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Abstract

Abnormal blood rheological properties seldom occur in isolation and instead are accompanied by
other complications, often designated as co-morbidities. In the metabolic syndrome with
complications like hypertension, diabetes and lack of normal microvascular blood flow, the
underlying molecular mechanisms that simultaneously lead to elevated blood pressure and
diabetes as well as abnormal microvascular rheology and other cell dysfunctions have remained
largely unknown. In this review, we propose a new hypothesis for the origin of abnormal cell
functions as well as multiple co-morbidities. Utilizing experimental models for the metabolic
disease with diverse co-morbidities we summarize evidence for the presence of an uncontrolled
extracellular proteolytic activity that causes ectodomain receptor cleavage and loss of their
associated cell function. We summarize evidence for unchecked degrading proteinase activity, e.g.
due to matrix metalloproteases, in patients with hypertension, Type Il diabetes and obesity, in
addition to evidence for receptor cleavage in the form of receptor fragments and decreased
extracellular membrane expression levels. The evidence suggest that a shift in blood rheological
properties and other co-morbidities may in fact be derived from a common mechanism that is due
to uncontrolled proteolytic activity, i.e. an early form of autodigestion. Identification of the
particular proteases involved and the mechanisms of their activation may open the door to
treatment that simultaneously targets multiple co-morbidities in the metabolic syndrome.
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1. Introduction

The study of blood rheology is a foundation for analysis and understanding of abnormal
microvascular perfusion. Cell mechanical properties, mechanotransduction mechanisms,
adhesive properties, and cell interactions have served to understand diseased perfusion
states. Frequently the conceptual link between abnormal properties of blood and organ
dysfunctions has been assumed to be the result of a shift in the rheological properties of
blood with abnormal cellular interactions resulting in a reduction of blood flow.
Consequently the observation of abnormal blood rheological properties has lead to the
concept that manipulation of blood cell properties may be a means to improve organ
dysfunction by restoration of nutrient supply. Yet, after decades of blood rheological
research, few new treatment modalities have arisen that are purely based on rheological
principles. There is a need to understand the root cause of a shift in rheological properties of
blood cells. It may be necessary to view a shift in rheological properties as secondary to a
more fundamental pathophysiological event. While some suggestions have been advanced in
this regard, e.g. oxygen free radicals, environmental stress, metabolic dysfunctions [1-3], to
date no mechanism has been universally accepted. A particular opportunity to further
understand the pathophysiology lies in the observation that often a shift in rheological
properties of blood is accompanied by co-morbidities that are not necessarily directly
derived from blood rheological mechanisms and a compromised blood perfusion that may be
linked to them. A case is the metabolic syndrome X in which abnormal blood rheological
properties have been identified [4,5].

One of the important and interesting characteristics inherent to the metabolic syndrome X is
the simultaneous presence of diverse risk factors. For example, obesity and elevated levels of
triglycerides are accompanied by elevated arterial blood pressure and diabetes [6,7] as well
as a clustering of unrelated microvascular dysfunctions [8], including cell dysfunctions in
endothelium, erythrocytes, leukocytes and platelets [9,10]. Cell dysfunctions appear in the
same patient to different degrees and involve different membrane receptors and molecular
signaling pathways. To date no hypothesis places the multifaceted dysfunctions encountered
in the metabolic syndrome X under one concept. Development of such an overarching
concept is of major importance for more effective treatments of patients. Without knowledge
of the basic mechanisms governing cell dysfunctions in the metabolic syndrome, current
treatment modalities are merely aimed at reducing symptoms of the disease. Such an
approach leads to multi-drug treatment in the same patient, often with side effects. The
situation can be contrasted with broader interventional opportunities against co-morbidities
of the metabolic syndrome, e.g. calorie restriction [11].

We propose a common mechanism that may promote symptoms associated with diabetes,
hypertension, microvascular and rheological cell dysfunctions. Our hypothesis will explain
the origin of these dysfunctions and co-morbidities under one conceptual roof.

