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Abstract 

Septic shock is the leading cause of death in intensive care units in Canada and 

the USA. Lipopolysaccharide (LPS) initiates the development of gram negative sepsis by 

stimulating the expression of inflammatory mediators which result in vascular 

hyporeactivity to vasoconstrictors, defined as an insensitivity of the vasculature to 

vasopressor agents. Nitric oxide (NO) is a key mediator contributing to this vascular 

dysfunction associated with septic shock and can combine with superoxide, to form 

peroxynitrite, a toxic oxidant. Peroxynitrite can activate matrix metalloproteinases 

(MMPs) which are involved in various cardiovascular diseases. However, their role in 

septic shock is unknown. 

Using the isolated thoracic rat aorta, I studied three experimental models which 

mimic features of septic shock to explore the role of MMPs in the development of 

vascular dysfunction in endotoxic shock. I discovered that: MMP inhibition protected 

against LPS-induced vascular hyporeactivity in vitro; in vivo LPS increased MMP 

activity in aortae of LPS-injected rats; and, MMP inhibition protected against interleukin-

lP-induced vascular hyporeactivity in vitro. 

The endothelium regulates both vascular function and the immune response; 

therefore, its role in the development of vascular hyporeactivity concerning MMPs was 

assessed. MMP inhibition prevented LPS-induced vascular hyporeactivity in 

endothelium-intact but not denuded vessels. MMP activity was enhanced in endothelium-

intact but not denuded vessels after LPS stimulation. These results implicate the 

endothelium in MMP-induced vascular hyporeactivity induced by LPS. 



In order to examine the effect of MMP inhibition in vivo we administered LPS 

and the MMP inhibitor, doxycycline, into rats. After six hours aortae were isolated and 

the vasoconstrictor response to phenylephrine was tested in vitro. Doxycycline protected 

against LPS-induced development of vascular hyporeactivity. 

In order to test the mechanisms of interleukin-ip-induced vascular hyporeactivity 

in vitro, I examined the contribution of the NO/cGMP pathway with respect to MMPs. 

Inhibition of NO synthase or soluble guanylate cyclase protected against interleukin-ip-

induced vascular hyporeactivity and prevented the increase in MMP activity in vitro. 

Results from this thesis will contribute to a better understanding of the 

mechanisms of vascular hyporeactivity to vasoconstrictors in sepsis-like conditions, and 

introduce a potential new therapeutic target for the treatment of this disease. 
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CHAPTER 1 

INTRODUCTION 

Portions of this chapter have been published in the following reviews: 

Cena J., Chow, A.K., Schulz R. Nitric oxide, peroxynitrite, and matrix 

metalloproteinases: an insight into the pathogenesis of sepsis. In: Tota, B., Trimmer, 

B. (eds.), Advances in Experimental Biology: Nitric Oxide, 2007 (pp. 367-396). 

Amsterdam; Elsevier. 

Chow, A.K., Cena J., Schulz R. Acute actions and novel targets of matrix 

metalloproteinases in the heart and vasculature. Br J Pharmacol 2007; 152:189-205. 
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In this introductory chapter I will review septic shock, the matrix 

metalloproteinases, and how these two subjects are linked. Section 1.1 will outline the 

epidemiology and pathophysiology of septic shock with particular emphasis on the 

vasculature. Section 1.2 introduces matrix metalloproteinases (MMPs) and their newly 

discovered roles in septic shock. Section 1.3 is comprised of the thesis hypotheses and 

objectives for each chapter. 

1.1 Pathophysiology of septic shock 

1.1.1 Definition of septic shock 

Sepsis, a life-threatening condition arising through the body's response to an 

infection, is the leading cause of death in intensive care units in North America [1]. In the 

United States sepsis and its associated syndromes account for 2.9% of all hospital 

admissions and 10% of admissions into the intensive care unit [2]. In 1995, an estimated 

9.3%o of all deaths in the United States were attributed to sepsis. Mortality rates vary 

among the population, from 3.2% in children to 43% in the elderly. Additionally, the 

annual expenditure for sepsis in the US is estimated at $16.7 billion. In one specific 

health region in Canada, the mortality rate was 49%) [3]. 

Sepsis is characterised by both an infection and a systemic inflammatory response 

[4]. Clinically, sepsis indicates what has also been termed 'severe sepsis' which is 

defined as sepsis complicated by global organ dysfunction. Septic shock, a subset of 

severe sepsis, is defined as sepsis manifested by circulatory failure and characterised by 

persistent arterial hypotension. Additionally, widespread intravascular coagulation 
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occurs, a result of downregulation of fibrinolytic mechanisms [5]. Research into the 

pathogenesis of sepsis has revealed many potential therapeutic targets such as 

inflammatory mediators, bacterial toxins, and specific enzymes; however, no completely 

effective pharmacotherapy has yet been discovered. Part of the problem in developing 

treatments for this syndrome is dealing with its enormous complexity [6]. 

Clinically, septic shock is typically characterized by fever, respiratory distress, 

tachycardia and persistent hypotension. Laboratory tests frequently show altered white 

blood cell counts, decreased platelet count and acidosis. Blood borne infection is 

confirmed by a positive blood culture, though the condition may progress to death before 

the results of the tests are available. 

Treatment of septic shock typically requires admission into the intensive care unit. 

Therapy is mainly supportive: oxygen, fluid resuscitation, vasopressor and inotropic 

agents are applied in order to improve blood pressure and tissue perfusion. The effective 

tissue distribution of broad spectrum antibiotics applied intravenously to combat the 

infection is hindered by the persistent systemic hypotension. Consequently it is essential 

that the mechanisms that underlie the severe and persistent hypotension observed in 

septic patients become fully elucidated in order to facilitate more positive treatment 

outcomes. However, unravelling the underlying mechanisms is difficult because the 

natural immunological response to bacterial infection releases an unrelenting cascade of 

mediators, thus complicating the pathophysiology of sepsis. 
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1.1.2 Pathogenesis of septic shock 

1.1.2.1 Lipopolysaccharide 

Though the origin of bacterial infection can vary widely, the body's reaction to systemic 

invasion by bacterial pathogens follows a common cascade. Initiation of the septic shock 

cascade first begins with exposure to immunogens in the bloodstream. 

Lipopolysaccharide (LPS), a cell wall component of gram-negative bacteria (Figure 1.1), 

can spark the inflammatory cascade leading to sepsis-like conditions. LPS, also called 

Repeating Unit 

Figure 1.1 General structure of LPS from Gram-negative bacteria. LPS consists of a 
membrane-anchoring lipid A domain and a covalently linked polysaccharide portion. The 
terminal end of the LPS molecule contains up to 50 repeating oligosaccharide units. The 
central core domains are more structurally conserved among bacterial species. 

endotoxin, consists of a membrane-anchored lipid A domain and a covalently linked 

polysaccharide portion [7]. The polysaccharide region consists of up to 50 repeating 

oligosaccharide units and has extreme structural variability among bacterial species. The 

terminal end of the LPS molecule, called the O-specific chain, protects the bacteria from 

phagocytosis. Interestingly, the polysaccharide moiety in gram-negative bacteria has 

evolved to mimic human glycolipids and thus allow them a consequential increased 

resistance to the immune system defenses. The lipid A domain is shown to be the primary 
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immunoreactive moiety of LPS. The immune system is highly sensitive to this domain, 

and administration of this domain alone can elicit immune responses [8]. LPS first binds 

to CD 14 receptors in the immune system via its lipid A portion [9,10]. The LPS-CD14 

complex is then recognized by toll-like receptor-4 (TLR-4) located on neutrophils, 

macrophages, and endothelial cells [11,12]. Occupancy of the TLR by the complex 

activates multiple signal transduction pathways and mobilizes transcription factors (such 

as nuclear factor-KB (NFKB) [13]) which stimulate transcription of many genes that 

encode for immunomodulatory molecules such as the pro-inflammatory cytokines tumor 

necrosis factor-a (TNF-a) and interleukin-ip (IL-ip). Many of these downstream 

mediators may stimulate the release of other factors potentially amplifying the 

inflammatory cascade. Accompanying the release of pro-inflammatory mediators is the 

release of anti-inflammatory cytokines such as transforming growth factor-P and others. 

In sepsis, an imbalance occurs which shifts the balance towards inflammation. 

Continuous generation of these mediators makes the pathogenesis of sepsis self-

perpetuating and independent of the initial exposure to endotoxin. 

Lipoteichoic acid and peptidoglycan are two major cell wall components in gram-

positive bacteria, both of which stimulate inflammatory responses in various in vitro and 

in vivo models [14]. Approximately 50% of all cases of sepsis are initiated by gram-

positive bacteria; Staphylococcus aureus being the most commonly associated microbe. 

Although there are many parallels between gram-positive and gram-negative sepsis and 

septic shock, this thesis will focus on the pathogenesis of gram-negative sepsis/septic 

shock and endotoxemia. 
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1.1.2.2 Pro-inflammatory cytokines 

The inflammatory cascade in sepsis involves the generation of a plethora of 

powerful pro-inflammatory cytokines such as interleukin-2 (IL-2), IL-4, IL-6, IL-8, 

interferon-y (IFN-y), and TNF-a [15-19]. Release of this diverse array of cytokines 

complicates the search for the primary mediators involved in the inflammatory cascade in 

sepsis. However, recent evidence brings to light the importance of TNF-a and IL-ip in 

the inflammatory process (Figure 1.2). Natanson et at. (1988) have shown that in dogs 

Figure 1.2 Simplified inflammatory pathway in LPS signalling. LPS stimulates 
intracellular pathways downstream of TLR4 via NFKB, leading to the transcription of 
pro-inflammatory cytokines such as IL-lp and TNF-a. 

many cardiovascular manifestations of septic shock coincide with peak TNF-a serum 

concentrations [20]. Moreover, several groups have demonstrated a dose-dependent 
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correlation between the administration of TNF-oc and the pathophysiological markers of 

septic shock in dogs [21-23]. Despite promising experimental evidence, clinical trials 

involving the blockade of TNF-a have been unsuccessful [24,25]. IL-ip is another 

important culprit of the inflammatory cascade in sepsis based on recent studies. 

Experimentally, infusion of this cytokine into animals results in cardiovascular 

dysfunction as well as other sepsis-related abnormalities [26,27]. Interestingly, blockade 

of IL-ip by receptor antagonists was found to reduce cardiovascular dysfunction and 

mortality in animal models [28,29]; however, human trials produced more modest results 

[30]. A possible explanation for the failure of these anti-cytokine trials may lie in the 

similarity of effects seen among the cytokine family. The redundancy of action observed 

in the cytokine cascade may compensate for the inhibition of any one particular cytokine, 

rendering inhibition of a specific pro-inflammatory cytokine an ineffective therapeutic 

strategy. 

Therapies involving the inhibition of cytokine synthesis or their mechanism of 

action may be detrimental. Animal studies demonstrate that antibody neutralization of 

TNF-a activity increases mortality, and combination therapy (blockade of both TNF-a 

and IL-ip receptors) enhanced fatality in various models of sepsis [31,32]. Possible 

reasons for these results may be that suppression of the immune system allows 

pathogenic substances to exert their effects unhindered, and some suggest that clinical 

trials involving immunosuppressive agents were inappropriately conducted [33]. A 

crucial problem concerning these failed clinical trials appears to be the heterogeneity of 

the patient population involved. The categorization of septic patients enrolled in these 

trials exhibited discrepancies leading to unreliable or misleading conclusions [34]. 
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1.1.3 Vascular manifestations of septic shock 

The development of persistent systemic vasodilation in sepsis involves two 

interacting factors. The first is the enhanced biosynthesis of vasodilatory substances from 

the endothelium [35] and from other physiological sources. The second involves the 

central theme of this thesis, hyporeactivity of vascular smooth muscle to 

vasoconstriction. 

1.1.3.1 Vascular hyporeactivity 

Normally, endogenous adrenergic agonists such as noradrenaline maintain 

vascular tone by occupying a-receptors on vascular smooth muscle. Very high doses of 

vasoconstrictors which would cause severe hypertension in the healthy individual are 

necessary in the septic patient in order to at least partially reverse the marked hypotension 

[36]. This suggests that the vasculature is insensitive to endogenous and exogenous 

vasoconstriction. 

Although the cellular pathogenesis of vascular hyporeactivity is unclear, several 

theories have been presented. The cytokines are now considered to be a central factor in 

the pathogenesis of vascular hyporeactivity. TNF-a, IL-ip, and IL-6 are three 

proinflammatory cytokines that are important mediators of hyporeactivity [37]. It has also 

been suggested that superoxide (O2'") produced by activated neutrophils and macrophages 

and associated with tissue damage and the inflammatory response, can oxidize 

catecholamines and render them incapable of effecting vasoconstriction; therefore, 

benefits of such vasoconstrictor agents are limited [38]. There is emerging evidence 

which implicates a disruption in ion homeostasis across the vascular smooth muscle cell 

membrane in sepsis. Chen et ah, (2005) demonstrated an abnormal activation of the 
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Na+/K+ ATPase pump in aortae from endotoxemic rats [39]. This results in a rapid 

depletion of cellular energy as well as a decrease in contractility due to the ionic 

imbalance. The ATP-sensitive potassium channel (KATP) has also been implicated in the 

pathogenesis of vascular hyporeactivity. Studies have demonstrated an increase in KATP 

channel activity in the vascular smooth muscle of LPS-treated rats [40]. This results in 

vascular smooth muscle cell hyperpolarization, thereby limiting the contractile response 

to vasoconstrictors. 

1.1.3.2 Role of the endothelium in septic shock 

The vascular endothelium lines the luminal side of blood vessels and serves as an 

interface between the circulating blood and tissue. It performs a variety of physiological 

functions which are essential for homeostasis. These include the regulation of organ 

perfusion, vascular tone and permeability, as well as the adhesion of platelets and blood-

borne cells and the modulation of coagulation [41]. By virtue of its contact with the 

bloodstream, the endothelium is first to come in contact with pathogens. A large body of 

evidence supports the role of the endothelium in orchestrating the immune response in 

sepsis [42,43]. Endothelial activation leads to the release of vasodilators allowing 

immune cells to infiltrate the infected tissue. Under normal conditions, the endothelium 

functions as an anticoagulant surface; however, during sepsis it is believed to undertake a 

procoagulatory phenotype [42] by expressing tissue factors leading to the activation of 

Factor VII [44,45] and consequential activation of the extrinsic coagulation pathway. 

The decrease in vascular tone observed can be explained by enhanced production of 

several vasodilatory substances. Cytokines such as TNF-ct, IFN-y and IL-ip have been 
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shown to produce excessive amounts of two potent vasodilators, prostaglandin I2 and NO 

(see below) [35]. These vasodilators may be endothelial-derived or result from increased 

biosynthesis in vascular smooth muscle [46,47]. 

1.1.3.3 Models of vascular hyporeactivity 

1.1.3.3.1 Lipopolysaccharide-induced vascular hyporeactivity in vitro 

Clinically, septic shock is associated with marked vascular hyporeactivity to 

vasoconstrictors [35]. This phenomenon can be mimicked in an in vitro experimental 

setting in which LPS is applied directly onto blood vessel preparations [48-50]. Both 

clinical septic shock and in vitro LPS administration share parallels with respect to their 

mechanisms of pathogenesis. Both are associated with an overproduction of NO and an 

excessive activation of soluble guanylate cyclase (sGC) [51,52]. Furthermore, application 

of LPS in vitro results in the generation of pro-inflammatory cytokines which are 

important effectors in septic shock [53,54]. Utilization of in vitro models of vascular 

hyporeactivity induced by LPS has revealed potential mediators in the development of 

this phenomenon including NO and sGC described above [55,56]. These studies have 

revealed other targets such as protein kinase C and vascular K+ channels as potential 

mediators of vascular hyporeactivity in models of septic shock. Knowledge gained from 

pharmacological investigations utilizing that model has led to various clinical trials in 

septic shock; these include the use of NOS or K-channel blockade. [57-64]. LPS-

induced vascular hyporeactivity in vitro provides a system with limited confounding 

variables and the capability to experimentally design parallel functional and biochemical 

analysis from the same tissue. One of the main advantages is that it differentitates 

10 



between direct versus indirect vascular effects of LPS. This design generates more 

scientifically relevant data because the functional changes are directly reflected in the 

biochemical analysis. 

