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Abstract
One of the key features of cardiovascular complications, such as hypertension or diabetes, is that
they often appear at the same time in the same individual together with other forms of co-
morbidities. While clinically a recognized phenomenon, no molecular mechanism for such co-
morbidities has received universal acceptance. We propose a new hypothesis that provides a
molecular basis for co-morbidities in hypertension due to unchecked proteolytic activity and
receptor destruction. Testing of the hypothesis in the spontaneously hypertensive rat reveals an
unchecked matrix metalloproteinase and serine protease activity in plasma and on several
cardiovascular and parenchymal cells. The elevated proteolytic activity causes extracellular
cleavage of multiple receptor types, such that cleavage of one receptor type leads to loss of the
function carried out by this receptor. Proteolytic cleavage of the extracellular domain of the β2
adrenergic receptor in arteries and arterioles causes vasoconstriction and elevation of the central
blood pressure while cleavage of the extracellular domain of the insulin receptor leads to insulin
resistance and lack of transmembrane glucose transport. A diverse set of cell dysfunctions in the
spontaneously hypertensive rat are accompanied by cleavage of the membrane receptors that are
involved in these functions. Chronic inhibition of the unchecked protease activity in the
spontaneously hypertensive rat serves to restore the extracellular receptor density and alleviates
the corresponding cell dysfunctions. The mild unchecked proteolytic activity in the spontaneously
hypertensive rat points towards a chronic autodigestion process as a contributor to the end organ
injury encountered in this rat strain. The presence of various soluble receptors, which consist of
extracellular fragments of membrane receptors, in the plasma of hypertensive and diabetic patients
suggest that the autodigestion process may also be present in man.
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1. Introduction
One of the key characteristics of the metabolic syndrome X is the simultaneous presence of
multiple co-morbidities. Besides obesity and an elevated level of triglycerides, there is an
elevated arterial blood pressure, an increased blood glucose level with signs of insulin
resistance (1,2) and a clustering of microvascular dysfunctions (3). These diverse
dysfunctions may appear in the same individual to different degrees and involve different
receptors and molecular pathways. In current management protocols, conditions like
elevated blood pressure in hypertension or elevated glucose levels in diabetes are often
subject to different types of drug treatments, each individually targeted towards one
symptom at a time. The consequence is that patients may need to take a multitude of
medications. This situation may be contrasted with interventions against the metabolic
syndrome X, such as calorie restriction, which serves to interfere at the same time with both
hypertension and diabetes (4).

To date no hypothesis has been advanced that places the multifaceted dysfunctions
encountered in the metabolic syndrome X under one conceptual roof. Development of such
an overarching concept is potentially of major importance for more effective treatments of
patients and it is the subject of this review.

We propose here a common mechanism that leads at the same time to the symptoms
associated with diabetes and with hypertension and their corresponding but different cell
dysfunctions. Accordingly we will advance a new hypothesis for the origin of these
dysfunctions that we have tested in a genetic model, the spontaneously hypertensive rat
(SHR) (5).

2. The Spontaneously Hypertensive Rat – Is Elevated Blood Pressure
Really its Problem?

While originally developed for the spontaneous elevation of its arterial blood pressure (6), a
large body of evidence shows that the SHR has many other defects besides an elevated
arterial blood pressure, including type II diabetes with insulin resistance (7–10), insomnia
(11–14), loss of microvessels (capillary rarefaction) (15–18), signs of immune suppression
(19–24) with impaired leukocyte-endothelial interaction (25–27) and a chronically elevated
leukocyte count compared to their control strains (28). The SHR’s vascular cells exhibit a
reduce response to fluid shear stress (29–31), to name just a few cell and tissue dysfunctions
(32). It appears the elevated blood pressure is not its major problem; other issues may be
more relevant for its cell dysfunctions. The SHR also exhibits greatly attenuated responses
to circulatory challenges, e.g. ischemia-reperfusion (33) but in an apparent dichotomy
exhibits an attenuated response to acute inflammatory stimuli (34).

3. Oxygen Free Radical Formation
One form of cell injury that has received in the past extraordinary attention is oxygen free
radical production. Indeed, the SHR exhibits an elevated level of superoxide at all vascular
levels (35–39). Various interventions against oxygen and nitrogen radicals have been tested
(40,41). In spite of many innovative approaches, clinical trials investigating the
cardiovascular benefits of antioxidants have yielded few robust results to support a primary
role of oxygen free radicals in the cell dysfunction associated with hypertension or its co-
morbidities (42). No molecular mechanism has been advanced to explain the diverse cellular
dysfunctions, such as the combination of hypertension, insulin resistance, capillary
rarefaction, etc., in the SHR.
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We need another mechanism to explain these diverse cellular dysfunctions. This issue is the
focus of the following discussion.