2. Inflammation as a tissue repair mechanism

An important starting point is inflammation, a phenomenon common to many diseases [12].
Clinical studies in the past two decades have served to demonstrate that inflammatory
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markers accompany a wide range of diseases and tissue complications, from acute injuries to
chronic diseases, aging and organ failure [13,14]. The particular inflammatory markers used
in such clinical studies include a variety of genetic and biochemical signals (e.g. oxygen free
radicals, nuclear factor-kappa B, cytokines, C-reactive protein) [15-17], and include
observations about rheological abnormalities of blood cells and vessels. While documented
for decades in experimental studies, especially at the microvascular level, and now
confirmed in clinical trials, the presence of inflammatory markers in such diverse organs and
diseases is remarkable. What do markers of inflammation indicate about a disease?

Inflammation is a biological repair mechanism. Molecules like transcription factors,
cytokines, C-reactive protein, growth factors etc. are synthesized by intact cells surrounding
an injury sites that serves to restore the tissue. The presence of inflammatory cells, like
neutrophils and macrophages, is part of the cascade that facilitates removal of cell debris
after an injury and induce new growth of tissues and blood vessels. The entire inflammatory
cascade is mediated by multiple families of proteinases, signaling molecules, adhesion
molecules, growth factors, stem cells and others tissue growth mechanisms, all of them serve
restoration of tissues.

If the inflammatory cascade is a repair process, what are the mechanisms leading to the
initial tissue injury? This important issue comes into central focus. There are well-
recognized mechanisms that cause injury to a tissue, from different types of trauma
(punctures, abrations, tears, mechanical stress waves), to viral, bacterial and fungal
infections, abnormal temperature or chemical exposures. All of these can cause changes to
the rheological properties of blood. But this review is focused on a form of tissue injury that
is different from these classical mechanisms. Our evidence supports the existence of an
alternative mechanism designated as autodigestion [18].

3. Digestive enzymes — Friend or foe

Digestive enzymes are an essential component of the digestive track required to extract
energy and molecular building blocks for an organism. They are optimized to break down
macromolecules into smaller building blocks in order to facilitate absorption by the
intestinal mucosa. Digestive enzymes are diverse and are found in the saliva, in the stomach,
in the pancreatic juice secreted by pancreatic exocrine cells, and in the intestinal (small and
large) secretions, or as part of the lining of the gastrointestinal tract. Based upon their
substrate, digestive enzymes are divided into four major families: proteases (hydrolyze
proteins into peptides and amino acids); lipases (break down fat into glycerol and fatty
acids); carbohydrases (cleave carbohydrates into glucose) and nucleases, which split nucleic
acids into nucleotides. The pancreas, as a major contributor to digestive enzymes in the
intestine, produces (among others) highly active proteases such as trypsin, chymotrypsin,
elastase, carboxypeptidase, lipase, amylase and several nucleases. These enzymes can digest
proteins, fats and carbohydrates from many sources, including autologous tissues.

The following discussion is mostly focused on proteases and lipase as contributors to acute
cell dysfunction in the circulation [19]. It should be noted that while digestive protease are
able to clip the extracellular domain of membrane proteins, such as membrane receptors, and
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thereby undermine cell function, proteases do not necessarily cause cell death. Any
experiment with cell cultures using trypsin to detach cells supports this idea. In contrast,
lipases are able to generate free fatty acids which if unbound are highly cytotoxic
irrespective of the cell type involved [20,21].

Beside proteases in the digestive tract, other families of circulating and membrane bound
proteases are known to cleave proteins and thus may affect cellular functions. Among them
are the matrix metalloproteinases, cathepsins, and serine proteases secreted both by the
innate immunity cells and endothelial cells lining blood vessels. The following discussion
will summarize rheological and other cardiovascular complications possibly caused by
uncontrolled protease activity.