1.1.3.3.2 Lipopolysaccharide-induced vascular hyporeactivity in vivo 

The model of septic shock involving the injection of LPS in vivo in lab animals is 

commonly known as endotoxemia. It is defined as the presence of LPS (endotoxin) in the 

plasma, which has also been examined in human volunteers [65-67]. The value of this 

model in animals is related to its ease of reproducibility and manifestation of septic shock 

symptoms including inflammation, overproduction of vasodilatory substances, and 

vascular hyporeactivity to vasoconstrictors; moreover it elicits a similar cytokine profile 

that occurs in septic shock [53,54,68]. 

In studying vascular hyporeactivity, many groups have utilized this model to gain 

information on the mechanisms involved in the consequences of endotoxemia [40,69-75]. 

Fundamentally, as an in vivo experimental system, endotoxemia is a biologically relevant 

model of septic shock and has established this significance in various studies examining 

vascular hyporeactivity [59,69,76]. In those studies, a model of rat endotoxemia was 

utilized in order to investigate the involvement of NOS or K+-channels which are 

believed to contribute to vascular hyporeactivity. These studies were further developed 

into clinical trials examining the impact of these phenomena [61,64]. 
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1.1.3.3.3 Interleukin-ip-induced vascular hyporeactivity in vitro 

There is a well-established role of pro-inflammatory cytokines in the development 

of cardiovascular dysregulation seen in septic shock. IL-lp has emerged as a key 

mediator in the development of vascular hyporeactivity to vasoconstrictors [77], and 

symptomatically produce vascular manifestations similar to those seen in clinical septic 

shock. IL-ip has been shown to have effects distinct from LPS which contribute to 

vascular hyporeactivity. For example LPS is capable of stimulating L-arginine transport 

in cultured vascular smooth muscle cells, whereas IL-1J3 is not [78]. In another cell 

culture model, examination of the effects of LPS and IL-ip revealed different G-protein 

signalling mechanisms with respect to NO production and iNOS protein synthesis [79]. 

In this model, inhibitors of G-protein signalling potentiated the effects of LPS but not IL-

ip-induced generation of NO and stimulation of iNOS protein synthesis. In vivo, marked 

differences exist in the cardiovascular changes that occur when comparing LPS and IL-ip 

infusion into rats [27]. Specifically, the recovery in mean arterial pressure was much 

slower in LPS versus cytokine treated rats; moreover, this recovery in mean arterial 

pressure was lower in LPS-treated rats. 

More importantly, our enzymes of interest, the matrix metalloproteinases 

(MMPs), have been shown to regulate the biological activity of various cytokines [80]. 

For example, MMP-2 and -9 have been shown to proteolytically activate the IL-ip 

precursor into its biologically active form [81]. Therefore, we utilized an in vitro model 

of IL-ip downstream of this activation in order to understand the mechanisms resulting in 

the pathological activation of this pro-inflammatory cytokine on vascular hyporeactivity. 

Additionally, tetracyclines, a class of antibiotics which have been recently discovered to 
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be potent inhibitors of MMPs, have been demonstrated to decrease levels of IL-1J3 in the 

plasma in mouse models of septic shock [82]. 

1.1.4 Molecular mechanisms of pathogeneity 

1.1.4.1 Nitric oxide 

Since the discovery of NO, scientific research has unravelled its biosynthesis and 

roles in many physiological systems. Moreover, NO has been a central component of 

various cardiovascular diseases including septic shock. NO is upregulated during sepsis 

and overproduction of this free radical is a well established indicator of, and contributor 

to, the pathogenesis of septic shock. 

NO is a small, short-lived molecule that has received tremendous attention in 

recent years. It is a labile gas with a half-life in the time frame of seconds in 

physiological solution at 37 °C [83-85]. The effects of NO were first observed in aortic 

rings; light mechanical rubbing of the lumen of a segment of rabbit aorta (a protocol for 

removing the vascular endothelium) completely inhibited the vasorelaxant properties of 

acetylcholine [86]. At that time, the chemical identity of this relaxant factor was 

unknown and it was termed endothelium-derived relaxing factor (EDRF). It was later 

determined to be NO [87,88]. The generation of NO is catalyzed by three distinct 

isoforms of NOS, endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS 

(nNOS). All isoforms of NOS catalyze the oxidation of the amino acid L-arginine to 

produce NO and citrulline. NO is primarily generated in the cardiovascular system by a 

Ca2+-dependent NOS in cardiac myocytes [65], endocardial endothelial cells [89], and 

vascular endothelial cells [90]. This NOS isoform was later identified to be eNOS [91]. 
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nNOS activity has also been localized to the sarcoplasmic reticulum in cardiac myocytes 

[92], as well as to cardiac neurons [93,94] and blood vessels innervated with non-

adrenergic non-cholinergic nerves where it is released as a neurotransmitter [95]. NO 

exerts a number of regulatory and cytoprotective effects such as promoting vasodilation 

[85], and decreasing the adhesion of platelets [96] and neutrophils [97] to the 

endothelium, as well as inhibiting platelet aggregation [98]. 

Oxidation of one of the guanidine nitrogen atoms of L-arginine forms NO and 

citrulline. In this process, 1.5 molecules of NADPH per molecule of NO are consumed 

and molecular oxygen is reduced [99]. NO exerts many but not all of its biological effects 

via its direct activation of sGC which catalyzes the formation of cGMP from guanidine 

triphosphate [100]. sGC contains a haem moiety which is essential for the binding of NO 

and the activation of the enzyme [101]. cGMP can be acted upon by phosphodiesterases 

which render it biologically inactive. Of the phosphodiesterase family, phosphodiesterase 

V is mainly responsible for the enzymatic cleavage of cGMP in vascular smooth muscle 

cells [102]. 

The main downstream action of cGMP generation is the activation of protein 

kinase G, its associated protein kinase. This kinase is involved in the regulation of 

various enzymes via phosphorylation [103]. In vascular smooth muscle, this ultimately 

promotes vasodilation via Ca2+-dependent and independent mechanisms. Specifically, 

protein kinase G acts to decrease myosin phosphorylation by inhibition of Rho A as well 

as activate K+ channels and inhibit the inositol triphosphate receptor [104]. 

Under inflammatory conditions, NO can be produced in higher concentrations 

following the expression of iNOS in the endocardial endothelium [105], vascular 
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endothelial cells [106], cardiac myocytes [65,107], vascular smooth muscle [108], and 

neutrophils [109]. Pro-inflammatory cytokines such as those involved in the 

inflammatory cascade in sepsis (eg. TNF-a, IL-ip and IFN-y) are capable of inducing 

iNOS [110] in these cell types. This isoform of NOS continuously produces NO at high 

concentrations which can be sustained over several hours, attributed to its ability to 

catalyze NO formation in a Ca2+/calmodulin-independent manner [111] in the presence of 

sufficient amount of L-arginine substrate and other NOS cofactors [112]. 

Evidence of enhanced NO and/or peroxynitrite (ONOO", see below) production is 

found in the plasma of septic patients as their metabolites, MVand NO3" [113,114]. This 

overproduction of NO contributes to cardiac dysfunction and systemic vasodilation. This 

deleterious combination imparts a fatal decrease in cardiac output resulting in an 

impairment of tissue perfusion and oxygen extraction [115]. The potential relevance of 

NO in these conditions was supported by in vivo animal studies demonstrating the 

attenuation of cardiovascular effects of cytokines and LPS by NOS inhibitors 

[76,116,117]. 

During endotoxemia or sepsis, pro-inflammatory cytokines stimulate the 

expression of iNOS in a variety of cell types including endothelial cells, macrophages, 

Kupffer cells, cardiac myocytes and vascular smooth muscle cells [65,108,118,119]. 

Vascular smooth muscle, for example, is capable of expressing iNOS and this is believed 

to be responsible for the excessive production of NO and subsequent vasodilation seen in 

sepsis [119]. Additionally excessive production of NO by iNOS has been shown to be 

cytotoxic to the endothelium [108,120]. iNOS knockout mice are resistant to endotoxin-

induced hypotension, indicating the involvement of this NOS isoform in the pathogenesis 
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of sepsis [121]. However, various animal studies and clinical trials involving the specific 

pharmacological inhibition of NOS have revealed difficulties in this strategy [122-124]. 

This may be due to the variable induction of iNOS at different anatomical sites. 

Excessive inhibition of NOS may result in augmented microvascular vasoconstriction, 

cell hypoxia and lactic acidosis [125,126]. Moreover, it is evident that NO also plays 

some protective roles in the setting of septic shock and that a careful titration of NOS 

inhibitor is required to only partially block excess NO production in this setting 

[124,127]. These observations bring to light a possible therapeutic strategy targeting the 

inhibition of iNOS induction, however, as previously mentioned, clinical trials designed 

to block various inflammatory mediators participating in iNOS induction have produced 

only modest results [25]. 

1.1.4.2 Oxidative stress 

A considerable body of evidence suggests that enhanced oxidative stress is a 

major contributor to endotoxic shock. Moreover, antioxidant therapy has proven 

beneficial in various models of sepsis. A key link between NO and oxidative stress in 

sepsis is the discovery of ONOO" as a mediator in this process. Oxidative stress results 

from an imbalance between oxidant and antioxidant species. It is believed to be a central 

component of and contributor to various cardiovascular pathologies, including septic 

shock (Figure 1.3). H2O2, O2'", hydroxyl radical (OH), and ONOO" represent the best 

known reactive oxygen species. O2" is normally reduced to H2O2 via superoxide 

dismutase (SOD) [128] and the H2O2 is then metabolized intracellularly by either 
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-Lipid peroxidation 

-Depletion of intracellular antioxidants 

-Alterations in protein structure and function 

Figure 1.3 Pathway for the generation of peroxynitrite and its toxic decomposition 
products. Excess NO can combine with O2" to form ONOO. At physiological pH 
ONOO can become protonated and spontaneously decompose into the toxic 
metabolites OH and NO2". 

glutathione peroxidise or catalase. However, in some scenarios it decomposes to OH via 

the iron-dependent Fenton reaction [129]. Both O2" and OH are free radicals, the latter is 

several orders of magnitude more reactive than the former [130,131]. These radicals 

initiate a chain reaction particularly with membrane lipids, further perpetuating their 

damaging effects. NADPH oxidase and xanthine oxidase, two major sources of O2", are 
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also increased in the vascular wall [132] and heart [66,133] during endotoxemia or 

exposure of these tissues to pro-inflammatory cytokines. 

The mechanism by which NO exerts damaging effects throughout the 

cardiovascular system involves the formation of ONOO', the toxic reaction product of 

NO and O2" [134]. During sepsis, the upregulation of NO biosynthesis coincides with an 

increase in the generation of O2'". At physiological pH, ONOO" is protonated to form the 

unstable intermediate peroxynitrous acid. This then readily decomposes into several 

products including the highly reactive free radicals, nitrogen dioxide (NO2 ) and hydroxyl 

radical (OH). 

Previous studies have confirmed the involvement of ONOO" in human and in 

animal models of sepsis by a variety of experimental methods [66,135,136]. Activation of 

poly (ADP-ribose) polymerase (PARP) by ONOO" has emerged as a significant 

mechanism in the reduction of cardiac contractility and vascular hyporeactivity in sepsis 

[137,138]. PARP is a highly conserved enzyme found in nuclei which is involved in the 

repair of single strand DNA breaks by recruiting and activating DNA repair enzymes. 

Increased PARP activation during sepsis, however, can impart a disturbance in cellular 

metabolism by depleting intracellular stores of its substrate, nicotinamide adenine 

dinucleotide (NAD+) [139]. This results impaired glycolysis, Krebs' cycle activity, and 

mitochondrial electron transport, thus resulting in adenosine triphosphate (ATP) 

depletion. PARP inhibitor treatment reduced the vascular hyporeactivity to 

vasoconstrictors as observed in the aortae of LPS-treated rats [138], PARP activation is 

also involved in the regulation of various inflammatory proteins including iNOS as well 

as other cytokines and chemokines [140]. 
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1.2 Matrix metal lop roteinases 

Recent evidence indicates that ONOO" as well as various cytokines can enhance 

the activity and/or expression of matrix metalloproteinases (MMPs), targeting them as 

important culprits for the cardiovascular dysfunction associated with sepsis. A growing 

body of evidence supports the involvement of MMPs as well as the beneficial effects of 

MMP inhibition in various models of sepsis. 

1.2.1 Classification and structure 

MMPs are a large family of zinc dependent endopeptidases which were first 

discovered as a collagenolytic activity released from the tail of a tadpole undergoing 

metamorphosis [141]. They are best known as proteolytic enzymes which degrade 

extracellular matrix proteins, including collagen, necessary for tissue remodelling 

processes. MMPs are classified by numerical designation (MMP-1 through MMP-28) and 

are also categorized by their in vitro substrate specificity for certain extracellular matrix 

substrates. Groups of MMPs include the collagenases (MMPs -1,-8, and -13) 

stromelysins (MMP-3 and -10), matrilysins (MMP-7 and -26) membrane-type MMPs 

(MT-MMPs, 1 through 8), and the gelatinases (MMP-2 and -9). 

All MMPs are initially synthesized in an inactive zymogen form ("proMMP"). 

Structurally, MMPs have a signalling peptide at the N-terminus allowing for secretion 

into the endoplasmic reticulum and eventual transport out of the cell. Beside the signal 

peptide lies a hydrophobic propeptide domain involved in shielding the catalytic domain 

next to it. This catalytic domain is present in all MMPs and is known as the 'matrixin 

fold' which forms substrate binding pockets. The catalytic Zn + is coordinated to a 
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cysteinyl sulphydryl group on the propeptide domain. This intermolecular association is 

termed the 'cysteine switch' and is conserved across the MMP family [142]. 

The key feature of the collagenases is their ability to cleave a specific site of 

interstitial collagens I, II, and III [143]. The stromelysins can activate a number of pro-

MMPs including proMMP-1 [144]. Matrilysins are characterized by the lack of an intact 

hemopexin domain [143]. Membrane-type MMPs are transmembrane and glycosyl 

phosphatidyl inositol anchored proteins. They are all capable of activating proMMP-2 as 

well as digesting a number of extracellular matrix substrates. The gelatinases are known 

for their ability to digest denatured collagens (gelatin). These enzymes have three repeats 

of a type II fibronectin domain contained within the catalytic domain which bind gelatin, 

collagens, and laminin [145]. Those MMPs not classified into the above categories are 

involved in other biological functions including macrophage migration (MMP-12) [146], 

enamel formation (MMP-20) [147], and in repairing epidermal tissue [148]. 

The propeptide domain must be perturbed in order for the MMP to become 

proteolytically active. Various mechanisms have been elucidated concerning activation of 

this class of enzymes and each is distinct in its own way. One mechanism involves the 

activation of MMPs in the extracellular space which occurs in two distinct steps. First, 

activation is initiated by other proteases (eg. trypsin or other MMPs) that cleave the 

propeptide at specific sites. Upon cleavage, the shielding of the catalytic cleft is 

9-1-

withdrawn, exposing the catalytic Zn ion. The propeptide, however, is not entirely 

removed and the newly active MMP undergoes intermolecular autocatalysis which 

cleaves the remaining propeptide thus generating a lower molecular weight enzyme 

[149]. MMPs can also be activated by other members of its class. One important example 
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involves the activation of MMP-2. MT1-MMP, which is located in the plasma 

membrane, associates with two molecules of tissue inhibitor of matrix metalloproteinase-

2 (TIMP-2). This complex binds pro-MMP-2 allowing for its proteolytic activation of 

MMP-2 [150]. Another mechanism of activation involves the intracellular protease, furin 

[151-153]. In contrast to extracellular activation, this action takes place intracellularly as 

furin is present in the Golgi apparatus. However, the proteolytic action of furin on MMP-

2 in the Golgi can also result in an inactive MMP-2 [154]. After proteolytic activation, 

the MMP is either targeted to the cell membrane for insertion (in the case of MT-MMPs) 

or secreted from the cell. 

