the degrading enzyme activity in the plasma of the SHR.
The enhancement of the MMP levels in endothelium are observed even in isolated endothelial
cells, suggesting a genetic origin in the SHR (unpublished results). The SHR has a strong
dependence on adrenal hormones (63) possibly associated with an abnormal expression of
chromogranin expression, granule storage, and release of secretory hormones (78,101,112).

Unchecked Protease Activity and Disease

There are numerous indications in the literature that degrading enzyme activity due to MMPs
and other proteolytic or lipolytic enzymatic activities may be associated with disease. The
evidence is seen in form of tissue degradation, in form of zymographic evidence and in part
supported by blocker studies, including studies in the heart (36,42,91,105), lung (4,6,89,117),
renal dysfunction and hypertension (16), atherosclerosis (7,35,62,64,77,79,121), the skin
(55,86), in vascular remodeling and diseases, e.g. aortic aneurysm and venous disease (59,
88), multiple sclerosis (10,128), to name just a selected few. Brain injury may be mediated by
proteases (1,15,21,33,38,52,56,60). Trypsin-like serine proteases and MMPs may be involved
in neural development, learning and memory, as well as in chronic degenerative diseases.
Protease-activated receptors (PARS) are activated by serine proteases, e.g. trypsin and thrombin
and also mesotrypsin, P22, and neurosin (120). Thrombin at low concentrations protects
neurons from damage by ischemic injury via activation of PAR-1, -2, whereas at higher
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concentrations, thrombin causes neurodegeneration and brain insults. Analysis of the blockade
of trypsin by serpins, their interaction with PARs, and its significance for proteolytic brain
injury provides insight into neural and other disorders.

The sources of extracellular degrading enzymes may be constitutive expression, e.g. in
neutrophils or macrophages, MMPs on the extracellular matrix, as well as sources of degrading
enzymes from specialized organs like the pancreas or the salivary gland. We don’t know the
exact distribution and activity of degrading enzymes in any tissue at the level of the
microcirculation and we don’t know the regulation of endogenous protease inhibitors. The
degree of posttranslational protease activation of proenzymes and their inhibition by
endogenous inhibitors (e.g. serpins in the case of serine proteases or endogenous tissue
inhibitors of metalloproteinases) will determine the activity of a degrading enzyme. Normal
plasma has a considerable ability to block proteolytic activity. The expression of inhibitory
proteins may be limited in the course of a disease and their blocking activity may be exhausted,
as we see in acute shock when high concentrations of digestive enzymes enter into the central
circulation. Thus, it is essential that enzyme activity be studies in living cells and tissues in the
context of an intact tissue and microcirculation (9). Synthetic chromogenic or fluorogenic
substrates. in conjunction with in-vivo versions of zymography provide important tools (9,
25).

Conclusion

Since the discovery of superoxide dismutase thirty years ago (69), an extraordinary effort has
been under way to explore the role of oxygen free radicals in disease and normal physiological
function. It is evident that oxygen and nitrogen radicals have the ability to compromise cell
function and damage proteins and lipids. But there is currently only limited evidence that
interventions against free radicals have significant clinical benefits. The limited evidence
supporting a role for free radicals raises the question whether there are other major organ injury
mechanisms.

The evidence presented here supports the hypothesis that degrading enzymes may be a
fundamental pathogenic factor. Proteolytic tissue degradation may compromise the ability of
free radical scavenging proteins to be compromised, and therefore free radicals to be released.
Future research needs to clarify interactions between the two damage mechanisms. Direct
quantitative studies in the intact living microcirculation will play a critical role in elucidating
the mechanisms and pathways leading to dysfunctions associated with degrading enzymes and
free radicals. Identification of the trigger mechanisms is essential to design effective
interventions.

In the case of acute physiological shock we have identified a major contribution to organ
damage by the digestive enzymes (Figure 7A), the same enzymes that are the requirement for
a lifetime of nutrient breakdown and delivery. Shock and multi-organ failure appear to be tied
to one of the most fundamental mechanisms, i.e. nutrition over lifetime. Escape of the powerful
pancreatic digestive enzymes from the lumen of the intestine or even from a pancreas (e.g. in
pancreatitis, pancreatic tumor) can generate severe cell and tissue damage and generate an
autodigestion process. In chronic diseases, such as Type Il diabetes in the SHR, we see a more
subtle, but still significant auto-digestion process with proteolytic activity that involves besides
serine proteases and MMPs, which causes cleavage and therefore destruction of key membrane
receptors in the microcirculation. Consequently the particular cell functions carried out by such
cleaved receptors go into failure. Since proteolytic activity in the plasmatends to cleave several
receptors, a multitude of cell dysfunctions arise, which is a characteristic of the metabolic
syndrome. The full consequences of an auto-digestion process need to be documented from its
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earliest to its most severe stage and may have a major impact on our understanding of the origin
of disease and the feasibility to use inhibitors of degrading enzyme as therapeutic intervention.
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Figure 1. Auto-digestion of the intestine by pancreatic enzymes during ischemia