4. Unchecked Protease Activity in the SHR
The SHR exhibits an enhanced protease activity that is detectable with fluorescently
quenched substrates applied either in-vitro or in-vivo with microzymographic techniques
(Figure 1) (43).

One family of proteases of special interest in this context is the metalloproteinases. While
described originally for their ability to cleave extracellular proteins, e.g. collagen (by
MMP-1, -8, -13) and elastin (by MMP-12), by a common catalytic Zn++ domain, in recent
time an expanding body of evidence suggest that they may also have other substrates and
participate in pathophysiological mechanisms for which hypertension and diabetes are a risk
factor, e.g. atherosclerosis, stroke, heart and kidney failure (44,45).

The plasma protease activity is detectable in venous plasma derived from serine proteases as
well as matrix metalloproteinases (43). The activity involves the gelatinases MMP-2 and
MMP-9 as well as the matrilysin MMP-7 in plasma, while MM-1, MMP-3, MMP-8 and
MMP-13 activities were not found to be significantly elevated in plasma. MMP-14 activity
(a membrane-type MMP) was significantly reduced in the SHR (46). The elevations of
plasma MMP-2, 7-and -9 activity are relatively modest and in the range between 10 and
25%. But the fact that they are present at all is notable in light of the ability of proteases to
be blocked by endogenous protease inhibitors. In young adult SHR the protease activity is
present mostly in venous plasma; arterial plasma exhibits in some experiments less or no
elevation of protease activity in the SHR and is influenced by calorie consumption (47). It is
interesting to note that the low-pressure control to the SHR, the Wistar-Kyoto (WKY) strain,
also tends to exhibit elevated protease activities compared to the normotensive Wistar strain
from which the SHR and WKY rats were bred (46).

In addition to the plasma protease activity, we also find a significantly elevated MMP
activity on the endothelium along mesenteric microvessels of the SHR, which includes
MMP-1, MMP-1/-9, MMP-7, and MMP-8 activities, but less MMP-2 and MMP-3 activities,
compared to its control strains (43,48). In the mesentery the enzyme activity is present in
arterioles and venules as well as in tissue mast cells. The protease activity is especially
prominent in venules even though these vessels are not exposed to an elevated blood
pressure. The elevated protease level in SHR endothelial cells involves an enhanced MMP-9
expression level (detected with immunohistochemistry). The MMP-9 protein levels and
activity are also elevated in SHR venules as well as on its circulating leukocytes, which pass
periodically through the circulation from high to low blood pressure regions in the
vasculature (43). Thus, in the microcirculation there is no close association between elevated
blood pressure and elevated MMP activity.

Furthermore direct microzymographic evidence suggests that MMPs are present in multiple
organs of the SHR and can be further induced by ischemia. The renal cortex and medulla
exhibit elevated levels of MMP-2 and -9 even at young age (2 and 6 weeks) together with an
enhanced level of tissue inhibitor of MMPs (TIMP-4) (49). Salt supplementation enhances
MMP-2 activity in the kidney of stroke-prone SHR (50).

MMP-2, -9 and -13 are elevated in the heart of the spontaneously hypertensive heart failure
(SHHF) rat and is associated with increased TIMP-1, -2 but decreased TIMP-4 protein
levels (51). The cardiac muscle of the SHR or the SHHF also has elevated MMP-2 activity
(52,53). MMP-1 and TIMP-1 mRNA measurements indicate an age dependency (54). The
elevated MMP activity in the heart is not seen at a statistically significant level in all studies
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(55) but is age-dependent (56). In the brain astrocytes of the SHR, MMP-2 is present and
during ischemia MMP-9 and MMP-3 are produced as well (57–61).

Besides an elevated MMP activity, the SHR also has elevated levels of protease activity
derived from the granules of its circulating leukocytes. In its chronically elevated pool of
circulating leukocytes (28), a high proportion of granulocytes spontaneously degranulate
(62) and have elevated elastase activity on their membrane (63).