4. Compromise of blood rheology in the presence of degrading enzymes

The properties of blood cells may be strongly compromised by degrading proteases. When
red blood cells are exposed temporarily to SHR plasma or MMPs they loose the glycocalyx
and swell. When red blood cells are exposed to matrix metalloproteinases (MMPS) or serine
proteases (trypsin and chymotrypsin) they aggregate in dextran (70 kDa at 15 gm/I without
plasma) but less in fibrinogen (6 gm/I without plasma) [22]. In contrast, treatment of red
cells with amylases produces fibrinogen-induced aggregation. MMP cleavage of red cell
glycocalyx reduces their adhesion to macrophages as a mechanism to remove old red blood
cells from the circulation [22].

Mechanosensing of neutrophils or macrophages and retraction of pseudopods under fluid
shear stress depends on the formyl peptide receptor [23]. When this receptor is cleaved,
neutrophils become non-responsive not only to formyl peptides (e.g. F-Met-Leu-Phe) but
also to fluid shear stress [24]. Consequently one finds enhanced levels of pseudopod
formation by leukocytes in the circulation and they are subject not only to entrapment in
capillaries but also they cause increased capillary hemodynamic resistance by disturbing the
motion of red cells in single file capillaries [25,26].

A similar compromise of mechanotransduction is observed in vitro in endothelial cells in the
presence of serine protease, e.g. trypsin, due to cleavage of the glycocalyx and the vascular
endothelial growth factor receptor (VEGFR-2) [27]. The presence of trypsin impairs the
endothelial cells’ ability to align in the direction of fluid flow after 12 h of continuous shear
stress. But endothelial cells realigned after an additional 12 h of shear stress with protease
inhibition. Trypsin reduces the density of the glycocalyx and the insulin receptor under no
shear and shear conditions, as well as the ectodomain of VEGFR-2 under fluid shear.

Platelets also change their function in response to degrading enzymes. Serine proteases such
as thrombin, mediate platelet activation [28]. Treatment of platelets with MMPs cleaves their
membrane surface glycoproteins and they exhibit a lag in response to stimuli such as
thrombin [29]. Moreover, proteases secreted from other inflammatory cells, such as
neutrophils, also have the capability to induce shape changes in platelets [30].

The question arise whether blood rheological alterations occur in isolation or whether they
may arise in conjunction with other cell dysfunctions. To investigate this question it is
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necessary to examine models with multiple co-morbidities, like the spontaneously
hypertensive rat (SHR).

5. Proteolytic receptor cleavage and co-morbidities in the spontaneously

hypertensive rat

While extensively investigated for its elevated arterial blood pressure, the SHR is a model
that has numerous microvascular dysfunctions [31-33], as well as insulin resistance [34,35].
Besides elevated white cell count, indices of inflammation and high levels of oxygen free
radicals [36], this rat strain exhibits elevated levels of protease activity in plasma, including
MMP-2, MMP-9 (gelatinase A and B), MMP-8, and MMP-7 (matrilysin) [35,37]. While the
elevations of plasma MMP activity are modest (about 10 and 25% above the low pressure
control strain) they are permanently elevated and accompanied by reduced levels of tissue
inhibitor of metalloproteases 1 (TIMP-1,2) [38]. The enhanced MMP activity is
accompanied by elevated MMP protein levels, as detected with immunohistochemistry [35].
In addition, there is evidence for elevated serine proteases in the plasma of the SHR [39].

MMPs were first characterized by their ability to cleave and remodel the extracellular
matrix. Yet, studies have shown that other proteins including plasma membrane receptors are
substrates to these enzymes [40]. Should the extracellular domain of a membrane receptor be
cleaved by an extracellular protease, its function is compromised. Systematic analysis of this
concept in our recent investigations points towards an array of receptors that are associated
with the characteristic cell dysfunctions seen in hypertension and in the metabolic syndrome.
Examples are as follows.