Micrographs of rat intestinal wall morphology (semi-thin section stained with toluidine blue)
and zymographic image with trypsin fluorescently quenched substrate (green fluorescence)
before (Panels A, B, C, respectively) and after 45 min intestinal ischemia (D, E, F). Note the
extensive damage to the microvilli and mucosal epithelium (D, E, arrows) and penetration of
activated trypsin across the full thickness of the intestinal wall (F) with activation of trypsin
activity (bright green fluorescence). Adapted from (29,92).
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Figure 2. Blockade of Digestive Enzymes Preserves Villi

Intestinal villi in the rat before (Panel A) and after 90 min shock by occlusion of the superior
mesentery artery without (B) and with (C) serine proteases blockade with ANGD in the lumen
(L) of the intestine. Length of crossbar 100 um. Note a significant protection of the intestinal
villi structure by blockade of luminal pancreatic proteases. Similar protection of villi is
observed in severe porcine shock after blockade of pancreatic enzymes in the intestinal lumen.
Adapted from (74).
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Figure 3. Blockade of Digestive Enzymes Prevents Peripheral Inflammation

Micrograph of postcapillary venules in cremaster muscle at 80 min ischemia by superior
mesentery artery occlusion (left column) followed by 80 min reperfusion. (Panels A, B) Non-
ischemic control (sham), (C,D) with buffer as fluid for intestinal lavage, (E,F) with the serine
protease inhibitor FOY (0.37 mM) in the lumen of the intestine (remote from the microvascular
observation site). Note, the characteristic leukocyte adhesion to microvascular endothelium
during shock in the post-capillary venules (arrows in panel D) is absent after blockade of the
digestive enzymes in the lumen of the intestine (29). Bar equals 20 um.
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Figure 4. Enhanced MMP activity in the SHR Microcirculation

Digital fluorescent micrographs of WKY and SHR mesenteric microvessels labeled with
fluorogenic peptide substrate showing matrix metalloproteinase (MMP-2, 9) enzymatic
activity. Arterioles (A) and venules (V) are visible. Note the enhanced fluorescent emission
over the endothelial cells and mast cells in the SHR, an affect that is less detectable after the
doxycycline treatment. Adapted from (25). Bar equals 60 um.
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Figure 5. Elevated MMP-9 protein levels in SHR Tissue

Selected micrographs of microvessels and interstitium of WKY and SHR mesentery after
MMP-9 immunolabeling (with Vector NovaRED substrate) (25). Note the pronounced labeling
in SHR endothelial cells of arterioles (A) and venules (V) as well as in interstitial mast cells
and fibroblasts (arrows).
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Figure 6. Extracellular Insulin Receptor Cleavage and Insulin Resistance

Panel A: Typical micrographs of immunolabel (Vector NovaRed) for the extracellular domain
binding site of the insulin receptor a on fresh leukocytes (neutrophils and monocytes) from
WKY and SHR. Note the reduced density of the insulin binding sites on the SHR leukocytes
associated with about 20% average reduction of the receptor density on the plasma membrane
and with reduced transport of glucose (shown with fluorescence-tagged analog of glucose in
panel B) into the cell cytoplasm (25). Panel C: Glucose transport into naive leukocytes from
the normotensive Wistar strain before and after a 30 min incubation in fresh plasma of the
Wistar (Wistar and Wistar-W in panel C) and in plasma from WKY and SHR (Wistar-WKY
and Wistar-SHR in panel C). For quantitative measurements see (25).
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Figure 7.

(A) Schematic Diagram of Autodigestion by Pancreatic Enzymes in the Intestine. The
fully activated pancreatic digestive enzymes are during normal digestion contained within the
lumen of the intestine by the mucosal epithelial barrier (Left Panel). Compromise of the
mucosal barrier, e.g. due to ischemia or infection of the mucosal barrier, permits entry of fully
activated pancreatic enzymes into the wall of the intestine (Right Panel). This creates two
complications, generation if proinflammatory and cytotoxic mediators, and morphological
destruction of the mucosal barrier allowing further entry of digestive enzymes into the wall of
the intestine. Pancreatic enzymes as well as inflammatory mediators are carried out of the
intestinal wall via the intestinal venous system, the intestinal lymphatics and by leakage across
the outer coat of intestine connective tissue (serosa) into the peritoneum and into the central
circulation. Appearance of pancreatic enzymes and these inflammatory mediators leads to
central inflammation and innocent bystander organ damage. i.e. multi-organ failure.

(B) Schematic Diagram of Protease Activity, Insulin Receptor Cleavage, and Insulin
Resistance. The normal transmembane transport of glucose into the cell cytoplasm via the
glucose transporter GLUT-4 as well as gene expression and growth factor synthesis requires
intracellular signaling from the activated (phosphorylated) insulin receptor after binding of
insulin to its extracellular domain (left panel). The appearance of uncontrolled degrading
enzyme activity (e.g. due to MMPs, serine proteases) leads to cleavage of the extracellular
domain of the insulin receptor (right panel), a lack of insulin binding sites on the insulin
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receptor, reduced intracellular signaling with attenuated glucose transport by GLUT-4, i.e. type
Il diabetes with insulin resistance due to reduced insulin receptor binding sites.
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