5. Receptor Cleavage in the SHR
In addition to enzymatic cleavage of fluorescently quenched substrates, the immediate
question arises whether the unchecked protease activity in the SHR may cause destruction of
important biomolecules, i.e. an autodigestion process. To examine this possibility we
recently embarked on an analysis of several important types of receptors that carry out key
cellular activities and whose function may be compromised in the SHR due to enzymatic
destruction.

5.1. β2 Adrenergic Receptor
The SHR has an elevated constriction of its arterioles, which leads to elevation of its
characteristic arterial blood pressure and for which this strain received its name (64,65).
Among multiple possibilities that may cause the elevation of the tone, use of agonists and
antagonists to the β2 adrenergic receptor point towards a defective β2 receptor signaling in
the SHR, e.g. a reduced smooth arteriolar vasodilation in the presence of epinephrine (66).
Direct infusions of MMP-7, MMP-9 or a combination of both into microvessels leads to
constriction of venules or arterioles, which is blocked by a MMP inhibitor. Immunolabeling
of the receptor with an antibody against the extracellular domain (N-terminus) and as control
against the intracellular domain (C-terminus) shows that a part of the β2 adrenergic receptor
population is cleaved on SHR endothelium. The density of the extracellular receptor label is
significantly lower in the aorta and in cardiac microvessels of the SHR compared to the
WKY rats. Treatment of the aorta and the heart muscle of control Wistar rats with plasma
from SHRs, but not plasma from WKY rats, reduced the number of extracellular domains,
but not intracellular domains, of the β2 adrenergic receptor. The ability of the SHR plasma
to cleave the receptor can be blocked by MMP inhibitors (66). As the SHR is chronically
treated with a broad acting MMP inhibitor (doxycycline), its plasma and endothelial MMP
activity is reduced to levels of the normotensive WKY rats and its elevated blood pressure is
reduced to the level of the WKY rat (43).

5.2. Insulin Receptor
Insulin resistance in the SHR is accompanied by a reduced density of the extracellular
domain of the insulin receptor on various cells, including leukocytes and mesentery
interstitial cells (43) (Figure 2). If naïve cells of the Wistar rat, the strain from which the
SHR is derived, is incubated with venous plasma of the SHR, the extracellular domain of the
insulin receptor is cleaved and consequently the transport of glucose into the cell is
impaired, a key marker for insulin resistance. Furthermore, if the SHR is treated chronically
with an MMP inhibitor, the density of the extracellular insulin receptor domains is restored
to control values and the plasma of such treated SHRs no longer has the ability to cleave the
receptor on control cells. The elevated plasma glucose levels in the SHR are reduced after
chronic MMP inhibition, which is in line with the improved glucose transport due to
restoration of the membrane insulin receptor density (43).
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5.3. β2 Integrin Receptor
The chronically enhanced circulating leukocyte count of the SHR (28) is associated with
reduced density of P-selectin on postcapillary venules and sialyl Lewis X-like carbohydrates
on circulating neutrophils and a reduced tendency of leukocytes to roll on postcapillary
venules (25). In addition, SHR neutrophils have a lower density of β2 integrins on their
membrane (26). SHR venous plasma also cleaves the extracellular domain of the β2
integrins, an effect that is also observed to a lower degree with plasma of the WKY strain
but is negligible with plasma of the Wistar strain. In contrast, the venous plasma of SHRs
treated chronically with an MMP inhibitor has reduced ability to cleave the outer membrane
domain of the β2 adhesion receptor (43).

5.4. ICAM
The counter receptor to β2 integrins on the endothelium, ICAM-1, is predominantly
expressed on venules and is also affected by proteolytic enzyme cleavage on the
endothelium of the SHR. But with this receptor, we observed a reversed pattern when
compared with the control Wistar strain. The extracellular domain of ICAM-1 has a higher
labeling density in SHR liver sinusoids, central veins, renal glomeruli, and the glomerular
capsules. Comparison with the intracellular label density of ICAM-1 suggests that the higher
label density of the extracellular domain in liver sinusoids and the renal glomeruli may be
due to accumulation of extracellular fragments of ICAM-1 from the systemic circulation. In
the SHR plasma, the density of soluble ICAM-1 was lower than in Wistar plasma, a feature
that may be associated in part with continued proteolytic cleavage of soluble fragments
when suspended in plasma. Thus the SHR may in fact filter extracellular receptor fragments
in the renal glomeruli (67).