1.2.2 Regulation and function 

Interestingly, activation of MMPs can occur both intracellularly and 

extracellularly via a direct post-translational modification of a cysteine residue in the 

auto-inhibitory propeptide domain (Figure 1.4). In this pathway, oxidative species such as 

H202, 02", OH, HOC1 [155] and ONOO" oxidize the sulphydryl bond of the cysteinyl 

group involved in coordinating the catalytic Zn2+ ion. This causes a conformational 

change in the enzyme which exposes the catalytic Zn2+ ion and produces an active 

enzyme to which the propeptide domain is still attached [156-158]. There is inaccuracy in 

the current nomenclature of MMPs in that proMMPs are commonly referred to as the 

inactive zymogen form of MMPs solely due to their higher molecular weight, as seen in 

SDS-PAGE. Whereas MMP activation by oxidative stress results in a proteolytically 

active "proMMP" form which is only distinguishable in molecular weight from its 

zymogen form with mass spectrometry, and not SDS-PAGE. 
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"Active Pro-MMP" Active MMP 

Figure 1.4 Activation of MMPs via proteolysis and ONOO". MMPs are synthesized as 
inactive zymogens (pro-MMP) and are classically thought to be activated via proteolytic 
removal of the propeptide by other proteases including MMPs (right pathway). However, 
under conditions of oxidative stress, ONOO" is capable of oxidizing the cysteinyl 
sulphydryl (designated as 'SH') coordinated to the catalytic Zn2+ion. This "active pro-
MMP" can cleave susceptible protein targets and can also undergo inter and intramolecular 
catalysis to yield an active MMP without the propeptide domain. 

Despite the large variability in function, MMPs are best known to degrade 

extracellular matrix proteins and are involved in both physiological and pathological 

processes including embryogenesis, organogenesis, angiogenesis, wound healing, and 

platelet aggregation [159,160]. The MMPs have been implicated in the pathogenesis of 

cancer, inflammatory arthritis, and pulmonary and cardiovascular diseases [80,161-163]. 
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1.2.3 Inhibition of MMPs 

1.2.3.1 TIMPs 

The tissue inhibitors of matrix metalloproteinases (TIMPs) are endogenous 

proteins involved in the regulation and inhibition of MMP activity. To date four TIMPs 

have been identified and each binds to a MMP in a 1:1 stoichiometric ratio [164]. 

Structurally, TIMPs have an N-terminal inhibitory domain and a smaller C-terminal 

domain. TIMPs 1-4 have a broad range of inhibitory activity against several MMPs. 

These TIMPs differ in that TIMP-2 is constitutively expressed whereas TIMP-1 can be 

induced by pro-inflammatory cytokines [165]. TIMP-3 is less characterized but has been 

shown to be involved in angiogenesis as well as lung abnormalities [166]. In the heart, 

TIMP-3 is found in the extracellular matrix [167,168]. TIMP-4 is perhaps the most 

widespread TIMP in the cardiovascular system and has been localized to the sarcomere 

of cardiac myocytes [169]. It is suggested to have cardioprotective effects [170]. 

1.2.3.2 Pharmacological inhibition of MMPs 

Pharmacological inhibitors of MMP activity exhibit different mechanisms of 

action. The tetracycline antibiotics are recognized to have MMP inhibitory activity 

distinct from their antimicrobial effects [171]. Doxycycline is the most potent MMP 

inhibitor of the tetracycline class of antibiotics and has been shown to cross cell 

membranes [173] and exhibits MMP inhibitory action at plasma concentrations lower 

than those required for its antimicrobial effect [174]. Upon examination of MMP-7, a 

MMP without a hemopexin domain, doxycycline was also shown to interact with 

structural Ca and Zn ions as an inhibitory mechanism [175]. GM6001 is a hydroxamic 

23 



acid based MMP inhibitor designed to act as a bidentate ligand for the catalytic Zn in 

the active site [172]. Pharmaceutical companies produced over 50 compounds which 

inhibit MMPs activity as promising treatments for inflammatory diseases (eg. rheumatoid 

arthritis) and cancer; however, only one has been approved, a sub-antimicrobial dose 

formulation of doxycycline (Periostat®) for periodontal inflammation [176]. 

1.2.4 MMPs and vascular function 

Proteolytically active MMPs are capable of generating vasoactive peptides from 

numerous substrates. MMP-2 cleaves big endothelin-1 (big ET-1) generating an active 

vasoconstrictor peptide, medium ET-1, which is a more potent vasoconstrictor than ET-1 

itself [177]. Additionally, MMP-2 was also found to cleave calcitonin gene-related 

peptide, thus abolishing its vasodilatory capacity [178]. Moreover, MMP-2 cleaves the 

vasodilatory peptide adrenomedullin resulting in the generation of both vasodilatory and 

vasoconstrictive products [179]. Thus, through its proteolytic action on vasoactive 

peptides and their precursors, MMP-2 has effects on the control of vascular tone (Figure 

1.5). MMP-2 and -9 have vasodilatory properties in vascular smooth muscle via 

inhibition of Ca entry mechanisms [ 180]. In these experiments, addition of recombinant 

MMP-2 and -9 to isolated rat aortae contracted with phenylephrine or KC1 
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Figure 1.5 Proteolytic regulation of vascular tone by MMP-2. MMP-2 can regulate 
vascular tone via proteolysis of vasoactive peptides. Left: MMP-2 cleaves big 
endothelin-1 (Big ET-1) to yield a potent vasoconstrictor, medium endothelin-1 (Med 
ET-1). Centre: MMP-2 can also proteolyze the vasodilatory peptide adrenomedullin 
resulting in the generation of both vasoconstrictor and vasodilator peptides. Right: 
MMP-2 is also able to cleave calcitonin gene-related peptide (CGRP) to non-vasoactive 
degradation products, thus inactivating its vasodilatory activity. 

resulted in vasorelaxation. The effect of the MMPs appears to be independent of actions 

on the extracellular matrix as no histological changes in the extracellular matrix were 

detected. The same group observed an upregulation of K+-channel activity and 

subsequent hyperpolarization in the rat inferior vena cava upon exogenous MMP-2 

application [181]. Literature exists demonstrating a relationship between vascular 

relaxation due to decreases in intracellular Ca2+ and MMP-mediated actions on integrins 

[182,183]. Specifically, avP3, an integrin expressed by vascular smooth muscle may 
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interact with arginine-glycine-aspartic acid (RGD) peptides which can be generated by 

MMP-mediated cleavage of extracellular matrix components. These peptides have been 

94-

shown to exhibit vasodilatory capabilities via reducing intracellular Ca levels [184]. 

Another possibility is the activation of endothelial protease-activated receptors via their 

cleavage by thrombin or trypsin which have been shown to initiate NO-mediated vascular 
94-

relaxation [185]. MMP-2 also upregulates plasma membrane associated Ca -ATPase 

activity in pulmonary vascular smooth muscle [186]. Interestingly, this effect of MMP-2 

is synergistic in combination with oxidizing agents such as H2O2 [187]. Together, these 
9-1-

observations suggest a vasodilatory role for MMPs via alterations in Ca handling. A 

caveat of these studies is that MMPs often co-purify with TIMPs and thus the latter may 

represent a significant contaminant in MMP preparations. Thus whether some of these 

effects are due to TIMP activity remains to be tested. 

MMPs are also involved in regulating vascular tone via signal transduction 

pathways. In a study examining small arteries in rats, the upregulation of MMP-9 activity 

was discovered to contribute to the vasodilatory effects of relaxin [188]. In this study, 

relaxin induced MMP-9 activity after 4-6 hr exposure in mesenteric blood vessels. 

Agonists of various G-protein coupled receptors have also been shown to cause 

vasoconstriction through MMP-7 activation in rat mesenteric arteries [189]. Specifically 

this involves the activation of epidermal growth factor receptors and mitochondrial 

reactive oxygen species [189,190]. 

Interestingly, hypoxia results in enhanced MMP-2 activity in murine aortae and 

mesenteric arteries which is shown to promote vasoconstriction [191]. Although these 
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studies demonstrate the strong involvement of MMPs, the proteolytic targets of MMP 

action have yet to be elucidated. 

1.2.5 MMPs and septic shock 

Although few studies have dealt with the relationship between MMPs and sepsis, 

strong evidence linking the two has been provided by researchers using isolated cell 

culture models, animal models, and in clinical studies with septic patients. The focus has 

centered on the gelatinases (MMP-2 and -9) since they are either abundant (MMP-2) or 

can be induced by cytokines (MMP-9) in a variety of cardiovascular cell types. Xie et al, 

(1994) demonstrated the concentration-dependent relationship between LPS and the 

stimulation of MMP-2 and -9 activities in isolated murine macrophages [192]. Pugin et 

al, (1999) performed similar experiments using human blood [193]. Blood MMP-9 

activity was increased after stimulation with LPS. Albert et al, (2003) found that 

circulating MMP-9 activity increased significantly within 2 hr after administration of 

LPS to human volunteers [194]. These studies, among others, demonstrate the 

relationship between LPS and MMP-2 and -9 activities providing a possible link between 

MMPs and clinical sepsis. 

In baboons subjected to E. co/j-induced sepsis, increased MMP-9 activity was 

found in serum [195]. Dubois et al, (2002) conducted a study using MMP-9 knockout 

mice and found that they were significantly more resistant to lethal doses of LPS as 

compared to the control mice [196]. Carney et al, (2001) studied the utility of MMP 

inhibition using a chemically modified tetracycline (devoid of antibacterial activity, yet 
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retaining MMP inhibitory action) in pigs which were administered LPS [197]. The LPS 

treated group exhibited a dramatic reduction in blood pressure and lung function which 

was abolished in the group treated with a MMP inhibitor, demonstrating the involvement 

of MMPs in the development of severe hypotension and lung injury induced by LPS. 

Steinberg et al, (2005) showed that the same chemically-modified tetracycline 

significantly reduced morbidity and prevented the reduction of blood pressure in a pig 

model of septic shock induced by the introduction of a fecal blood clot into the peritoneal 

cavity and occlusion of the mesenteric artery [198]. Lalu et al. (2003) demonstrated that 

the MMP inhibitors, Ro 31-9790 or doxycycline, attenuated LPS-induced myocardial 

contractile dysfunction in rats. In the same rat model of endotoxemia [73], Lalu et al, 

(2004) found that the symptoms of endotoxic shock in rats which include lethargy, 

piloerection and porphyrin secretion from the eyes peaked 6-12 hr after LPS 

administration and were accompanied by a subsequent loss in ventricular MMP-2 activity 

[75]. Likewise, plasma levels of MMP-2 were found to be significantly depressed 3-12 hr 

post-LPS administration. Plasma MMP-9 activity and protein levels, however, peaked 1 

hr following LPS administration. The balance between MMPs and TIMPs is an important 

factor to consider in dealing with MMP activity. One study by Martin et al. (2003) 

demonstrated that TIMP-3 knockout mice are more prone to the detrimental effects of 

sepsis on pulmonary airway compliance due to the increased activities of MMP-2 and -9 

[199]. 

Myocardial depression in sepsis ultimately involves a reversible attenuation of the 

contractile efficiency of the myofilaments in cardiac myocytes [35]. This may be due to 

decreased cytosolic Ca2+ release, dysregulation of intracellular Ca2+ and/or decreased 
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myofilament sensitivity to Ca . These mechanisms have been shown using in vivo 

models of sepsis-induced myocardial dysfunction [1]. Indeed, activation of MMP-2 

occurs in cytokine-induced myocardial depression along with the concomitant 

degradation of key contractile elements in the cardiac sarcomere such as troponin I [200]. 

Although cytokines have been shown to upregulate MMP activity and expression, 

they are in fact regulated by MMPs themselves [80]. Certain members of the MMP 

family have been shown to be involved in the proteolytic processing of both pro- and 

anti-inflammatory cytokines and chemokines; MMP-2 and -9 were shown to process pro-

IL-1(3 into its biological active form [81]. Zhang et al. (2003) revealed a mechanism in 

which the chemokine stromal cell derived factor-1 is cleaved by MMP-2 into a highly 

neurotoxic substance [201]. Conversely, MMP-2 mediated cleavage of monocyte 

chemoattractant protein-3 results in a product which is an antagonist of the receptors for 

this protein, thus providing a mechanism by which a MMP may attenuate inflammation 

[202]. These complexities add both a new dimension and possible cautions at the frontier 

of MMP drug design. 

1.2.5.1 Membrane microparticles in septic shock 

Membrane microparticles are shed from the plasma membrane of various cell 

origins including platelets, leukocytes, and endothelial cells. These MMP-containing 

vesicles [203] are increased in number following stimulation by cytokines or LPS in 

various in vitro models [204]. Recent evidence implicates membrane microparticles in 

the development of various cardiovascular inflammatory conditions including 

preeclampsia and septic shock [205-209]. Interestingly, microparticles of endothelial 

29 



origin have been implicated in the development of vascular hyporeactivity in 

preeclampsia [206,210-212]. Therefore, it is logical to assume a possible role of 

microparticles in the development of vascular hyporeactivity in septic shock. 

1.2.5.2 Potential targets of MMPs in septic shock 

Because the association between MMPs and septic shock has only recently been 

investigated, the pathophysiological targets of these enzymes have yet to be discovered. 

Our laboratory has implicated an intracellular role for MMP-2 in myocardial 

ischemia/reperfusion injury [213] and in cytokine-mediated cardiac contractile 

dysfunction [200]. In these studies, MMP-2-mediated degradation of troponin I was 

shown to impair cardiac contractile function during reperfusion following ischemia. Thus 

far a possible intracellular target of MMP-2 in smooth muscle has not been identified. 

Calponin is a 34 kDa actin-binding protein that is homologous to troponin I [214] and is 

located in the cytoskeleton and the contractile apparatus of smooth muscle cells [215]. 

Therefore, it is logical to hypothesize its susceptibility to MMP-2 degradation in 

pathological conditions. Moreover, calponin is susceptible to cleavage by calpain [216], 

an intracellular cysteine protease; and, pharmacological inhibitors of this enzyme (ie. 

calpastatin) have been shown to inhibit MMPs (unpublished data, Schulz lab). Indeed 

there appears to be an overlap in intracellular substrates susceptible to cleavage by either 

MMP-2 or calpain, particularly in cardiac myocytes [213,217]. 
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1.3 Hypothesis and objectives 

In this thesis, the association of MMPs and vascular hyporeactivity to 

vasoconstrictors in various models of septic shock will be investigated. Chapter 3 

introduces this relationship by utilizing three distinct models of vascular hyporeactivity: 

LPS-induced vascular hyporeactivity in vitro, LPS-induced vascular hyporeactivity in 

vivo, and IL-ip-induced vascular hyporeactivity in vitro. Chapter 4 examines the role of 

the endothelium in LPS-induced vascular hyporeactivity in vitro. In order to investigate 

the biological relevance of these findings, LPS was administered in vivo in the presence 

of the MMP inhibitor, doxycycline; this relationship was examined in Chapter 5. Because 

factors produced by the immune system play an important role in the pathogenesis of 

vascular hyporeactivity to vasoconstrictors, a model of IL-ip-induced vascular 

hyporeactivity was studied in further detail in Chapter 6. A summary of these hypotheses 

is depicted in Figure 1.6. The Appendix briefly explores potential targets of MMPs as 

well as novel pathophysiological mechanisms for the development of vascular 

hyporeactivity to vasoconstrictors. 

1.3.1 Matrix metalloproteinases contribute to lipopolysaccharide and interleukin 

IP-induced vascular hyporeactivity (Chapter 3) 

Although there have been a few studies examining the beneficial effect of 

pharmacological or genetic ablation of MMPs in septic shock, no studies have examined 

the role of MMPs in vascular hyporeactivity to vasoconstrictors in models of septic 

shock. The objectives in this chapter are to examine and characterize a possible role of 

MMPs in three models of septic shock. 
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Hypothesis 1.3.1.1 MMPs contribute to vascular hyporeactivity in 

various models ofendotoxic shock. 

Hypothesis 1.3.1.2 MMP activity is upregulated in aortae of rats 

injected with LPS in vivo. 

Hypothesis 1.3.1.3 Inhibition of MMPs in vitro protects against LPS 

and IL-l^-induced vascular hyporeactivity. 

1.3.2 The endothelium contributes to LPS-induced vascular hyporeactivity 

(Chapter 4) 

The endothelium is in integral component of the vasculature and is involved in 

vasoregulation as well as orchestrating immune responses. Therefore, in this chapter I 

investigated the dependence of MMP-induced vascular hyporeactivity stimulated by LPS 

in the presence and absence of the endothelium in an in vitro model of LPS-induced 

vascular hyporeactivity. 

Hypothesis 1.3.2.1 MMP activity is upregulated in aortae treated with 

LPS in vitro. 

Hypothesis 1.3.2.2 The endothelium contributes to LPS-induced 

vascular hyporeactivity. 