. The SHR has constricted arterioles, which leads to elevation of its central
arterial blood pressure [41,42]. It also has an attenuated response to 5
adrenergic receptor agonists and antagonists. The defective 5, adrenergic
receptor signaling [43] was traced towards extracellular cleavage of the
receptor. Exposure of the aorta and the heart muscle of control Wistar rats
to plasma from SHRs, but not plasma from normotensive rats, reduces the
number of extracellular domains detectable by immunolabeling, but not
intracellular domains, of the 3, adrenergic receptor. If the SHR is
chronically treated with MMP inhibitors (e.g. doxycycline at a sub-
antibiotic dose level, CGS27023A), its plasma and endothelial MMP
activity is reduced to levels of the normotensive WKY rats, its elevated
blood pressure is normalized and its B, adrenergic receptor population is
restored [35,38].

. Insulin resistance is a co-morbidity in the SHR [34], just like seen in many
hypertensive patients [44]. In the SHR, insulin resistance is accompanied
by reduced density of the extracellular domain of the insulin receptor [35].
Plasma of SHR rats cleaves the ectodomain of the insulin receptor on
naive cells, suggestive of an active protease/s in the SHR plasma that is
absent/inhibited in WKY plasma. In the SHR, the hyperglycemia and
impaired transport of glucose into the cell, as a key marker for insulin
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resistance, is restored after MMP inhibition and so is the density of the
extracellular insulin receptor domains [35].

The SHR also exhibits extensive apoptosis in its vasculature [45] including
its capillary network, an effect that leads to loss of capillaries (rarefaction)
[46]. In addition, the SHR has attenuated angiogenesis, which is
associated with impaired VEGFR-2 signaling [47]. Labeling of the SHR
extracellular, but not the intracellular, domain of the VEGFR-2 shows a
reduced density in cardiac microvessels (arterioles and capillaries) and on
the aortic endothelium [48]. SHR plasma also cleaves the extracellular
domain of VEGFR-2 on naive control cells, a process also achieved by
application of purified forms of MMP-7 and MMP-9. Chronic inhibition
of MMP activity with doxycycline in the SHR abolishes the ability of its
plasma to cleave the receptor, restores blood pressure and reduces
endothelial apoptosis and facilitates capillary network growth [37].

Other membrane receptors are cleaved in the SHR. The SHR leukocytes
exhibit an attenuated ability to roll on the endothelium in postcapillary
venules [49-51]. This phenomenon is accompanied by proteolytic
cleavage of P-selectin on endothelium and its counter receptor (P-selectin
glycoprotein ligand-1) on leukocyte membranes [52]. The reduced density
of endothelial P-selectin and ability for leukocytes to roll on the
endothelium leads to its elevated leukocyte count in the circulation [53],
just like seen in P-selectin knockout animals [54,55] or in human
hypertension [56,57]. Normal receptor densities and rolling of leukocytes
on the endothelium are restored by chronic MMP inhibition [52].

The resulting immune compromise due to reduced leukocyte-endothelial
interaction and reduced leukocyte migration into interstitial tissue in acute
inflammation are further enhanced by a lower density of £ integrins on
SHR neutrophils [35,49]. The reduced density of the B, integrins and
increased leukocyte counts in the circulation of the SHR are also
normalized after chronic MMP inhibition [35]. The counter receptor to the
B> integrins, Intercellular Adhesion Molecule 1 (ICAM-1), is however
upregulated in the SHR in an organ-specific fashion, although
accumulation of ICAM-1 fragments was documented in the renal
glomeruli indicating cleavage of the receptor in other tissues [58]. The
accumulation of cleaved (i.e. soluble) receptors in the glomeruli may play
arole in renal failure.

The shear stress response in form of pseudopod retraction is mediated by
the f-Met-Leu-Phe receptor (FPR) [23]. It is impaired in SHR leukocytes
and also in naive control leukocytes exposed to SHR plasma [24,25]. The
ectodomain of the FPR is cleaved in these cases and restored by chronic
MMP inhibition together with its ability to respond to fluid shear stress
[24].
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. The ectodomain of the scavenger receptor and free fatty acid transporter,
CD36, is clipped in the SHR. One of the consequences is that the SHR has
a reduced ability to adhere to and to remove swollen red cells from the
circulation. Chronic MMP inhibition restores the receptor density and its
ability to bind to the red cells [38].