5.5. Vascular Endothelial Growth Factor Receptor 2 (VEGFR2)
The SHR exhibits enhanced apoptosis in its entire vasculature, including arterioles, venules
and the capillary network, an effect that leads to actual loss of capillaries (rarefaction)
(68,69). In addition the SHR has attenuated angiogenesis, which is associated with impaired
VEGFR2 signaling (70). Labeling of the SHR extracellular, but not the intracellular, domain
of the VEGFR2 shows a reduced density in cardiac microvessels (arterioles and capillaries)
and on the aortic endothelium (46). SHR plasma has the ability to cleave the extracellular
domain of VEGFR2 on naive control cells, a process that is also caused by 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, an effect that is not observed to the
same degree in the WKY plasma. The chronic abolishment of MMP activity in the SHR also
serves to reduce significantly its endothelial apoptosis and at the same time increases the
capillary density in cardiac and skeletal muscles as well as in the mesentery (46).

5.6. The Formyl-Peptide Receptor (FPR)
The FPR plays a central role in the fluid shear stress response of circulating leukocytes as a
mechanosensor (71). Leukocytes retract their pseudopods when subject to fluid shear stress
at magnitudes typical for the circulation. The pseudopod retraction is due to
depolymerization of the actin inside pseudopods, a process controlled by the FPR. This form
of shear stress response in leukocytes is impaired in cells derived from SHR and also in
naïve control leukocytes exposed to SHR plasma for 20 minutes (72). The impaired fluid
shear stress response in the SHR causes a situation that leads to increased tendency for
pseudopod formation by actin-polymerization and reduced ability to reduce pseudopods
when exposed to fluid shear stress (31). The impairment is accompanied by a reduced
density of the extracellular domain of the FPR on SHR neutrophils (72). Exposure of control
neutrophils to SHR plasma or just to MMP-9 leads to reduction of the extracellular but not
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intracellular domain of the FPR, i.e. cleavage of the receptor (Figure 3), and a reduced shear
stress response as well as a reduced fMLP response. Chronic inhibition of MMPs in the
SHR serves to restore the receptor density and the fluid shear stress response (72).

Receptor cleavage may also be involved in the anomalous behavior of blood cells after
traditional centrifugation used in a standard fashion to separate different blood cell
components. Depending on the time and magnitude of centrifugation of whole blood, the
process leads to a reduction and even complete loss of the fluid shear stress response in
leukocytes (73). Measurement of the extra- and intracellular domain densities of the FPR
before and after centrifugation shows cleavage of the extracellular domain, possibly due to
neutrophil degranulation and release of proteolytic activity at the membrane (72). Unless the
endocytosis of degrading protease from cytoplasmic granules and other cytoplasmic
compartments is prevented or the degrading protease activity is blocked, it is possible that
membrane receptors other than the FPR are cleaved as well after standard centrifugation
protocols.

5.7. Endothelial Tight Junction Proteins
Degradation of the tight junction forming proteins (occludin and claudin-5) and opening of
the blood-brain barrier in SHR cerebral vessels during a 90-minute ischemic period followed
by reperfusion may be due to MMPs (74). The degradation of the tight junction proteins
correlates with an increase in microvascular permeability and involves MMP-2, MMP-9,
and the activator of MMP-2, MT-1 MMP, as well as its activator, the serine endopeptidases
paired basic amino acid cleaving enzyme (furin). The activation under these ischemic
conditions can be prevented with an MMP inhibitor. Both claudin-5 and occludin fragments
can be detected in brain tissue with appearance of lower molecular weight fragments.
Activation of MMPs in acute focal ischemia is observed in species, other than just the SHR,
and involves degradation of proteins in the extracellular space with a direct effect on the
function of the neuropil (75). The impact of the acute MMP activation after ischemia
remains largely unexplored.

5.8. Hypothalamic Receptor Cleavage and Reduced Sleep Quality - Insomnia
The SHR has a reduced sleep quality with a reduced quiet sleep period (76). We obtained
initial evidence that the antibody label density against the extracellular domain of the
5HT-1A receptor is lower in the SHR hypothalamic region compared to its normotensive
control (77).