Hypothesis 1.3.2.3 There is a differential protective action of MMP 

inhibition in LPS-treated aortae in the presence or 

absence of the endothelium. 
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1.3.3 Matrix metalloproteinase inhibition in vivo protects against 

lipopolysaccharide-induced vascular hyporeactivity (Chapter 5) 

Although several studies have examined the beneficial effects of pharmacological 

inhibition of MMPs in various models of septic shock, no study has examined the effect 

of MMP inhibition on LPS-induced vascular hyporeactivity to vasoconstrictors ex vivo. I 

therefore examined the contractile responses of rat aortae ex vivo following in vivo 

administration of LPS with or without the MMP-inhibitor, doxycycline. 

Hypothesis 1.3.3.1 MMP is upregulated in the aortae and plasma of 

endotoxemic rats. 

Hypothesis 1.3.3.2 iNOSprotein upregulation stimulated by LPS is 

unaltered following doxycycline treatment. 

Hypothesis 1.3.3.3 Injection of the MMP inhibitor doxycycline in 

vivo prevents against LPS-induced vascular 

hyporeactivity to vasoconstrictors ex vivo. 

1.3.4 Interleukin-ip-contributes to vascular hyporeactivity via a NO/cGMP 

dependent mechanism (Chapter 6) 

Although models of septic shock include administration of LPS in vitro and in 

vivo, pro-inflammatory cytokines including IL-ip have been demonstrated to contribute 

to vascular hyporeactivity to vasoconstrictors. Moreover, LPS and IL-ip exhibit distinct 

mechanisms of action. NO has emerged as a central mediator in the vascular 

hyporeactivity to vasoconstrictors; therefore I decided to examine potential downstream 
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targets of NO and their relationship to MMP regulation and contribution to vascular 

hyporeactivity. 

Hypothesis 1.3.4.1 MMPs are activated in the aorta in response to IL-

Ifi which contributes to vascular hyporeactivity. 

Hypothesis 1.3.4.2 MMP-induced vascular hyporeactivity stimulated 

by IL-lfi is NO/cGMP dependent. 

1.3.5 Potential targets and novel pathophysiological mechanisms of MMPs in 

vascular hyporeactivity (Appendix: Additional Preliminary Studies) 

This thesis has established both a relationship between MMPs and vascular 

hyporeactivity to vasoconstrictors induced by LPS, and several mechanisms of 

pathogeneity; however, the potential targets of MMPs within the vasculature during 

endotoxic shock are currently unknown. In the Appendix I explored a possible interaction 

of MMP-2 with calponin, an intracellular regulator of smooth muscle contraction. Our 

laboratory has demonstrated an intracellular pathophysiological role of MMP-2 in the 

heart via cleavage of troponin I, a regulator of cardiac myocyte contraction; therefore it 

was logical to begin the search for intracellular targets in vascular smooth muscle by 

investigating proteins homologous to troponin. Here, we examine the susceptibility of 

calponin to proteolysis by MMP-2 as well as the biological significance of this cleavage. 

The generation of microparticles containing MMP activity is associated with 

clinical septic shock and moreover, these entities are also capable of inducing vascular 

hyporeactivity to vasoconstrictors. I therefore examined the possibility whether 
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membrane microparticles play a pathophysiological role in the development of vascular 

hyporeactivity to vasoconstrictors in endotoxemic rats. 

Hypothesis 1.3.5.1 MMP-2 cleaves calponin in vitro. 

Hypothesis 1.3.5.2 Calponin levels are altered in the aorta of rats in 

various models of septic shock. 

Hypothesis 1.3.5.3 Membrane microparticles are upregulated in 

endotoxemia and contribute to vascular 

hyporeactivity. 
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Figure 1.6 Central hypotheses diagram. Top-left: Hypothesis for Chapter 3, LPS and IL-
ip contribute to vascular hyporeactivity via an MMP-dependent mechanism. Bottom-left: 
Hypothesis for Chapter 4, LPS upregulates MMP activity via an endothelium-dependent 
mechanism which contributes to vascular hyporeactivity. Middle: Hypothesis for Chapter 
5, LPS contributes to vascular hyporeactivity in vivo via a MMP-dependent mechanism 
that is downstream of iNOS. Right: Hypothesis for Chapter 6, IL-ip contributes to MMP-
induced vascular hyporeactivity via the generation of ONOO" and/or cGMP. 
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CHAPTER 2 

GENERAL METHODS 



2.1 Animals 

This investigation conforms to the Guide to the Care and Use of Laboratory 

Animals published by the Canadian Council on Animal Care (revised 1993). Male 

Sprague Dawley rats (250-350 g) were used in all experiments. 

2.2 MMP inhibitors 

Doxycycline hyclate (Sigma) and GM6001 (Chemicon), two chemically distinct 

MMP inhibitors, were used in these studies. Doxycycline is the most potent of the 

tetracycline class of antibiotics and is recognized to have MMP inhibitory activity distinct 

from its antimicrobial effects [171]. Specifically, doxycycline has been shown to interact 

with structural Zn2+ ions of MMPs [175]. GM6001 is a hydroxamic acid based MMP 

inhibitor designed to act as a bidentate ligand for the catalytic Zn2+ in the active site 

[172]. ONO-4817, an MMP inhibitor more selective for MMP-2 and -9 versus other 

MMPs [218] was obtained from ONO Pharmaceuticals (Japan). 

2.3 Lipopolysaccharide-mediated loss of contractile tone in aortic 

rings in vitro 

Rats were killed by sodium pentobarbital overdose (100 mg/kg, i.p.). Thoracic 

aortae were rapidly excised and connective tissue was trimmed away in gassed (95% 02-

5% C02) Krebs solution (118 mMNaCl, 4.75 mM KC1, 1.19 mM KH2P04, 1.19 mM 

MgS04-7 H20, 2.5 mM CaCl2-2 H20, 11.1 mM D-glucose, 25 mM NaHC03) bubbled 

with carbogen at room temperature. One to three aortic rings (5 mm in length) were 
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dissected from each animal. The rings were then mounted in organ baths filled with 

Krebs buffer at 37 °C which was continuously bubbled with 95% 02-5% C02. Isometric 

tension was measured using force transducers (Grass FT03) and recorded using 

AcqKnowledge 3.1 software. A tension of 1 g was applied and the rings were 

equilibrated for 60 min with the Krebs buffer replenished at 20 min intervals. Following 

equilibration, LPS (300 ng/mL, Salmonella typhosa, Sigma) was added. Aortae were 

contracted with phenylephrine (750 nM, Sigma) and at the plateau of contraction one of 

the following was added: the MMP inhibitors doxycycline (30 uM) or GM6001 (30 uM), 

or their vehicles (doxycycline: ddHiO; GM6001: 100% ethanol or DMSO, as indicated in 

appropriate chapter). Vascular tone was then monitored for 6 hr. This model was 

modified from a previously used model of vascular hyporeactivity [108]. 

In order to determine if LPS affects the generation of active tension, aortae were 

incubated in organ baths at 1 g tension for 6 hr with or without LPS. A submaximal dose 

of PE (750 nM) was applied and the contractile response was measured. After washing, 

resting tension was changed to 0.5 g and 2.0 g and aortae were equilibrated for 10 min 

before the contractile response to PE was examined for each. In control aortae, there was 

a significant increase in the generation of active tension at 2.0 g versus 1.0 g and 0.5 g of 

passive tension. In LPS-treated aortae, there was a significant increase in the generation 

of active tension at 2.0 g versus 0.5 g. These results are consistent with another study 

examining the effects of LPS treatment in vivo on the generation of active tension in the 

rat aorta which revealed an increased sensitivity to vasoconstrictors at higher levels of 

passive tension [219]. 
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2.4 Interleukin-ip-induced vascular dysfunction in vitro 

Isolated aortae were washed three times in sterile phosphate buffered saline (2.7 

mM KC1, 1.47 mM KH2P04, 136.7 mM NaCl,8 mM Na2HP04-H20) supplemented with 

an antibiotic cocktail (100 ug/mL streptomycin, 100 U/mL penicillin, 5 ug/mL 

gentamicin, Sigma), and then dissected under a tissue culture hood. Rings were cut (5 

mm in length) and then washed three times in phosphate buffered saline before a final 

wash in Dulbecco's modified Eagle's medium (with 1000 mg/L glucose, pyroxidine HC1, 

NaHCCb; supplemented with antibiotic cocktail, Sigma). Rings were then placed in fresh 

Dulbecco's modified Eagle's medium (750 uL) with one or more of the following added: 

IL-lp (10 ng/mL, R & D Systems), GM6001 (10 or 30 uM), or GM6001 vehicle (100% 

ethanol or DMSO, as indicated in appropriate chapter). Rings were then incubated for 6 

hr at 37 °C in a humidified atmosphere containing 5% CO2. The rings were removed 

from the medium and mounted in organ baths as described above. The culture medium 

was sampled for MMP activity by zymography immediately to avoid freeze-thaw cycles 

which would affect MMP activity (see below). Following equilibration (60 min) under 1 

g of tension, a concentration-response curve to phenylephrine (1 nM - 10 uM) was 

obtained. Rings were then washed with Krebs solution and the maximum contractile 

response to KC1 (75 mM) was determined. 
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2.5 Rat endotoxemia 

Rats were given either a non-lethal dose of LPS (Salmonella typhosa, Sigma, 4 

mg/kg i.p.) or pyrogen-free water (control). Rats were then killed with sodium 

pentobarbital overdose (100 mg/kg, i.p.) at 6 hr. Previous investigations have revealed 

that in this model of endotoxemia, NO production is increased by this time point, and that 

cardiovascular function is significantly depressed [65,73]. Aortae were rapidly excised 

and connective tissue was trimmed away in carbogen-gassed Krebs solution. After 

trimming, the aortae were cut into 5 mm sections and either processed for functional 

analysis or blotted to remove excess water and rapidly frozen in liquid nitrogen and 

stored at -80 °C for later processing. 

2.6 Assessment of vascular function of aortae taken from 

endotoxemic rats 

Aortae were isolated after 6 hr from either LPS or vehicle-treated rats as above, 

and two 5 mm rings from each animal were mounted in organ baths. Following 

equilibration and washes with Krebs buffer (4 times at 15 min intervals) while under 1 g 

of tension, a concentration-response curve to phenylephrine (1 nM - 10 uM) was 

obtained in order to confirm that vessels from LPS-treated animals were hypocontractile 

compared to vessels from control animals. 
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2.7 Preparation of aorta homogenates 

Frozen aortae were crushed using a stainless steel piston that was cooled to liquid 

N2 temperature. The resulting powder was diluted 1:4 w/v in 50 mM Tris-HCl (pH 7.4) 

buffer containing 3.1 mM sucrose, 1 mM dithiothreitol, 10 ug/mL leupeptin, 10 ug/mL 

soybean trypsin inhibitor, 2 ug/mL aprotinin and 0.1% Triton X-100, and protease 

inhibitor cocktail (P8340, Sigma). This solution was then homogenized by hand on ice 

using a motorized pellet pestle (Kontes). The homogenate was centrifuged at 10 000 g 

for 5 min at 4 °C and the supernatant was kept on ice for biochemical analysis. 

2.8 Determination of protein content 

Aortic homogenate protein content was determined by the bicinchoninic acid 

method (Sigma) using bovine serum albumin as a standard. 

2.9 Measurement of M M P activity by zymography 

Gelatinolytic activities of MMPs were examined by gelatin zymography as 

previously described [220,221]. 8% polyacrylamide gels copolymerized with gelatin (2 

mg/mL, type A from porcine skin, Sigma) were prepared. Non-heated samples were 

diluted with water in order to load a constant amount of protein per lane (10 (j,g of protein 

from aorta incubation media, 20 jag of protein from aorta homogenate). A standard was 

loaded into one lane of each gel (supernatant of phorbol ester activated HT-1080 cells, 

American Type Culture Collection) to determine the molecular weights of gelatinolytic 
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activities as well as to serve as an internal standard used to normalize activities between 

gels. Following 1.5 hr of electrophoresis under a constant voltage of 150 V, the gels 

were washed with 2.5% Triton X-100 for 1 hr at room temperature (with three changes of 

solution) to remove sodium dodecyl sulphate. Gels were then incubated for 20 to 30 hr at 

37 °C in incubation buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2, and 0.05% 

NaN3). After incubation the gels were stained with 0.05% Coomassie Brilliant Blue (G-

250, Sigma) in a mixture of methanol: acetic acid:water (2.5:1:6.5, v/v) and destained in 

aqueous 4% methanol:8% acetic acid (v/v). Gelatinolytic activities were detected as 

transparent bands against the dark blue background. Zymograms were digitally scanned 

and band intensities were quantified using ImageJ (National Institutes of Health 

Research, version 1.36b) and expressed as a ratio to the HT-1080 internal standard. In 

order to confirm that quantified gelatinolytic activities were of MMP origin, addition of 

either o-phenanthroline (100 uM), GM6001 (10 uM), or doxycycline (30 uM) to the 

incubation buffer was found to abolish all gelatinolytic activities. 

2.10 Western analysis 

Aorta homogenate (10 - 20 ug protein) was loaded onto (8 - 12%) 

polyacrylamide gels, electrophoresed at a constant voltage of 150 V under reducing 

conditions, and then electroblotted onto polyvinylidene difluoride membranes (BioRad) 

in Towbin buffer (20% v/v methanol, 25 mM Tris-base, 192 mM glycine, 0.05% w/v 

sodium dodecyl sulphate). Positive standards and/or molecular weight standards 

(Precision plus protein standard (dual color), 161-0374, Biorad) were also loaded into 

gels in order to confirm the identity of proteins to be probed. Polyvinylidene fluoride 
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membranes were permeabilized by soaking in methanol for 1 min. Proteins were 

transferred onto polyvinylidene fluoride membranes at 100 V for 1 hr. Following transfer, 

membranes were blocked in 5% w/v skim milk powder in TTBS buffer (0.001% v/v 

Tween-20, 2 M Tris (pH 7.6), 0.10 M NaCl) for 2 hr at room temperature or overnight at 

4 °C. After blocking, membranes were incubated in 5 mL of 5% w/v skim milk powder in 

TTBS buffer with appropriate primary antibodies as described in each chapter; 

membranes were either incubated for 2 hr at room temperature or overnight at 4 °C. After 

incubation, membranes were washed with TTBS 3 times at 5 min intervals. Blots were 

subsequently incubated with the appropriate horseradish peroxidase conjugated 

antibodies (either anti-mouse or anti-rabbit, Transduction Laboratories) in 10 mL of 5% 

w/v skim milk powder in TTBS buffer for 1 hr at room temperature. After incubation, 

membranes were washed with TTBS buffer 5 times at 5 min intervals. Membranes were 

visualized using the horseradish peroxidase-luminol chemiluminesence reaction kit 

(Amersham Pharmacia Biotech). 

2.11 Statistical analysis 

Results are expressed as the mean ± standard error of the mean (SEM) for n 

animals or homogenates as indicated in each chapter. The results were analyzed by using 

GraphPad Prism version 4.0. Independent samples t-test, repeated measures two-way 

ANOVA followed by Bonferroni's post hoc test, or one way ANOVA followed by 

Neuman-Keuls post hoc test were used as indicated to evaluate differences between 

groups. Differences were considered significant at *p < 0.05. 
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CHAPTER 3 
MATRIX METALLOPROTEINASES 

CONTRIBUTE TO LIPOPOLYSACCHARIDE 
AND INTERLEUKIN-ip-INDUCED 
VASCULAR HYPOREACTIVITY 

A portion of this chapter has been published. Lalu, M.M.*, Cena, J.*, Chowdhury, R.*, 

Lam, A., Schulz, R. Matrix metalloproteinases contribute to endotoxin and interleukin-lp 

induced vascular dysfunction. Br J Pharmacol. 142: 31-42, 2006. * denotes equal co-first 

authors. 
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3.1 Introduction 

Matrix metalloproteinases (MMPs) are a family of zinc dependent endopeptidases 

that are key regulators of the extracellular matrix. The gelatinases, MMP-2 and MMP-9, 

contribute to a wide variety of chronic cardiovascular pathologies including heart failure, 

atherosclerosis, and abdominal aneurysms [159,222]. Alterations in the levels of their 

main endogenous inhibitors, the tissue inhibitors of MMPs (TIMPs), may also play a role 

in these chronic pathologies. 

Recently, MMP-2 has been implicated in a number of acute cardiovascular 

processes, such as myocardial ischemia-reperfusion injury [169,213,220,223] regulation 

of normal vascular tone [224-226], platelet aggregation [160], and modulation of the 

inflammatory response [227]. Since MMPs are involved in inflammation and control of 

vascular tone, we hypothesized that they may be involved in the vascular alterations that 

occur in septic shock. 