6. Hypertension and cardiovascular remodeling

These studies in the SHR are in line with studies in humans, in which it was shown that
elevated activity of MMP-2, MMP-9 and elastase is associated with elevated blood pressure
and arterial stiffness [59,60] as well as with a prehypertensive state in obese women [61].
The focus on MMP activity is not only justified due to the possibility for receptor cleavage
discussed above, but also since MMP activity promotes vascular smooth muscle cell
migration and proliferation and was shown to be a player in the development of endothelial
dysfunction [62]. These processes result in increased cardiovascular stiffness and
hypertrophy. The MMP activity promotes long-lasting cardiovascular structural and
functional alterations in both experimental and clinical hypertension, including activation of
the renin-angiotensin-aldosterone system and oxidative stress. Therefore, MMP inhibition
may prevent the deleterious effects of hypertension on the cardiovascular system [62].

An elevation of plasma MMP-9 in essential hypertension and a positive correlation between
plasma MMP-9 and systolic blood pressure was observed [60]. Plasma levels of MMP-2 and
MMP-10 are elevated in subjects with hypertensive-end stage renal disease with a positive
correlation between plasma MMP-2 and plasma MMP-10. End stage renal disease patients
(in many cases as a consequence of the metabolic syndrome) also have elevation of plasma
serine proteases and cleavage of vascular endothelial cadherins (VE-Cadherins) [63].
Inhibition of MMPs reduces the over-expression of contractile proteins (myosin light chain
kinase and myosin light chain I1) and their transcriptional activators in insulin resistant
vascular smooth muscle cells [64]. In a model of hypertension produced by high fructose
diet fed rats, MMP-2 produces endothelial dysfunction and acquired systolic hypertension
with insulin resistance that is inhibited by MMP blockade [65].

MMPs may not be the only unchecked proteases encountered in hypertension. In the salt-
sensitive form of hypertension (Dahl salt sensitive rat), oral administration of a synthetic
serine inhibitor (CM) decreases blood pressure with an elevation of the urinary sodium/
potassium ratio [24]. It should also be noted that angiotensin-converting-enzyme (ACE)
inhibitors, designed to block the conversion of angiotensin | to angiotensin Il and used to
treat hypertensive and diabetic conditions, also have MMP inhibitory activity [66], and
therefore it is not certain which aspect of protease inhibition is relevant with respect to the
pathogenesis in hypertension and diabetes. It may be the MMP inhibitory activity that makes
ACE inhibitors effective in both of these two different diseases, in line with the concept of
proteolytic receptor cleavage as the underlying mechanisms for these two co-morbidities, as
seen in the SHR.

It is also interesting to note that oral administration of synthetic serine protease inhibitors
(camostat mesilate and an active metabolite of camostat mesilate) significantly decreases
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blood pressure in Dahl salt-sensitive rats fed a high-salt diet. It result in a decrease in serum
creatinine, reduction in urinary protein excretion, and improvement of renal injury markers
such as collagen 1, collagen 3, transforming growth factor-g1, and nephrin. Thus the serine
protease inhibitor has beneficial effects on both blood pressure and kidney injury in Dahl
salt-sensitive rats [67].

Collectively this evidence suggest that hypertension may be mediated by several unchecked
degrading protease causing not only an elevated central blood pressure but also a multitude
of cell dysfunctions, including microvascular and blood rheological abnormalities.

7. Protease activity in obesity

Like hypertension, obesity is also accompanied by elevated protease activity in plasma and
other organs. There are a number of observations on patients in the literature. The
development of adipose tissue is mostly mediated by MMPs. MMP-2, MMP-3, MMP-12,
MMP-14, MMP-19, and a tissue inhibitor of metalloproteinases (TIMP-1), especially in
obese adipose tissues as compared to lean tissues. In contrast, MMP-7 and TIMP-3 mRNASs
are markedly decreased in obesity. It was also found that in adipose tissue, the overall
balance of MMPs and their inhibitors favors tissue remodeling [68]. Other than MMPs,
serine proteases positively regulate adipocyte differentiation in vitro, as well as in vivo [69].
While different reports support MMP activity in mediating adipose tissue development in
obesity, not all studies utilizing MMP inhibitors were able to show the anticipated results;
e.g. treating adipocytes with MMP inhibitors by neutralizing antibodies decreased
differentiation, suggesting that MMP activities were required for adipocyte conversion [70].
The addition of TIMP-1 or GM6001 (a general MMP inhibitor) accelerates adipocytes
differentiation [71].