5.9. Regulation of MMP Expression in SHR
The SHR has an enhanced level of nuclear factor κB (NF-κB) expression levels. The
overexpression is detectable with immunohistochemistry in arterioles and in parenchymal
cells of kidney and brain hypothalamus, but not myocardium and cerebral cortex (78). The
overexpression is also present in circulating leukocytes and thus not limited to vessels of the
circulation with high blood pressure (43). A chronic 10-week inhibition of NF-κB (with
pyrrolidine dithiocarbamate (PDTC) in the SHR reduces NF-κB and MMP-2 and MMP-9
activity in plasma, brain and kidney. This serves to normalize the elevated blood pressure.
The level of the extracellular, but not intracellular domain density of the β2 adrenergic
receptor is reduced in the kidney, and brain cortex, and hypothalamus of the SHR, revealing
a receptor cleavage process that can be blocked by chronic PDTC treatment (78). The
possible inhibition of membrane receptor cleavage in the SHR by NF-κB blockade and
attenuation of MMP activity remain to be explored.
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5.10. Evidence for Receptor Cleavage in Human Hypertensives
Enhanced MMP levels have been observed in human hypertensive, especially when subject
to renal failure (79). The question arises whether there exists any evidence in human
essential hypertension that proteolytic receptor cleavage mechanisms may be present. The
coincidence of multiple cell and organ dysfunctions in hypertensives, other than just blood
pressure elevation, may be in line with this possibility.

A case in point is the evidence for soluble receptors in plasma of diabetics. A number of
receptor fragments have been detected and designated as “soluble receptors” although the
basis of such solubility is uncertain. Examples include a soluble insulin receptor (80),
soluble VEGFR2 (81–84), soluble angiopoietin receptor tie-2 (85), soluble IL-6 receptor
(86), soluble receptor for advanced glycation end products (RAGE) (87,88) and soluble
selectins (89). Several of the soluble receptors are in a fragmented form including the
extracellular domains, which is expected after cleavage by an extracellular protease. Soluble
receptors are present in general at low concentrations, so that it is difficult to assign a major
physiological control function to such fragments, and instead they may have to be regarded
as the consequence of receptor cleavage on cell surfaces that interfere with important cell
functions.

Patients with essential hypertension have been shown to have elevated levels of soluble
VEGFR2 (90), soluble junctional adhesion molecule A (JAM-A) (91), and soluble RAGE
(92). The plasma of hypertensive patients contains soluble leukocyte adhesion molecules (P-
selectin, E-selectin, ICAM-1, VCAM-1) (89,93–100). The soluble P-selectin receptor serves
as a risk predictor for myocardial (but less for cerebral) infarction in hypertensive with no
prior cardiovascular events (101).

Soluble VEGFR1 has been detected in pregnancy-induced hypertension (preeclampsia) with
a tendency for increased levels of soluble receptor concentrations with increasing blood
pressure (102,103). It is notable that some studies also found significantly reduced soluble
receptors in hypertensives (104). The evidence, however, has to be examined in light of the
relatively low concentrations of these receptor fragments (picograms/ml) in plasma or serum
and the technical limitations to detect cleaved protein fragments. Soluble receptor fragments
may be subject to further enzymatic degradation in plasma so that traditional antibody based
techniques, e.g. ELISA, and even mass spectrometric techniques, may be undermined.

Finally, it is interesting to note in this context that the accumulation of soluble VEGFR2 can
be reduced with ACE inhibitors (105), protease inhibitors that not only attenuate the
formation of angiotensin but also inhibit MMP activity (106–109).

5.11. Summary
We propose here for the first time a mechanism for the multifaceted and diverse cell and
organ dysfunction that frequently accompany hypertension. In the SHR model of
hypertension we find a relatively low level and possibly heterogeneous but uncontrolled
degrading protease activity, derived in part from serine proteases and MMPs. This
uncontrolled protease activity is detectable with in-vivo microzymography on SHR
endothelial cells and parenchymal cells and in plasma. We regard this as a mild
autodigestion process in which multiple surface receptor types are enzymatically cleaved.
Consequently diverse cell functions facilitated by such cleaved receptors become
compromised (Table 1). For example, cleavage of the β2 adrenergic receptor on arterioles
leads to arteriolar constriction and as a result contributes to elevated central blood pressure;
cleavage of the extracellular domain of the insulin receptor leads to insulin resistance;
cleavage of VEGFR2 leads to endothelial apoptosis which in the microcirculation causes
capillary rarefaction; cleavage of leukocyte adhesion receptors contributes to immune
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suppression and at the same time to a reduced leukocyte adhesion upon; cleavage of the FPR
on leukocytes attenuates mechanotransduction triggered by fluid shear stress. Chronic
treatment with an MMP inhibitor serves to attenuate cleavage of multiple receptor types and
restore their function via a single treatment that targets the protease activity. There is
indirect evidence in patients for receptor cleavage in the form of soluble receptor fragments
in plasma. But proteolytic destruction of extracellular domains of membrane receptors as
basis for multiple cell and organ dysfunction in patients remains to be examined.