Septic shock is a potentially fatal condition in which a systemic bacterial infection 

produces an unencumbered inflammatory response. This inflammatory response then 

results in excessive vasodilatation, hyporeactivity to contractile agents, and cardiac 

dysfunction. It is the chief cause of death and disability in intensive care units [228]. A 

similar response and cardiovascular dysfunction can be provoked by administering 

endotoxin (lipopolysaccharide, LPS) to animals or human volunteers [67,229,229]. In 

both sepsis and endotoxemia the initial inflammatory response due to LPS is largely 

mediated by proinflammatory cytokines (including interleukin-lfi (IL-ip) [230]) and 

tumor necrosis factor-oc [231,232] which increase the production of a number of 

downstream effectors. One effector is peroxynitrite [233], the toxic reaction product of 
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nitric oxide [108] and superoxide anion [234] which are produced in excess during 

severe acute inflammation. Peroxynitrite biosynthesis is enhanced in aortae from LPS-

treated rats [72]. It reacts with a number of different proteins [235] and lipids [236] to 

cause structural damage, enzyme dysfunction, and eventually cell death. Interestingly, 

both proinflammatory cytokines and peroxynitrite increase MMP activity and decrease 

TIMP activity in vitro [157,237,238]. Thus it was speculated that an imbalance between 

MMPs and TIMPs occurs during acute inflammatory stress. 

To date, few investigations have examined the role of MMPs in septic shock or 

endotoxemia. In experiments using endothelial cells, neutrophils, or macrophages, LPS 

was found to increase MMP-2 and MMP-9 activities [192,193,239]. In both animal and 

human models of endotoxemia, circulating MMP-9 activity is increased [75,193-195]. In 

sepsis, circulating MMP-2 and MMP-9 are elevated in both animal models and patients 

[195,240,241]. Despite these insights, no study has investigated the functional role of 

MMPs in the vascular dysfunction that arises from severe, acute inflammatory stress. 

In order to address this issue, we employed three previously established models of 

vascular inflammatory stress: either LPS or IL-ip stimulation of aortae isolated from 

normal rats or aorta isolated from rats administered LPS intraperitoneally. Both 

functional, pharmacological, and biochemical approaches were taken to determine 

changes in vascular contractility and the MMPs and TIMPs in the vessel wall. 

47 



3.2 Methods 

Spontaneous loss of contractile tone in aortic rings 

Two models of LPS-induced vascular hyporeactivity were utilized in this chapter. 

The first method involving ambient LPS-mediated vascular hyporeactivity is described 

here. Untreated rats were killed by sodium pentobarbital overdose (100 mg/kg, i.p.). 

Aortae were rapidly excised and connective tissue was trimmed away in gassed (95% O2-

5% C02) Krebs buffer (118 mM NaCl, 4.75 mM KC1, 1.19 raM KH2P04,1.19 mM 

MgS047 H20, 2.5 mM CaCl2-2 H20, 11.1 mM D-glucose, 25 mM NaHC03) bubbled 

with carbogen at room temperature. One to three aortic rings (5 mm in length) were 

dissected from each animal. If more than one ring was prepared from one rat, the 

individual rings were used in different experimental groups. The rings were then 

mounted in organ baths filled with Krebs buffer at 37 °C which was continuously bubbled 

with 95% 02-5%o C02. Isometric tension was measured using force transducers (Grass 

FT03) and recorded using AcqKnowledge 3.1 software. A tension of 1 g was applied and 

the rings were equilibrated for 60 min with fresh Krebs buffer added at intervals of 20 

min. Following equilibration, rings were contracted with phenylephrine (750 nM, 

Sigma). At the plateau of contraction one of the following was added: polymyxin B (10 

ug/mL, Sigma), a drug which binds and inactivates LPS [242], or the MMP inhibitors 

(Figure 3.1) doxycycline (30 uM), GM6001 (10 or 30 uM), or their vehicles 

(doxycycline: ddH20, GM6001: 0.1% ethanol in ddHbO). Vascular tone was then 

monitored for another 4.5 hr. This model has been previously used as a model of 

vascular hyporeactivity caused by the presence of ambient levels of LPS in experimental 
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environments in which LPS is not controlled [107]. The second model utilizing LPS-

induced vascular hyporeactivity is described in Section 2.3. 

IL-ip induced vascular dysfunction 

Two models of IL-ip-induced vascular dysfunction were utilized. First, aortae 

were isolated and contracted with phenylephrine (750 uM) as described above in the 

organ bath. At the plateau of contraction, human recombinant IL-ip (10 ng/mL, R&D 

Systems) was added in the presence of either doxycycline (30 or 100 uM) or its vehicle 

(ddHaO). Vascular tone was then monitored for 6 hr and the final tension was reported. 

The second model involving IL-ip-induced vascular hyporeactivity in vitro 

(where aortic rings are incubated with IL-ip in cell culture medium prior to mounting 

them in organ baths) is described in Section 2.4. 

Rat endotoxemia 

This protocol is described in Section 2.5. 

Assessment of vascular function of aortae taken from endotoxemic rats 

Vessels were prepared as described in Section 2.5 and subjected to the following 

protocol: after contractile measurements, aortae were then washed and incubated with 

either doxycycline (100 uM, Sigma) or ddHbO vehicle for 10 min. Following incubation, 

all vessels were subject to a second concentration-response curve to phenyephrine (1 nM 

- 10 uM). Vessels were then washed and the maximal contractile response to KC1 (75 

mM) was determined. 

Determination of plasma nitrate/nitrite levels 

In both sets of rats a blood sample was drawn from the chest cavity immediately 

upon sacrifice. The plasma fraction was obtained following centrifugation (6500 g for 5 
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min at 4 °C) and stored at -20 °C for later determination of plasma nitrite and nitrate 

levels. Plasma was diluted 1:1 with deionized water and then deproteinized by centrifugal 

ultrafiltration (Ultrafree-MC microcentrifuge tubes UFC3, Millipore). Ultrafiltrates were 

analyzed for total nitrate and nitrite content according to the method of Green et al [243]. 

Preparation of aorta homogenates 

This protocol is described in Section 2.7. 

Determination of protein content 

This protocol is described in Section 2.8. 

Gelatinase and collagenase assays 

In order to measure the net activity of gelatinases (MMP-2 and MMP-9), aortic 

homogenate (100 (j,g of protein) was analyzed using a gelatinase assay kit (E-12055, 

Molecular Probes). Non-activated samples were incubated at room temperature in the 

presence of DQ gelatin, an internally quenched fluorescein conjugate that fluoresces upon 

cleavage. Digestion of this product yields fluorescent peptides that are detectable using a 

fluorometer (kex 495 ran, A,em 515 nm). The MMP inhibitor o-phenanthroline (100 uM) 

was added to duplicate samples in order to determine MMP-related gelatinase activity. 

Pretreament of aortic homogenate from a control rat with/?-aminophenylmercuric 

acetate, a synthetic chemical activator of metalloproteinases, increased gelatinolytic 

activity approximately tenfold. 

In order to measure the activities of collagenases (MMP-1, -8, and -13), aortic 

homogenates (50 |a,g of protein) were analyzed using an MMP collagenase assay kit 

(ECM710, Chemicon) according to the manufacturer's instructions. The samples, 

however, were not chemically treated to activate latent collagenase activity. Biotinylated 
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collagen was digested by collagenase activity in the samples at 37 °C. The biotinylated 

fragments were then transferred to a biotin binding 96 well plate and detected with a 

streptavidin-enzyme complex. In order to control for baseline collagen degradation a 

series of wells were loaded with only biotinylated collagen and no sample. Addition of a 

colorimetric substrate produced a colored reaction product which was detectable at 450 

nm. Addition of 10 uM GM6001 abolished all collagenase activity. 

Measurement of MMP activity by zymography 

This protocol is described in Section 2.9. 

Immunoblot analysis 

The protocol is described in Section 2.10 using the following primary antibodies: 

an anti-mouse monoclonal MMP-2 antibody (1:1000 dilution, MAB3308, Chemicon), a 

rabbit polyclonal anti-rat MMP-9 antibody which detects the 92 kDa form of this protein 

(1:4000 dilution, courtesy of Dr. Mieczyslaw Wozniak, Medical University, Wroclaw, 

Poland), a mouse monoclonal anti-human TIMP-1 antibody (2 |ig/mL, MS-608, 

NeoMarkers), a rabbit polyclonal anti-human TIMP-2 antibody (10 ug/mL dilution, RB-

1489, NeoMarkers), a mouse monoclonal anti-human TIMP-3 (1 ug/mL, 136-13H4, 

Calbiochem) or a rabbit polyclonal anti-human TIMP-4 antibody (0.2 ug/mL, AB19087, 

Chemicon). 

Statistical Analysis 

This is described in Section 2.11. 
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3.3 Results 

MMP inhibition ameliorates spontaneous loss of phenylephrine induced vascular 

tone 

In order to assess whether MMP inhibition affects LPS mediated vascular 

dysfunction, aortae from normal rats were mounted in organ baths, contracted with 

phenylephrine, and their tone was then monitored for 6 hr. A spontaneous and significant 

loss of vascular tone at the end of the observation period was noted in these contracted 

vessel* (to 58 ± 4% of original phenylephrine-induced tone (Figure 3.2)). This 

spontaneous loss of tone has previously been demonstrated to be due to ambient levels of 

LPS [107]. This was confirmed in our experimental conditions by abolishing the 

spontaneous loss of tone with polymyxin B (10 u.g/mL), a drug that binds and inactivates 

LPS (Figure 3.2A). In order to evaluate the role of MMPs in the spontaneous loss of 

contractile tone, two pharmacologically distinct MMP inhibitors were tested. 

Doxycycline (30 uM) or GM6001 (10 uM) abolished the spontaneous loss in vascular 

tone (Figure 3.2B and C). 

MMP inhibition ameliorates LPS-induced loss of phenylephrine-induced vascular 

tone 

In contrast to the spontaneous loss of phenylephrine-induced tone described 

above, in a new series of experiments exogenous LPS (300 ng/mL, Salmonella typhosd) 

was added before phenylephrine for a more reproducible and controlled model of 

vascular hyporeactivity. In the presence of added LPS, a significant loss of vascular tone 

occurred at the end of 6 hr (30 + 4% of original phenylephrine-induced tone, Figure 3.3). 

In order to evaluate the role of MMPs in this model, doxycycline (30 uM) or GM6001 
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(30 uM) were added simultaneously with phenylephrine. Both doxycycline and GM6001 

significantly reduced the loss in vascular tone mediated by LPS as analyzed by one way 

ANOVA at the 6 hr timepoint (65 ± 3% of original tone, doxycycline; 65 ± 6% of 

original tone, GM6001, Figure 3.2B and C). Two-way repeated measures ANOVA 

analysis reveal differences (*p < 0.05) between Control and LPS treated groups at 4 and 

6 hr. In the presence of inhibitors, GM6001 and doxycycline significantly prevented the 

LPS-induced loss in vascular tone which was significant (*p < 0.05) at the 4 hr (LPS + 

Doxy) and 6 hr (LPS + Doxy, LPS + GM6001) groups. Interestingly, LPS-treated groups 

with MMP inhibitors were significantly different (*p < 0.05) than control at the 4 hr (LPS 

+ GM6001) and 6 hr (LPS + Doxy, LPS + GM6001) time points. 

MMP inhibition protects IL-ip-mediated vascular hyporeactivity 

In the above experiments inhibition of MMPs may have protected against the 

LPS-mediated dysfunction by inhibiting the proteolytic processing of the IL-ip precursor 

which could be activated in such conditions [81]. In order to determine whether MMP 

inhibition could protect against vascular dysfunction downstream of its possible effects 

on cytokine processing we incubated aortae with IL-1B (10 ng/mL). In the first set of 

experiments aortae from normal rats were mounted in organ baths and contracted with 

phenylephrine. At this time point IL-ip (10 ng/mL) was added to the preparations and 

tone was then monitored for 6 hr. IL-1 (3 at this concentration produced a greater 

spontaneous loss of tone compared to LPS treated vessels seen in Figure 3.3 (vessels 

relaxed to 16.4 ± 0.2 % of original phenylephrine-induced tone, Figure 3.4A). 

Doxycycline significantly inhibited this IL-ip-induced loss of tone in a concentration-

dependent manner. 
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The effect of GM6001 on IL-ip induced hyporeactivity was tested in a separate 

group of experiments which also facilitated measurement of MMP activity. Fresh aortae 

were incubated at 37 °C with IL-ip (10 ng/mL) under sterile conditions in culture 

medium for 6 hr. IL-1P treatment significantly increased MMP-2 activity in the aorta 

incubation media compared to vehicle treated rings (*p < 0.05, Figure 3.4B). IL-ip 

decreased the contractile response to increasing concentrations of phenylephrine, relative 

to control vessels that were incubated without the cytokine (*p < 0.05, Figure 3.4C). The 

addition of 10 or 30 uM GM6001 to the cell culture medium significantly protected the 

vessels from cytokine mediated dysfunction in a concentration dependent manner (*p < 

0.05, Figure 3.4C). GM6001 had no effect on the contractile response of control vessels, 

nor did the drug vehicle have any effect on IL-ip treated vessels (data not shown). 

The maximum response to KC1 (75 mM), a vasoconstrictor that acts by 

electromechanical coupling and not via plasmalemmal membrane receptors, was also 

significantly decreased with IL-ip treatment (*p < 0.05, Figure 3.4D). The addition of 

10 uM or 30 uM GM6001 restored vascular reactivity to KC1 to levels not significantly 

different from control vessels. 

LPS administration in vivo causes overt signs of endotoxemia 

Overt symptoms of endotoxemia were apparent in rats 6 hr following LPS 

administration. These included lethargic behavior, piloerection, and porphyrin secretion 

from the eyes. Plasma nitrate/nitrite, measured as a marker of NO biosynthesis, was 

significantly elevated at this time point relative to vehicle-treated (control) rats (330 + 37 

uM vs. 32 ± 4 uM, respectively, n = 10 per group, p < 0.05). 

54 



Aortic gelatinolytic activity is increased following LPS administration in vivo 

6 hr after LPS administration, net gelatinolytic activity in excised aortae was 

significantly increased relative to aortae from control rats (*p < 0.05, Figure 3.5A). Since 

gelatin is susceptible to cleavage by collagenases (MMP-1, -8, -13), collagenolytic 

activity was also measured. Net collagenolytic activity in the aortae, however, was not 

increased relative to control rats (Figure 3.5B). 

Zymographic analysis of control aortic tissue (Figure 3.6A) revealed robust 72 

kDa MMP-2 activity, as well as minor 75 kDa and 64 kDa MMP-2 activities. The rank 

order of MMP-2 activities was 72 kDa > 75 kDa > 64 kDa. The 72 kDa and 64 kDa 

bands corresponded to MMP-2 by comparison to the standard, and the 75 kDa band 

corresponded to a rodent-specific glycosylated form of pro-MMP-2 [244]. The 72 kDa 

MMP-2 activity was not significantly changed following LPS treatment (Figure 3.6A). 

In contrast, however, 72 kDa MMP-2 protein content was significantly decreased 

following LPS (*p < 0.05, Figure 3.6B). 

In aortae from control rats, gelatinolytic activity of molecular weight higher than 

75 kDa (the region for MMP-9) was not detectable. However, when zymographic gels 

were incubated for a longer period of time, 92 kDa MMP-9 activity could be detected in 

aortae from LPS treated rats only (*p < 0.05, Figure 3.6B). Interestingly, immunoblot 

analysis revealed that 92 kDa MMP-9 protein content was not significantly different 

between control and LPS treated rats (Figure 3.6B). As a negative control for these 

immunoblots, no bands were detected when blots were probed with appropriate non

immune IgG. 
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LPS administration in vivo affects TIMP-1 and TIMP-4 protein content 

Immunoblot analysis was performed to assess aortic TIMP-1, -2, -3, and -4 

content. TIMP-1 protein was found to be increased almost threefold in aorta from LPS 

treated rats relative to control rats (*p < 0.05, Figure 3.7A). In contrast, TIMP-4 was 

significantly decreased (*p < 0.05, Figure 3.7C). Both glycosylated and non-

glycosylated forms of TIMP-2 could be detected, however, they were unchanged in 

aortae from LPS-treated rats (Figure 3.7B). TIMP-3 could not be detected (data not 

shown). 