In plasma of obese patients, elevated levels of MMP-2 and MMP-9 may reflect abnormal
extracellular matrix metabolism and an inflammatory state [72]. In contrast, MMP-8 levels
in obese women are low despite neutrophil activation measured by myeloperoxidase activity
[73]. Beside MMPs, plasma of obese individuals has elevated levels of other enzymes, such
as serine proteases, originating from activated leukocytes. In that regard, elastase secreted
from activated neutrophils was shown to mediate insulin resistance in a high fat diet-induced
obesity mouse model [74].

A role for degrading enzymes was also suggested in the brain of obese individuals. MMP-9
was shown to promote brain microvascular disruption and permeability of the blood brain
barrier [75]. The enzyme prolylcarboxypeptidase (PRCP) degrades a-melanocyte-
stimulating hormone (a-MSH) to an inactive form that is unable to inhibit food intake thus
promoting obesity [76].

Various studies show the contribution of proteolytic enzymes to the progression of obesity.
A functional role for MMP-2 was described and mice that are lacking this enzyme gain less
weight after high fat diet compared to wild type controls [77]. Moreover, inhibition of this
protease in an insulin resistance model was shown to improve endothelial dysfunction and
prevent hypertension [65].
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The observations for proteolytic receptor cleavage are supported also by our preliminary
experimental studies with a high fat diet. Rats kept on high fat diet for a period of 12 weeks
exhibit protease activity in their small intestine and also in peripheral organs, e.g. skeletal
muscle (Fig. 1). This is associated with a reduced level of the ectodomain insulin receptor,
e.g. on blood vessels or on circulating cells (Figs 2, 3(A)), and leads to reduced transport of
fluorescent glucose analogs into the cell cytoplasm (Fig. 3(B), (C)). It is associated with the
appearance of insulin receptor fragments detectable by Western blot analysis (Fig. 4) in spite
of the possibility that insulin fragments in plasma (sometimes designated as soluble insulin
receptors) [78-80] may be fragmented to a degree that antibody binding is not possible and
they remain undetected.

8. Receptor cleavage in diabetes and insulin resistance

The fat sand rat (Psammomys obesus) is an animal that naturally consumes low levels of
calories and upon feeding normal Western diet, will develop Type 1l diabetes, insulin
receptor cleavage, elevated plasma glucose levels and glycated hemoglobin levels. In these
rats, MMP inhibition (doxycycline) serves to rescue the extracellular domain of the insulin
receptor, and reduces the blood glucose and glycated hemoglobin levels. This evidence
supports the hypothesis that calorie overconsumption in this model causes ectodomain
cleavage of the insulin receptor as seen in the SHR [39]. The observation is especially
interesting in light of the extensive body of evidence that calorie restriction has a beneficial
effect on cardiovascular risk factors; hypertension as well as diabetes [81-83].

In an alternative transgenic model of diabetes with a leptin receptor deficiency, which shows
hyperglycemia and obesity [84,85], we found on average a 19% reduction of the insulin
receptor labeling density compared to control. Thus genetic defects associated with insulin
resistance may also involve cleavage of the extracellular domain of the insulin receptor [39].

The underlying mechanism for the lack of insulin response in these two models and in the
SHR may be an uncontrolled degrading protease activity in the circulation and in the tissue
parenchyma. Significantly different models of Type Il diabetes and patients have evidence
for cleavage of the insulin receptor [78] as well as VEGFR-2, leptin receptor and others [86—
89].