5.12. Clinical Perspective
One of the implications of the current hypothesis is that there may be an opportunity to
uncover in the future a more unified approach to the cluster of co-morbidities that
accompany the metabolic syndrome X. Instead of treating one symptom at a time with a
multitude of medications there may be an opportunity to reduce the number of medications
by protease inhibition. Whatever approach is taken in the future, it has to be nuanced since
proteases play an essential role in many physiological functions and inflammatory repair
processes. Understanding the genetic and/or environmental cause of the uncontrolled
protease activity will open the door to prevention.
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Figure 1.
Digital fluorescent micrographs of in-vivo protease activity as detected with
microzymography using a quenched fluorogenic peptide substrate for MMP (MMP-1 and
-9) activity in mesenteric microcirculation of WKY and SHR before and after chronic MMP
inhibition (with doxycycline) (43). Note the enhanced fluorescent emission over the
endothelial cells in the SHR arterioles (A), capillaries (C), and venules (V).

Delano et al. Page 14

Drug Discov Today Dis Models. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(A) Insulin receptor immunolabel density in mesentery microvessels of WKY and SHR
before and after chronic MMP inhibition with doxycycline as detected by
immunohistochemistry using an antibody against the extracellular domain of the receptor
with VECTOR NovaRED substrates (for details see Reference (43)). Note the dark label for
the insulin receptor (as compared to the lighter hemoglobin) on the endothelium, which is
attenuated in the SHR and restored after chronic MMP inhibition. (B) Extracellular insulin
receptor label density in the interstitial space of the WKY and SHR mesentery recorded at
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higher image resolution and lower image contrast. Note that the level of receptor labeling is
lower in the mesentery interstitium and was not recorded in Panel A at higher contrast.
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Figure 3.
Selected micrographs of the formyl peptide receptor (FPR) density on typical WKY and
SHR leukocytes after immunolabeling with an antibody against its extracellular (left images)
and intracellular domain (right images). The images are representative for the average
receptor density as measured previously (74). Bottom image shows control label density
without primary antibody. Note the reduced extracellular labeling density on SHR
leukocytes as compared to the normotensive WKY, a trend that is not present when an
antibody against the intracellular domain is used, suggesting FPR cleavage in the SHR.
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Figure 4.
Schematic diagram of extracellular proteolytic enzyme activity with cleavage of the
extracellular domain of membrane receptors resulting in cleaved extracellular receptor
fragments (“soluble receptors”), lack of receptor signaling and consequently to cell, vascular
and organ dysfunctions typical for the SHR. The diagram shows the case for three selected
receptors; other receptors are also subject to proteolytic destruction. A similar proteolytic
cleavage may affect the extracellular domain of other membrane receptors and consequently
generate multiple cell, microvascular and organ dysfunctions encountered in the SHR.
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Table I

Extracellular Domain Receptor Cleavage and Cell Dysfunctions in the SHR

Receptor Type Cell - Organ Dysfunction

β2 Adrenergic Receptor Arteriolar vasoconstriction and central blood pressure elevation – hypertension; (66)

Insulin Receptor -α Insulin Resistance with reduced glucose transport - Type 2 diabetes mellitus; (43)

Vascular Endothelial Growth Factor Receptor 2
(VEGFR2)

Endothelial apoptosis and elevated endothelial permeability - Capillary rarefaction;
(46,48)

Formyl Peptide Receptor (FPR) Reduced response to formyl peptide and fluid shear stress on leukocytes – Suppression
of fluid shear response and elevated capillary hemodynamic resistance; (72)

β2 Integrin Adhesion Molecule (CD18) Attenuated leukocyte-endothelial interaction - Immune suppression and also resistance
to inflammatory stimuli (43)

Tight Junction Proteins: Occludin and Claudin - 5 Increased endothelial permeability; (74)

Inter-Cellular Adhesion Molecule 1 (ICAM-1,
CD54)

Proteolytic cleavage of the extracellular domain of ICAM-1 and accumulation in kidney
glomeruli; (63)

Serotonin 5HT-1A receptor Reduced sleep quality – Insomnia; (77)
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