Inhibition of MMPs ex vivo protects against in vivo LPS-induced hyporeactivity 

We investigated the ability of MMP inhibition to acutely reverse vascular 

hyporeactivity following in vivo LPS administration. Two aortic rings were mounted in 

organ baths from each LPS-treated or control rat. Half of the rings were incubated ex 

vivo with doxycycline (100 uM, 10 min), and the other half were treated with ddLkO 

vehicle. Vessels from LPS-treated rats were significantly hypocontractile compared to 

vessels from control animals (Figure 3.8). Doxycycline significantly improved 

contractile responses to phenylephrine (*p < 0.05). Ex vivo doxycycline was able to 

significantly improve the diminished contractile response to KC1 in aortae isolated from 

LPS-treated animals (data not shown). Doxycycline did not significantly change the 

contractile response of vessels from control animals to either phenylephrine (Figure 3.8) 

or KC1 (data not shown). 

56 



3.4 Discussion 

We studied the effect of MMP inhibition on LPS and IL-ip-mediated vascular 

dysfunction, as well as the regulation of vascular MMP and TIMPs during endotoxemia, 

an in vivo model of acute inflammation. Both the LPS-mediated spontaneous loss of 

contractile tone and IL-ip-mediated vascular hyporeactivity were ameliorated by 

inhibition of MMP activity. During endotoxemia in rats, both MMP-2 and MMP-9 were 

detected while net gelatinolytic activity in the aorta was increased. Aortic TIMP-1 was 

increased, TIMP-4 was decreased, and TIMP-2 remained unchanged in aortae taken from 

LPS treated rats. This is the first study to demonstrate that MMP inhibition ameliorates 

inflammatory vascular dysfunction, and that vascular MMPs and TIMPs are acutely 

regulated in vivo by severe inflammatory stress. 

Ambient levels of LPS, under standard laboratory conditions, were sufficient to 

cause a spontaneous and slowly developing relaxation in phenylephrine-contracted rat 

aortae incubated for up to 6 hr in organ baths. The ability of polymyxin B, a known 

chelator of LPS [242], to prevent this hyporeactivity suggests that the loss of tone was 

mediated by ambient LPS under our experimental conditions [108]. The MMP inhibitors 

doxycycline and GM6001 prevented this loss of tone. In a parallel set of experiments 

where LPS was controlled, we observed that doxycycline and GM6001 also prevents this 

decline in tension. Doxycycline is a tetracycline class antibiotic which exhibits MMP 

inhibitory activity independent of its antibacterial effects [171]. The chemically distinct 

MMP inhibitor GM6001 (Figure 3.1), which is devoid of antibacterial action, also 

prevented the LPS-mediated spontaneous loss of contractile tone. Interestingly, previous 

work demonstrated that this hypocontractility is related to enhanced inducible NO 
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synthase activity [108,245]. Enhanced NO production under inflammatory conditions 

leads to increased peroxynitrite formation [72] and cytokine production in the aortic wall, 

both of which are known to increase MMP activity and decrease TIMPs 

[157,237,238,246]. Thus, it is possible that MMPs are downstream mediators of the 

well- characterized increase in endogenous oxidative stress in this model. 

Incubating blood vessels ex vivo with IL-1(3 is another well-established model of 

vascular hyporeactivity to vasoconstrictor agonists [77]. This model was used to test 

whether MMP inhibitors were protective independent of their ability to inhibit proteolytic 

cleavage of cytokine precursors. This is particularly important since MMP-2 is known to 

cleave and activate the IL-lf} precursor [81] . IL-ip is thought to be a principal player in 

the cardiovascular dysfunction associated with endotoxemia since its administration 

causes marked hypotension in rabbits [26]. Moreover, IL-ip receptor antagonists reduce 

cardiovascular dysfunction and mortality in models of sepsis [28,30]. In the present 

investigation treatment with IL-ip stimulated an increase in MMP-2 activity from the 

isolated vessels, and MMP inhibition with GM6001 significantly improved the 

contractile response to both phenylephrine and KC1 in treated vessels. This suggests that 

part of the IL-lp mediated response is dependent on MMP activity. As well, GM6001's 

ability to improve vascular reactivity to both phenylephrine and KC1 suggests that it acts 

at a point downstream of where both receptor- and nonreceptor-dependent contractile 

pathways converge. 

A well-established model of endotoxemia was used to assess whether MMP and 

TIMPs are regulated acutely in vivo during severe inflammatory stress. Previously, we 

demonstrated that significant cardiovascular dysfunction occurs 6 hr post LPS 
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administration in the rat. This dysfunction is characterized by hypotension and severe 

depression of cardiac mechanical function [66,73,75]. Here we demonstrated that severe 

vascular hyporeactivity also occurs 6 hr post LPS administration. At this time point nitric 

oxide, superoxide anion, markers of circulating and cardiac peroxynitrite production, and 

proinflammatory cytokines are all significantly increased [66,72]. Alterations of in vivo 

MMP activity were anticipated since MMPs and TIMPs are regulated by 

proinflammatory cytokines and peroxynitrite. Net gelatinolytic activity increased in 

aortae taken from LPS-treated animals. MMP-2 and -9 are largely responsible for 

gelatinolytic activity, however, the collagenases (MMP-1, -8, and -13) are also 

recognized to cleave gelatin in vitro. In order to determine if collagenases were 

contributing to the increase in net gelatinolytic activity we also measured collagenolytic 

activity. The lack of increase in collagenolytic activity suggested that the measurable 

gelatinolytic activity was due to MMP-2 and -9 and not collagenases. 

Increased aortic MMP-9 activity following LPS administration adds to mounting 

evidence implicating this MMP in in vivo models of endotoxemia and septic shock. We 

previously demonstrated that circulating 92 kDa MMP-9 activity correlated inversely 

with mean arterial blood pressure in endotoxemic rats [75]. As well, in vivo 

administration of MMP inhibitors (doxycycline or Ro 31-9790) significantly decreased 

92 kDa MMP-9 activity and improved cardiac mechanical dysfunction in the hearts from 

endotoxemic rats [73]. Opdenakker and colleagues have demonstrated that both MMP 

inhibition and MMP-9 gene deletion significantly protect mice against lethal doses of 

LPS [196,247]. A significant increase in circulating MMP-9 activity was also noted in 

human volunteers administered LPS [194] . Finally, in septic shock patients, plasma 
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MMP-9 protein correlated with circulating LPS levels concentration and was 

significantly higher in non-survivors than survivors [240]. 

A dysregulation of aortic TIMPs was also seen following LPS administration in 

vivo. Interestingly, TIMP-4 content was significantly decreased. These observations are 

similar to the acute loss of TIMP-4 seen in isolated perfused rat hearts following 

proinflammatory cytokine mediated cardiac dysfunction [200] or in acute ischemia-

reperfusion injury [169]. The increase in aortic TIMP-1 was not unexpected since it is 

regarded as an inducible TIMP [164]. However, it should be noted that the ability of 

TIMP-1 to inhibit MMP activity may be diminished under conditions of enhanced 

oxidative stress characterized by increased peroxynitrite biosynthesis [238]. Thus, even 

though TIMP-1 protein content was elevated, its net inhibitory effect may not have 

likewise increased. 

The apparent discordance between protein levels (as measured by immunoblot) 

and activity (as measured by zymography) of both 72 kDa MMP-2 and 92 kDa MMP-9 

was an interesting finding. This discordance might be attributable to peroxynitrite-

induced activation of these enzymes [237]. Peroxynitrite disrupts the MMP propeptide 

domain 'cysteine switch' by S-glutathiolation of a critical cysteine residue in this domain, 

causing a conformational change resulting in an activated 'proenzyme' [157,237]. Thus, 

increased aortic peroxynitrite biosynthesis during endotoxemia [72] may have activated 

both the 72 kDa MMP-2 and the 92 kDa MMP-9 without loss of the propeptide. With 

such activation, an increase in MMP-9 activity could be detected in zymography despite 

unchanged protein content. Likewise, such activation could allow MMP-2 activity to 

appear equal between LPS and control aortae, despite a loss in MMP-2 protein content in 
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the LPS aortae. Other explanations also exist for the observed discordance between 

zymography and immunoblot, such as possible epitope modification by peroxynitrite or 

protease activity. 

Our study also addressed the functional significance of vascular hyporeactivity 

following in vivo LPS-mediated MMP-TIMP dysregulation. 6 hr after LPS 

administration to the rat we found that ex vivo vascular reactivity was significantly 

impaired. Doxycycline was able to acutely improve the vascular hyporeactivity to 

phenylephrine. This raises the possibility that MMP inhibition may be beneficial under in 

vivo conditions of inflammatory stress (e.g. sepsis) when blood pressure has fallen due to 

the vascular hyporeactivity. 

Overall, our results raise several interesting new questions. For instance, the 

specific target(s) of MMPs in these models of vascular hyporeactivity is unknown. A 

recent investigation by Chew et al suggests that MMPs may interfere with Ca2+ entry 

required for KCl-mediated contractions in the rat aorta [224]. The addition of MMP-2 or 

MMP-9 to aortic strips isolated from normal rats blunted responses to phenylephrine and 

KC1, and at the same time interfered with entry of radiolabeled extracellular Ca . 

Whether this mechanism contributes to inflammation-associated hyporeactivity to 

vasoconstrictors remains to be determined. Some possible limitations to these 

experiments should be considered. First is the use of micromolar amounts of GM6001, a 

concentration higher than the reported Kj of this drug when tested against isolated MMP-

2 and MMP-9 proteins under cell-free conditions. Such micromolar concentrations are 

necessary to produce biological effects in intact cells and tissues [189,248]. Thus it is 

likely that higher concentrations of MMP inhibitors are required to produce their effects 
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in a complex biological milieu. It should also be noted that, in cell culture models, IL-ip 

is recognized to stimulate a variety of MMPs in vascular smooth muscle cells 

[159,159,249] and endothelial cells [250]. Thus, part of the protective effect of GM6001 

could be explained by an inhibition of a variety of MMPs. 

In summary, MMPs and TIMPs are acutely regulated in the vasculature during 

LPS or IL-ip mediated vascular hyporeactivity. MMP inhibitors are effective in 

preventing this vascular dysfunction. In vivo acute endotoxemia produces vascular 

dysfunction that is associated with an imbalance between MMPs and TIMPs. This 

vascular dysfunction was significantly ameliorated after incubation with an inhibitor of 

MMPs. These data suggest that MMPs play a role in acute inflammatory vascular 

dysfunction associated with conditions such as endotoxemia. 
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Figure 3.1 Structure of MMP inhibitors (A) doxycycline and (B) GM6001 
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Figure 3.2 Response of aortic rings taken from normal rats to a time-dependent loss of 
phenylephrine (PE) induced tone. PE was added as indicated by the arrow after 1.5 hr 
equilibration and then rings were treated with either (A) polymyxin B (10 ^g/mL) (B) 
doxycycline (30 uM) or ddH20 vehicle or (C) 10 uM GM6001 or 0.1% ethanol vehicle 
(*p < 0.05, two way repeated measures ANOVA, n = 4-5 aortic rings taken from distinct 
animals/group). Experiments performed by M.M. Lalu and R. Chowdhury. 
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Figure 3.3 LPS-induced time-dependent loss of phenylephrine (PE) induced tone in 
aortic rings taken from normal rats. After equilibration, LPS was added immediately 
after PE in the presence or absence of doxycycline (30 uM) or 30 uM GM6001 (*p < 
0.05 vs control, #p < 0.05 vs LPS, two way repeated measures ANOVA, n = 3-5 aortic 
rings taken from distinct animals/group). Experiments performed by J. Cena. 
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Figure 3.4 (A) Response of aortic rings taken from normal rats to an IL-ip (10 ng/mL)-
induced loss of phenylephrine (PE) induced tone. Rings were treated with either 
doxycycline (30 or 100 uM) or ddH20 vehicle (*p < 0.05 vs IL-lp, one-way ANOVA, n 
= 3 rings taken from distinct animals/group). (B) A representative zymogram of MMP-2 
activity in incubation media of aortic rings taken from normal rats and incubated for 6 hr 
at 37 °C in the presence or absence of IL-ip (10 ng/mL) (*p < 0.05, independent samples 
t-test, n = 6 rings taken from distinct animals/group). (C) Left: Contractile response of 
aortic rings taken from normal rats and incubated for 6 hr at 37 °C in the presence or 
absence of IL-lp (10 ng/mL) + GM6001 (10 or 30 uM) and then placed in organ baths 
and exposed to increasing concentrations of phenylephrine. Right: Summary data of 
maximal contractile response to phenylephrine (*p < 0.05 vs Control, one-way ANOVA 
followed by Fisher's LSD test, n = 8-13 aortic rings taken from distinct animals/group). 
Right: Contractile response of aortic rings as prepared in (B) to 75 mM KC1 (*p < 0.05 vs 
Control, one-way ANOVA followed by Fisher's LSD test, n = 8-13 aortic rings taken 
from distinct animals/group). Experiments performed by M.M. Lalu, J. Cena, and R. 
Chowdhury. 
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Figure 3.5 (A) Gelatinolytic and (B) collagenolytic activities of homogenates prepared 
from aorta removed 6 hr after i.p. injection of either lipopolysaccharide (LPS, 4 mg/kg) 
or pyrogen free water vehicle (Con) (*p < 0.05, independent samples t-test, n = 5 
rats/group). Experiments performed by M.M. Lalu and R. Chowdhury. 
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Figure 3.6 (A) MMP-2. Left: A representative zymogram of vascular homogenate MMP-
2 activities. Aortae from two control rats (Con) and two lipopolysaccharide treated (6 hr) 
rats (LPS) show primarily 72 kDa activity. "Std" represents culture media from HT-1080 
cells. Gel incubation time: 20 hr. Right: a representative immunoblot showing 72 kDa 
MMP-2 protein content. Position of molecular weight markers is shown on the left of the 
immunoblot. (B) MMP-9. Left: A representative zymogram of vascular homogenate 
MMP-9 activity. 92 kDa activity appears in aortae from two LPS treated rats but not 
from Con rats. Gel incubation time: 30 hr. Right: a representative immunoblot showing 
92 kDa MMP-9 protein content (*p < 0.05, independent samples t-test, n = 9-13 rats per 
group). Experiments performed by M.M. Lalu, R. Chowdhury, J. Cena, and A. Lam. 
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Figure 3.7 (A) TIMP-1, (B) TIMP-2 and (C) TIMP-4 protein content in aortae excised 
from lipopolysaccharide (LPS, 6 h) or vehicle (Con)-treated rats. TIMP-3 was not 
detectable (data not shown). Right panels show representative immunoblots taken from 
aortae from two control rats (Con) and two lipopolysaccharide treated rats (LPS). 
Position of molecular weight markers is depicted on the left (*p < 0.05, independent 
samples t-test, n = 12-13 rats/group for TIMP-1 and TIMP-4, n = 6 rats/group for 
TIMP-2). Experiments performed by M.M Lalu, R. Chowdhury, J. Cena, and A. Lam. 
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Figure 3.8 Top: Contractile response of aortic rings taken from rats 6 hr after i.p. 
injection of either lipopolysaccharide (LPS, 4 mg/kg) or pyrogen free water vehicle 
(Con). Rings were treated ex vivo with either doxycycline (100 |aM) or ddF^O vehicle. 
Bottom: Summary data of maximal contractile response to phenylephrine (*p < 0.05 vs 
Control, #p < 0.05 vs LPS, one way ANOVA followed by Fisher's LSD test, n = 3-4 
aortic rings/group). Experiments performed by Cena J, and Lalu MM. 

70 



CHAPTER 4 
ENDOTHELIAL DEPENDENCE OF MATRIX 

METALLOPROTEINASE-MEDIATED 
VASCULAR HYPOREACTIVITY CAUSED BY 

LIPOPOLYSACCHARIDE 

A portion of this chapter is published. Cena, J., Lalu, M.M., Rosenfelt, R., Schulz, R. 

Endothelial dependence of matrix metalloproteinase-mediated vascular hyporeactivity 

caused by lipopolysaccharide. Eur J Pharmacol. 582:116-122, 2008. 
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4.1 Introduction 

Sepsis, an often fatal condition arising from the body's exaggerated response to 

an infection, is the leading cause of death in intensive care units [1]. Research into the 

pathogenesis of this condition has revealed many potential targets, however, no effective 

pharmacotherapy has been discovered. Unravelling the underlying mechanisms is 

difficult because the natural immunological response to bacterial infection releases a 

cascade of inflammatory mediators, thus complicating the pathophysiology of sepsis. 