Supporting the notion that MMPs are upregulated in many forms of the metabolic syndrome,
recent studies in humans have shown that short-term MMP inhibition in diabetic patients
serves to improve insulin receptor expression and signaling concomitantly decreasing the
level of inflammatory markers [90].

Other potentially degrading proteases may also be involved in metabolic and cardiovascular
disease. Neutrophils are major carriers of proteases. Treatment of hepatocytes with
neutrophil elastase causes cellular insulin resistance [74]. Tryptase and chymase are serine
proteinase ubiquitously stored in cytoplasmic granules of tissue mast cells. Mast cells
participate in atherogenesis [91]. These enzymes are locally activated and released into the
microenvironment, where they can act on the various extracellular targets, i.e. activate pro-
MMPs, cleave extracellular peptides and degrade lipoproteins and fibronectin [92].
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Circulating tryptase levels are positively correlated with subclinical atherosclerosis and have
a positive correlation with obesity and insulin resistance [93]. Moreover, their levels are an
independent risk factor for pre-diabetes and diabetes mellitus [94].

While some specific pathways for MMP activation in the metabolic syndrome have been
suggested [95], the in-vivo mechanisms for MMP activations are still uncertain. In vitro
studies show that MMP-1, MMP-2, and MMP-9 are highly expressed by diabetic cultured
endothelial cells and monocyte-derived macrophages after exposure to an elevated glucose
concentration [96]. Yet, this evidence does not explain the primary cause for elevated blood
glucose values in diabetes, which requires a mechanism that independently impairs the
glucose transport. Our proposed mechanism which include proteolytic cleavage of receptors
ectodomains leads inevitably to formation of soluble receptor fragments for which there is
ample evidence in diabetic patients [78].

There are other degrading protease subfamilies in the plasma and in the tissue that may be
involved in receptor shedding and the cell dysfunctions characteristic for the metabolic
syndrome. The type | transmembrane metalloproteinase ADAM17 (A Disintegrin and A
Metalloproteinase 17) plays a role in atherosclerosis and insulin resistance [97], cleaves the
ectodomain transmembrane proteins and causes receptor shedding [98]. Plasma levels of
granzyme B, a serine protease in T-lymphocytes, macrophages, mast cells and others, are
elevated in type 2 diabetics with abdominal obesity and significantly correlate with the levels
of the soluble insulin receptor fragments, supporting the idea that the receptor may be
proteolytically clipped in these patients [97]. Neutrophils, that are primed in the metabolic
syndrome, have been shown to undergo degranulation, releasing degrading enzymes to the
surrounding milieu and promoting protein cleavage and progression of cell dysfunctions and
disease [74].

It is interesting to note that hyperglycemia generates only low or undetectable levels or
soluble insulin receptors in vitro in several cell lines, suggesting that glucose per se has low
ability to promote cleavage of the insulin receptor [80]. Instead a protease appears to be
present in-vivo that clips the receptor ectodomain and elevation of the blood glucose is a
consequence.

9. Mechanisms for protease activation

A critical issue that comes into focus in this discussion about uncontrolled protease activity
is the mechanisms for generation of active degrading enzymes in the circulation.
Understanding these mechanisms will be a guide towards prevention and early interventions.
The mechanisms likely depend on the specific medical conditions and are largely unknown.

In the case of the SHR preliminary evidence suggests that serine protease may leak directly
out of the pancreas into the central circulation (A. Chan, G.W. Schmid-Schédnbein,
unpublished results). Serine proteases, like trypsin, are expected to be blocked in part by
serpins (e.g. anti-alpha trypsin), but more refined measurements suggest that such native
inhibition may be not entirely complete and may also be transient over the course of a day
[99]. Even low concentrations of trypsin can convert proenzymes into active enzymes (like
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in the case for MMPs activation). Thus, digestive proteases leaking from the pancreas may
serve as a mechanism for elevation of MMP activity in the SHR, although this hypothesis
remains to be investigated.