Initiation of the septic cascade begins with exposure to immunogens in the bloodstream. 

Lipopolysaccharide (LPS, also known as endotoxin), a normal component of the cell wall 

in gram-negative bacteria, triggers the immune response. 

Cardiovascular symptoms dominate the clinical presentation of sepsis. These are 

characterized as myocardial dysfunction as well as severe hypotension caused in part by 

hyporeactivity of the blood vessels to vasoconstrictor agonists [35]. This hyporeactivity 

poses a severe problem for treating sepsis in that high doses of vasopressor agonists are 

required to maintain an even less than adequate blood pressure. This phenomenon is due 

to the insensitivity of the vasculature to these agents [38]. Despite several suggestions, 

the mechanisms involved in the development of vascular hyporeactivity still remain 

unclear. Following LPS administration or exposure to proinflammatory cytokines, nitric 

oxide (NO) production is enhanced via induction of inducible nitric oxide synthase 

(iNOS) in the endothelium [106], cardiac myocytes [65,107], vascular smooth muscle 

[110], and neutrophils [109]. iNOS continuously produces high amounts of NO sustained 

over several hours. Evidence of enhanced NO production is present in septic patients as 

elevated NO metabolites (nitrite and nitrate) are present in plasma [113,114]. 
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MMPs are a family of zinc-dependent endopeptidases involved in a variety of 

physiological and pathophysiological processes. MMPs are synthesized as inactive 

zymogens and can be activated either by proteolytic removal of the pro-peptide domain 

to reveal the catalytic site or by peroxynitrite mediated oxidation of a critical cysteine 

sulfhydryl in the pro-peptide domain [163,237]. MMP-2 and -9 (also known as 

gelatinase A and B, respectively), are involved in the pathophysiology of various 

cardiovascular diseases [162,251]. MMP-2 is constitutively active and is ubiquitously 

expressed in nearly all cells throughout the body, whereas MMP-9 is a cytokine-inducible 

enzyme particularly found in activated neutrophils and macrophages. 

The vascular endothelium is involved in several important homeostatic functions 

which include the regulation of local blood flow and fluid migration through the vascular 

intima [252]. In the context of sepsis, both endothelial dysfunction [253] and apoptosis 

[254] contribute to the pathophysiology of the vascular defect. Little is known about the 

role of MMPs in the dysregulation of the endothelium in the context of septic shock. 

Our laboratory demonstrated that inhibition of MMPs is beneficial in both LPS-

and interleukin-ip-induced vascular hyporeactivity [74] and myocardial dysfunction [73]. 

However, the exact mechanisms of MMP action in LPS-induced vascular dysfunction are 

unclear and to what extent the endothelium is involved is also unknown. It is known that 

the endothelium accelerates LPS-induced vascular hyporeactivity [255-257] and MMP-2 

activity is enhanced in cultured human umbilical vein endothelial cells following LPS 

treatment [239]. Therefore we examined the dependence of the endothelium in the 

involvement of MMPs in LPS-induced vascular hyporeactivity in vitro. 
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4.2 Materials and Methods 

Animals 

Animals are described in Section 2.1. 

LPS-induced vascular hyporeactivity 

The protocol is described in Section 2.3. 

Endothelial denudation 

After aortae were cleaned of connective tissue, a corrugated paperclip was 

inserted into the lumen of the aorta and the endothelium was removed by light 

mechanical abrasion. Following equilibration rings were contracted with phenylephrine 

(750 nM) and at the plateau of contraction, acetylcholine chloride (10 uM) was added to 

assess the integrity of the endothelium. Endothelium-denuded rings which relaxed by 

greater than 15% of phenylephrine-induced tone were not used. 

Preparation of aortae homogenates 

This protocol is described in Section 2.7. 

Measurement of MMP activity by zymography 

This protocol is described in Section 2.9. 

Statistical Analysis 

This is described in Section 2.11. 
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4.3 Results 

Endothelial-dependence of NOS and MMP inhibition in LPS-induced vascular 

dysfunction in vitro 

To ensure that our model of vascular hyporeactivity was indeed due to an increase 

in NO biosynthesis caused by induction of iNOS [108], we tested the effects of L-NAME 

in the presence or absence of intact endothelium. L-NAME prevented LPS-mediated 

hyporeactivity in both endothelium intact and denuded aortae. In endothelium intact 

rings, control vessels maintained a contraction of 76 ± 5% (n = 9) of original 

phenylephrine-induced tone over the 6 hr observation period (Figure 4.1). At the end of 

the incubation time with LPS, rings relaxed to 33 ± 4% (n = 8) over time which was 

significantly different at the 4 and 6 hr time points. In the presence of L-NAME rings 

maintained 80 ± 3% (n = 4) of the original tone which was significantly different from 

LPS treated rings at the 4 and 6 hr time points. In endothelium-denuded control rings, 

contraction fell to 80 ± 3% (n = 8) at the end of the incubation period (Figure 4. IB). In 

the presence of LPS the contraction over time dropped to levels significantly different 

from control (62 ± 4%, n = 8), whereas in those treated with L-NAME the contraction 

was maintained over time to 90 ± 3% of original phenylephrine-induced tone (n = 4). 

The MMPs inhibitor doxycycline significantly reduced the LPS-induced 

hyporeactivity over time in endothelium-intact rings to 66 ± 2% (n = 9, Figure 4.1C) at 

the 4 and 6 hr time points but not in endothelium-denuded rings (71 ± 6%, Figure 4. ID). 

Doxycycline alone did not cause any changes in phenylephrine-induced tension of either 

endothelium-intact or denuded rings (n = 3 for each, data not shown). 
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The protective effect of doxycycline was compared to that of another MMP 

inhibitor, GM6001, in endothelium-intact rings (Figure 4.2). GM6001 significantly 

reduced LPS-induced hyporeactivity over time as demonstrated by differences at the 6 hr 

time point (Control: 88 ± 4%, n = 3; LPS: 30 ± 4%, n = 5; LPS + GM6001: 65 ± 6%, n = 

4). Vessels incubated with LPS in the presence of GM6001 were significantly different 

from controls at the 4 and 6 hr time points. 

Zymographic analysis of endothelium intact and denuded aortae 

Given that mechanical forces exerted on isolated blood vessels, such as the effects 

of denuding the endothelium, could possibly affect MMP activity in the vascular wall 

[258] we first determined the effect of endothelium denudation itself on MMP-2 activity 

in isolated aortic rings. Identical to previous experiments, these isolated aortae were 

mounted in the organ bath, contracted with phenylephrine, functionally tested for the 

presence or absence of endothelium using acetylcholine, washed, and then subjected to a 

6 hr phenylephrine-induced contraction before freezing and preparation of tissue extracts. 

Bands of gelatinolytic activity in the zymograms of the tissue extracts corresponding to 

MMP-2 were observed at 75, 72, and 64 kDa with relative activities 72 » 75 » 64 kDa 

in accordance with our previous study [74] (Figure 4.3A). In vessels not stimulated with 

LPS, there were no differences in any of these MMP-2 activities in comparing 

endothelium intact or denuded aortae. No bands representing MMP-9 activity (92 and 84 

kDa) were observed. MMP-2 bands were no longer seen if the zymography incubation 

buffer contained the MMPs inhibitor doxycycline (30 uM), GM6001 (30 |aM) or o-

phenanthroline (10 uM) (data not shown). 
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In endothelium-intact aortae, 6 hr LPS treatment resulted in a significant 

upregulation of 72 kDa MMP-2 activity compared to controls (243 ± 18% of control, n = 

3) (Figure 4.3B). This increase was partially inhibited by doxycycline to a level not 

significantly different from control (166 ± 27%, n = 3). In endothelium-denuded aortae 

LPS did not significantly change 72 kDa MMP-2 activity (n = 3, Figure 4.3C). There 

were no significant differences in 75 kDa MMP-2 activity between the treatment groups, 

either with or without endothelium (n = 3 for each, Figure 4.3D + 4.3E). 64 kDa MMP-2 

activity was barely detectable and was not significantly different among groups (data not 

shown) whereas MMP-9 associated bands were below the detection limit. 

4.4 Discussion 

This study demonstrates that inhibition of MMPs significantly reduces LPS-

induced vascular hyporeactivity. Moreover, this inhibition was observed only in the 

presence of the endothelium. Functionally this reveals that the endothelial-dependent 

component of LPS-induced vascular hyporeactivity may be mediated by MMPs. These 

results also indicate an endothelium-independent component of LPS-induced vascular 

hyporeactivity. Zymographic analysis showed a significant increase in MMP-2 activity in 

endothelium-intact aortic rings treated with LPS whereas doxycycline, a tetracycline 

antibiotic which possesses MMP inhibitory activity independent of its anti-bacterial 

action [171], decreased MMP-2 activity. These changes were absent in endothelium-

denuded rings, further supporting the role of the endothelium in the development of 

vascular hyporeactivity by MMPs induced by LPS. GM6001, a chemically distinct MMP 
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inhibitor, also abolished LPS-induced vascular hyporeactivity in endothelium-intact 

rings. The effect of GM6001 was not tested in endothelium-denuded rings. 

Several groups have examined the possible role of MMP-2 and -9 in modulating 

vascular tone [181,224]. In the former study, MMP-2 and -9 were found to inhibit 

phenylephrine or KCl-induced Ca2+ entry in isolated rat aorta, supporting the notion that 

MMPs have a vasodilatory role. The latter study using isolated venous vessels 

demonstrated that MMP-2 may act through opening K+ channels. There is evidence 

supporting the activation of K channels in vascular hyporeactivity to catecholamines in 

septic shock [259] although a clinical study using the K+ channel inhibitor glibenclamide 

was equivocal [61]. The relationship between K+ channels and MMPs in septic shock 

requires further investigation. 

Our laboratory demonstrated the upregulation of MMP activity in both in vitro 

and in vivo models of septic shock [74]. In that study, MMP inhibitors were found to 

partially inhibit the development of hyporeactivity to vasoconstrictors in vitro in both 

cytokine and LPS-treated vessels while an upregulation of MMP-2 and MMP-9 activities 

was observed in the aortae of rats treated with LPS in vivo. In other studies examining the 

regulation of MMP-2 and -9 in vitro, one study showed the activation and release of 

MMP-2 in response to LPS in cultured endothelial cells [239]. In another study 

examining murine peritoneal macrophages in vitro, LPS was found to cause an increase 

in MMP-2 and -9 activities [192]. A study analyzing isolated human blood revealed that 

neutrophils were responsible for the secretion of MMP-9 in response to LPS [193]. 

In the heart, our laboratory has shown a decrease in MMP-2 activity and protein 

level in rat hearts 6 hr after LPS injection while no evidence of MMP-9 activity was 
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found in either normal or LPS-exposed hearts [75]. In the same study, plasma MMP-2 

activity and protein levels decreased 6 hr after LPS treatment whereas MMP-9 levels 

decreased at 12 hr. In another study examining in vivo models of sepsis, MMP-9 activity 

is elevated in the plasma of Escherichia coli treated baboons [195]. In humans, MMP-9 

plasma concentration and mRNA in peripheral blood monocytes were significantly 

higher in non-surviving patients with septic shock versus surviving patients [240]. This 

study also showed a positive correlation between LPS and MMP-9 concentration in the 

plasma, suggesting a possible role for this enzyme as an indicator of or contributor to 

septic shock severity. 

It is well established that NO has a central role in the pathogenesis of vascular 

hyporeactivity seen in sepsis [115]. Our results support the role for the 

pathophysiological generation of NO which contributes to vascular hyporeactivity as the 

NO synthase inhibitor L-NAME completely prevented LPS-induced vascular 

hyporeactivity in both endothelium intact and denuded vessels. Together these data 

support the notion that the mechanisms contributing to LPS-induced vascular 

hyporeactivity include endothelium-dependent and -independent mechanisms. The 

endothelium-dependent mechanism is due to both MMPs and NO, whereas the 

endothelium-independent mechanism is mainly due to NO. 

It has been shown that, in aorta isolated from endotoxemic rats, NO rapidly reacts 

with superoxide to form peroxynitrite [72]. As MMPs are activated by low micromolar 

concentrations of peroxynitrite [237], we believe that could be the mechanism by which 

an increase in MMP-2 activity was observed in the aorta. A synergistic action of MMPs 

and peroxynitrite may occur in the presence of the endothelium whereas only a 
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NO/peroxynitrite-dependent hyporeactivity occurs in the absence of the endothelium. Our 

laboratory has recently discovered an inhibitory association of caveolin-1 with MMP-2 

[162]. Moreover, caveolin-1 has been shown to colocalize with MMP-2 in endothelial 

cells [260]. Therefore it would be logical to assume a loss of caveolin-1 (which was 

shown to occur in LPS-stimulated macrophages [261]) may result in increased MMP-2 

activity. 

This study has important implications and provides insight into the mechanisms 

of vascular hyporeactivity. Firstly, not only does this support the involvement of MMPs 

in LPS-induced vascular hyporeactivity, but establishes the essential role of the 

endothelium in this mechanism. Kim et al. (2000) showed that MMP-2 is activated and 

released from endothelial cells in response to LPS stimulation [239]; whether this 

mechanism occurs in our model remains to be examined. In vivo models of sepsis using 

MMP inhibitors show marked protective actions including an improvement in blood 

pressure [198]. The targets of MMPs in LPS-induced vascular hyporeactivity need to be 

elucidated. Whether the actions of MMPs on vascular tone are via proteolysis of known 

susceptible targets either outside (eg. big endothelin, [225]; calcitonin gene-related 

peptide [262]) or inside the cell (eg. cytoskeleton [263]) remains to be determined. 
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Figure 4.1 NOS and MMP dependence of LPS-induced vascular hyporeactivity. 
Response of endothelium-intact (A) or endothelium-denuded (B) aortic rings from normal 
rats to LPS-dependent (300 ng/ml) loss of phenylephrine-induced tone (750 nM). Rings 
were treated with L-NAME (30 uM) or vehicle (water). Endothelium-intact (C) or 
endothelium-denuded (D) rings were treated with doxycycline (Doxy, 30 uM) or vehicle 
(water). Two-way repeated measures ANOVA, n= 5-9 aortic rings/group, *p < 0.05. 
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Figure 4.2 The MMP inhibitor GM6001 also reduces LPS-induced vascular 
hyporeactivity. Response of endothelium-intact aortic rings from normal rats to LPS-
dependent (300 ng/mL) loss of phenylephrine-induced tone (750 nM). Rings were treated 
with GM6001 (30 uM) or vehicle (DMSO). Two way repeated measures ANOVA, n = 3-
5 rings/group, *p < 0.05. 
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Figure 4.3: (A) Gelatin zymogram (upper panel) showing MMP-2 gelatinolytic activities 
in endothelium-intact (+Endo) and endothelium-denuded (-Endo) aortic rings and 
quantification of gelatinolytic activities (lower panel, n = 3 for each). Std: culture 
medium from HT-1080 cells was used as a standard for MMP-2 and -9 activities. 72 kDa 
MMP-2 gelatinolytic activity of+Endo (B) or -Endo (C) aortic rings at 6 hr. 75 kDa 
MMP-2 gelatinolytic activity of+Endo (D) or -Endo (E) aortic rings at 6 hr. Aortae 
from two different rats were pooled into one experimental sample, n = 3. One-way 
ANOVA, *p < 0.05 vs Control. 
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CHAPTER 5 
INHIBITION OF MATRIX 

METALLOPROTEINASE ACTIVITY IN VIVO 
PROTECTS AGAINST VASCULAR 

HYPOREACTIVITY IN ENDOTOXEMIA 

A version of this chapter is in preparation: Cena, J., Lalu, M.M., Cho, W.J., Chow, A.K., 

Bagdan, M., Daniel E.E., Schulz, R. Inhibition of matrix metalloproteinase activity in 

vivo protects against vascular hyporeactivity in endotoxemia. 

84 



5.1 Introduction 

Sepsis remains the leading cause of death in North American intensive care units 

[1]. It is characterized by both an infection and a systemic inflammatory response. Since 

the cardiovascular symptoms of sepsis dominate its clinical presentation, it is important to 

understand the mechanisms involved in its cardiovascular pathophysiology. Important 

symptoms include intrinsic myocardial dysfunction and a marked persistent arterial 

vasodilation. The development of persistent arterial vasodilation involves the emergence 

of two interacting factors: overproduction of endogenous vasodilatory substances and 

vascular hyporeactivity to vasoconstrictors [36]. Vasodilators overproduced in septic 

shock include both nitric oxide (NO) and prostaglandins. Vascular hyporeactivity to 

vasoconstrictors is characterized by the reduced sensitivity of the vasculature to 

vasopressor agents. A large body of evidence supports the pathophysiological generation 

of excess NO in septic shock through the expression of inducible NO synthase (iNOS) in 

the vasculature which contributes to both vasodilation and vascular hyporeactivity 

[50,70,72,108,110,264,265]. 