It is interesting to note in this context the case of physiological shock and sepsis, a life
threatening condition, in which elevated protease activity can be detected in the circulation.
In this case a key source of serine proteases in the circulation and in peripheral organs is the
pancreatic digestive enzymes [100, 101]. They are derived predominantly from the small
intestine where they are fully activated and present in high concentrations as essential part of
normal digestion. Their escape into the central circulation is facilitated by a breakdown of
the mucosal barrier in the small intestine [102,103] under conditions that compromise the
barrier properties of the mucins and the epithelial cells lining the intestinal villi and cause
autodigestion and insulin resistance [104]. The dramatic unchecked proteolytic activity in
shock with severe autodigestion is but an extreme case of the more subtle lower level of
receptor cleavage in chronic conditions, suggesting that the metabolic syndrome is
accompanied by a milder and early form of autodigestion.

10. Conclusion

There is increasing evidence for enhanced proteolytic activity in the metabolic syndrome
that is associated with receptor cleavage and loss of cell functions. The mechanism may
serve as a step towards understanding the root cause of the spectrum of patho-physiologies
involving blood rheology and diversity of cell dysfunction in chronic diseases, including
hypertension, diabetes, the metabolic syndrome. Protease activation and receptor cleavage
will have different consequences based on the tissue and specific receptors/proteases
involved. Receptor cleavage is followed by reconstitution of receptors in the cell membrane
after biosynthesis in the cytoplasm and therefore is a dynamic process involving autophagy
and neobiosythnthesis. The dynamics of such receptor turnover remain to be studied in
specific diseases and cell types. Identifying the exact proteases that are responsible for
receptor cleavage and the sequence of activation of these proteases is of great importance
and needs to be in the center of metabolic disease research.
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Fig. 1.

(A?) In situ zymography (with fluorescently quenched casein and gelatin in red and green
fluorescence, respectively) of the small intestine of rats fed high fat diet (HFD, with 60%
calorie intake from fat; Harlan, USA) and a normal control diet (CD) for 12 weeks. Sections
are oriented with the muscularis at the bottom of each panel and villi pointing upwards.
Casein degrading enzymes activity (left) was low in villi of animals on CD and is enhanced
after HFD with penetration to the muscular layer (arrows). Gelatinases activity (right) was
present along the villi in CD, but in HFD, elevated activity is recorded at the base of the
villi, next to the muscular layer. (B) In-situ zymography on skeletal muscle (gastrocnemius)
of rats on CD and HFD for 12 weeks. Conditions are the same as in Fig. 1(A).
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Fig. 2.
Immunohistochemical sections with primary antibody against the extracellular domain of the

insulin receptor (InRa, N-20, sc-710 polyclonal antibody mapping to the N terminus, Santa
Cruz Biotechnology) followed by biotin-avidin label [35] showing the expression density of
the insulin receptor ectodomain in aortic rings from rats fed HFD (left) or CD (right) for 12
weeks.
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Fig. 3.

(A?) Extracellular domain immunolabel density of the insulin receptor (same techniques as in
Fig. 2). (B) Glucose uptake (non-hydrolyzable glucose analog 6-NBD-deoxyglucose;
according to Methods described in [35]) in fresh isolated leukocytes after lysis of red blood
cells from rats fed HFD and CD for 12 weeks with (C) digital fluorescent intensity
measurements. The leukocytes were exposed to the fluorescent glucose analog for a period
of 30 min. Note the reduced insulin receptor density and attenuated transmembrane glucose
transport into the cells after exposure to plasma of rats on HFD compared to CD. *p <0.05
HFD vs. CD by student ftest. V=4 rats/group.
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Fig. 4.

W?estern blot showing insulin receptor alpha in plasma of rats fed HFD and CD for 12
weeks. In addition to the expected upper band (thick arrow, 130 KDa), three additional
bands (small arrows) are present in plasma of HFD rats and low or absent in the plasma of
rats on CD. The bands indicate additional cleavage products of the insulin receptor alpha and
require further mass-spec analysis. (Colors are visible in the online version of the article;
http://dx.doi.org/10.3233/BIR-15045.)
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