NO combines with superoxide (O2") to form peroxynitrite (ONOO"), a highly 

reactive species involved in lipid peroxidation, protein and DNA damage, and ion 

channel and transporter malfunction [266]. Its biosynthesis is enhanced in aortae from 

LPS-treated rats [72]. ONOO" activates matrix metalloproteinases (MMPs), a family of 

zinc-dependent endopeptidases [237] that are involved in a number of physiological and 

pathological processes and several cardiovascular pathologies [159,267,268]. ONOO" 

directly activates the zymogen form of MMPs without requiring the proteolytic removal 

of the propeptide domain, the latter form of activation important in the canonical 
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extracellular actions of MMPs [269]. Since there is increased oxidative stress in the form 

of ONOO" in the heart [66,135] and vasculature [270] during sepsis, we hypothesized that 

MMP activity would also be increased. Previous studies have demonstrated that the 

mRNAs for several MMPs are upregulated in the liver, spleen, and kidney after bacterial 

lipopolysaccharide (LPS) administration [271,272], and that selective deletion of the 

MMP-9 gene protects against LPS-induced mortality [196]. Another investigation 

demonstrated that broad spectrum MMP inhibition using a chemically-modified 

tetracycline (without anti-bacterial properties) significantly improved LPS-induced 

hypotension in pigs [197]. Our laboratory has utilized a model of LPS-induced vascular 

hyporeactivity in which rats are injected with LPS in vivo. Ex vivo analysis of aortae from 

these rats revealed an increase in MMP-2 and -9 activities [74]. Moreover, this study 

showed the beneficial effects of MMP inhibition in improving vascular hyporeactivity to 

vasoconstrictors using isolated rat aorta treated with LPS or interleukin-ip in vitro. To 

date, however, no study has examined the effect of MMP inhibition in vivo on changes in 

vascular hyporeactivity following LPS treatment. We therefore tested the hypothesis that 

MMPs contribute to the development of vascular hyporeactivity to vasoconstrictors using 

a model of acute endotoxemia in rats and that inhibition of MMPs with doxycycline 

would protect the loss in vascular contractile tone. 

Tetracyclines, a class of antibiotics which have a bacteriostatic effect on 

microorganisms, have recently been discovered to also inhibit MMP activity [171]. Of 

the tetracycline class, doxycycline is the most potent MMP inhibitor and exhibits MMP 

inhibition in vivo at plasma levels that are sub-antimicrobial [174]. The use of 

tetracyclines as MMP inhibitors is widespread particularly in the areas of cardiovascular 
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[273], cancer [274], and inflammation [171] research. As such, the use of tetracyclines 

have been examined for their therapeutic potential in models of endotoxic shock 

[197,198]. Our laboratory has previously shown that in vivo doxycycline reduced the 

depression in cardiac contractile function in LPS-treated rats [73]. As in vitro 

doxycycline protected against LPS-induced vascular hyporeactivity in isolated rat aortae 

[74], here we examine whether in vivo doxycycline prevents vascular hyporeactivity to 

vasoconstrictors in aorta taken from LPS-injected rats and the associated changes in 

MMP-2 and -9 in both plasma and the aorta. 

5.2 Materials and methods 

Animals 

Animals are described in Section 2.1. 

Rat model of endotoxemia 

The protocol for LPS-induced endotoxemia in rats described in Section 2.5. 

Tissue preparation and cryosections 

Aortae were rapidly excised and connective tissue was trimmed away while in 

Krebs buffer (118 mM NaCl, 4.75 mM KC1, 1.19 mM KH2P04, 1.19 mM MgS047 H20, 

2.5 mM CaCl22 H20, 11.1 mM D-glucose, 25 mM NaHC03) bubbled with carbogen 

(95% 02-5% C02). Aortae were either cut into 5 mm cylindrical segments (two from one 

aorta) for organ bath studies (see below) or fixed with 4% paraformaldehyde in 0.1 M 

sodium phosphate buffer (PB, pH 7.2 - 7.4) for 4 hr at room temperature. 

The fixed aortae were rinsed with 0.1 M PB and cryoprotected in 30% sucrose in 

phosphate buffered saline (PBS) overnight at 4 °C. The cryoprotected aortae were 
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embedded into embedding molds (Cat. No. 18646A, Polysciences, Inc.) filled with 

Tissue-Tek® optimal cutting temperature (O.C.T.) compound at -25 °C. 6 urn 

cryosections were obtained using a cryostat (Leica CM 1850 / CM 1900, Leica 

Microsystems Inc.) and were attached onto glass slides coated with 1.5% 3-

aminopropyltriethoxysilane in acetone. The cryosections were preserved at -80 °C until 

used. 

Assessment of vascular reactivity 

Functional analysis is described in Section 2.6. 

Preparation of aorta homogenates 

Preparation of aortic homogenates for biochemical analysis is described in 

Section 2.7. 

Measurement of MMP activity by zymography 

Zymographic analysis is described in Section 2.9. 

Western immunoblotting analysis 

The protocol for immunoblot analysis is described in Section 2.10., the following 

primary antibodies were used: an anti-mouse MMP-2 antibody (1:1000 dilution, 

MAB3308, Chemicon), an anti-mouse MMP-9 antibody (1:1000 dilution, MAB3309, 

Chemicon), or an anti-mouse iNOS antibody (1:1000, N32020/L20, Transduction 

Laboratories). 

Immunolabeling 

The cryosections from -80 °C were dried for 30 min followed by washed with 0.3 

% Triton X-100 in PBS twice and then once with PBS alone. The cryosections were 
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incubated with 10% normal donkey serum (566460, Calbiochem) to reduce artificial 

staining of non-specific proteins for 1 hr before applying primary antibody. Mouse anti-

human MMP-2 IgGikappa( 1:200, MAB3308, Chemicon International), which does not 

cross react with human MMP-9, and mouse anti-MMP-9 IgGikappa (1:200, MAB3309, 

Chemicon International), which does not cross react with human MMP-2, were used as 

primary antibodies. As a secondary antibody Cy3-conjugated donkey anti-mouse IgG 

(1:20, 715-165-151, Jackson ImmunoResearch Laboratories) was used. During the 

incubation with all antibodies, 2% normal donkey serum of total incubation volume was 

added for stabilization of antibodies. All immunolabeling procedures were performed at 

room temperature. To determine specificity of immunolabeling, primary or secondary 

antibody was omitted. 

Confocal microscopy 

The immunolabeled cryosections were observed by single photon confocal 

microscope (LSM 510, Carl Zeiss Co.) and saved by LSM 5 Image (Carl Zeiss Co.). Cy3 

(red) was scanned by helium / neon laser (543 nm laser line wavelength) with a long pass 

560 filter (560 - 700 nm excitation). All images obtained from confocal microscope were 

enhanced by brightness, contrast, and gamma tool of LSM 5 image and PhotoShop 

(Version 7.0, Adobe). 

Extraction of plasma 

Blood samples were obtained from the same rats utilized for functional and 

biochemical analysis described above. A 17 gauge needle laced with heparin (LEO 

Pharm Inc.) was used to draw from the chest cavity immediately after sacrifice. The 
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plasma fraction was obtained following centrifugation (6500 x g for 5 min at 4 °C) and 

stored at -20 °C for later determination of MMP activities. 

Determination of protein content 

Analysis of protein content for equal protein loading in western immunoblotting 

and gelatin zymography is described in Section 2.8. 

Statistical analysis 

Statistical analysis is described in Section 2.11. 

5.3 Results 

LPS injection causes overt signs of endotoxemia 

LPS but not its vehicle caused overt symptoms of endotoxemia in the rats which 

were clearly apparent 6 hr after injection. These included lethargic behavior, 

piloerection, and porphyrin secretion from the eyes. Doxycycline treatment however, did 

not reduce the development of these symptoms. 

Concentration-response to phenylephrine in aorta from endotoxemic rats 

LPS injection caused a significant rightward shift in the EC50 (Control: pECso 

7.44 ± 0.06; LPS: pEC50 6.73 ± 0.17, n = 7 each; Table 5.1) and a reduction in the Emax 

(LPS: Emax 1.46 ± 0.24 g; Control: Emax 3.27 ± 0.11 g; n = 7 each, Figure 5.1 A and B). 

Doxycycline administered 30 min after LPS significantly reduced the rightward shift and 

improved the maximal response in the concentration-response curve to PE (LPS + Doxy: 

pEC50 6.97 ±0.10, 

Emax 2.23 ± 0.22 g, n — 7). Aortae from control animals administered 

doxycycline showed no significant alterations in their response to PE (Control + Doxy: 

Emax 3.20 ± 0.04 g, pEC50 7.21 ± 0.07, n = 3, Figure 5.IB and Table 5.1). LPS also caused 
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a decrease in response to 75 mM KC1 (LPS: 1.65 ± 0.13 g; Control: 2.61 ± 0.15 g, n =' 7 

each, Figure 5.1C) which was prevented by injection of doxycycline (LPS + Doxy: 2.38 

± 0.10 g, n = 7). Doxycycline administration did not alter contraction to KC1 in control 

rats (Control + Doxy: 2.77 ± 0.26 g, n - 3). 

Aortic iNOS protein levels 

Some studies have shown a relationship between tetracyclines and their ability to 

decrease iNOS protein expression via destabilization of iNOS mRNA [275,276]. In this 

model of endotoxemia, aortic expression of iNOS was induced 6 hr after LPS injection. 

However, aortic iNOS was not significantly different in LPS treated rats with or without 

doxycycline (Figure 5.2). This indicates that the protective effects of doxycycline on the 

development of vascular hyporeactivity in vivo are either downstream or independent of 

actions involving iNOS. 

Aortic homogenate protein content and MMP activities 

Zymographic analysis of homogenized aortic tissue (Figure 5.3 A) revealed robust 

MMP-2 activity at 72 kDa. 75 kDa bands were below the detection limit and non-

quantifiable. LPS did not change aortic net MMP-2 activity significantly from control, 

nor was there any additional effect of doxycycline treatment. Western immunoblotting 

analysis of aortic tissue revealed a trend towards a decrease in MMP-2 protein in aortae 

from rats treated with LPS (Figure 5.3B). Doxycycline also did not significantly alter 

MMP-2 protein expression after LPS treatment. Analysis of MMP-2 activity expressed 

per unit protein revealed a significant upregulation of specific MMP-2 activity in aortae 

from LPS treated rats; doxycycline did not alter net MMP-2 activity (Figure 5.3C). 
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MMP-9 protein was not altered amongst all experimental groups (data not shown) and its 

activity was undetectable in the aortic homogenate by zymography. 

Immunohistochemistry of aortic cross sections 

To preliminarily assess the specificity of the MMP antibodies and the distribution 

of MMP-2 and -9, we examined the immunohistochemical staining of aorta from control 

and LPS treated rats using several different MMP-2 and MMP-9 antibodies from 

different sources. We observed a consistent decrease in MMP-2 but not -9 staining in the 

aortas of LPS treated rats (data not shown). Among these antibodies, a MMP-2 antibody 

(MAB3308, Chemicon) and a MMP-9 antibody (MAB3309, Chemicon) were selected 

and used for further analysis. 

Immunohistochemical analysis of aortic cross sections from control aortas 

revealed ubiquitous MMP-2 distribution throughout the aortic wall in both endothelium 

and smooth muscle cells (Figure 5.4). 6 hr after LPS administration, a decrease in MMP-

2 associated staining was observed in the aortic wall. Doxycycline did not affect the 

decrease in MMP-2 protein levels; however, a redistribution of MMP-2 towards the 

intima was apparent. MMP-9 distribution throughout the aortic wall remained unchanged 

amongst all experimental groups. 

Plasma gelatinolytic activity 

Plasma from control animals possessed strong MMP-2 activities which appeared 

at 72 kDa and 75 kDa (Table 5.2) as previously observed [75]. LPS injection did not 

significantly alter 72 kDa or 75 kDa MMP-2 plasma activities, whether in the absence or 

presence of doxycycline. In control animals, MMP-9 plasma activities were detected at 
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92 kDa and 135 kDa (the former is a full length MMP, whereas the latter is a lipocalin 

associated form of proMMP-9 [18]). 6 hr after LPS injection, 92 kDa and 135 kDa 

activities rose significantly above control levels. Doxycycline treatment significantly 

reduced the LPS induced increase in 92 kDa but not 135 kDa gelatinolytic activities. 

5.4 Discussion 

We have previously demonstrated an upregulation of MMPs in vascular 

hyporeactivity to LPS as well as the protective effects of MMP inhibition in in vitro 

models of endotoxemia [74]; however, the effects of in vivo administration of the MMP 

inhibitor, doxycycline, on vascular hyporeactivity caused by in vivo LPS are currently 

unknown. This study demonstrates that treatment with doxycycline in vivo protects 

against the LPS-induced development of vascular hyporeactivity to vasoconstrictors ex 

vivo. In the aortae of endotoxemic rats (with and without doxycycline) we observed 

increased specific MMP-2 activity versus control animals (shown as an increase in MMP-

2 activity per unit protein) similar to that seen in aorta from normal rats exposed to LPS 

in vivo [74]. This upregulation may contribute to contractile dysfunction during 

endotoxemia. In the plasma, we observed a significant upregulation of 92 kDa MMP-9 

activity which was attenuated with doxycycline. This upregulation of both MMP-2 and -9 

activities in the aorta and plasma, respectively, present novel mechanisms that may 

contribute to vascular hyporeactivity during endotoxemia. The MMP inhibitor 

doxycycline was able to attenuate LPS-induced hyporeactivity to both PE and KC1, 

indicating a fundamental dysregulation of the contractile machinery which may in part be 

due to MMP activity. 

93 



Despite the large body of evidence implicating excess generation of NO as a 

central mediator in the development of vascular hypocontractility and hypotension in 

sepsis, few studies have examined the relationship between NO and MMPs. In one study 

of septic shock examining a cecal ligation and puncture model, MMP inhibition with a 

chemically modified tetracycline was able to reduce the cecal ligation and puncture-

induced increase in plasma nitrate levels for 24 hr [277]. In contrast, the NO scavenger 

diethyldithiocarbamate in vivo has been shown to decrease MMP-2 and -9 protein in the 

plasma [278]. Here, we have shown an upregulation of iNOS in aorta from endotoxic 

rats; however, doxycycline administration did not alter iNOS expression. This indicates 

that the protective effect of MMP inhibition in our model of endotoxemia is either 

downstream or independent of iNOS. Possible downstream fates of NO include its 

spontaneous formation with Of" to form ONOO". ONOO" has been shown to activate 

MMPs via oxidation of the catalytic Zn2+ in the active site of the enzyme [237]. NO can 

also bind to and activate soluble guanylate cyclase; NO and cyclic GMP have been 

shown to increase the expression of MMP-9 in vascular smooth muscle [279]. However, 

the contribution of the NO/cGMP pathway to MMP-induced vascular hyporeactivity 

stimulated by LPS will require further studies. 

In the plasma, MMP-9 activity was induced which was attenuated by pre-

treatment with doxycycline. The tertiary granules of polymorphonuclear leukocytes 

contain MMP-9 and are released upon LPS administration [280,281]; however the role of 

MMP-9 in septic shock is poorly understood. This upregulation of circulating MMP-9 

may also contribute to vascular contractile dysfunction, as knockouts of this enzyme 

show resistance to endotoxic shock as evidenced by survival studies [196]. In various 
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clinical studies, increased plasma MMP-9 is found in septic patients, and the level of 

MMPs was correlated with the severity of sepsis [193]. Moreover, our laboratory has 

demonstrated a potential role for MMP-9 in cardiac contractile dysfunction in 

endotoxemia [73]. 

Symptoms of vascular hyporeactivity in vivo may involve an interaction with both 

plasma MMP-9 and vascular smooth muscle or endothelial MMP-2. We have recently 

investigated the role of the endothelium in the upregulation of MMP-2 activity in in vitro 

models of endotoxin shock [282]. Several studies have demonstrated the direct 

vasodilatory effects of MMP-2 and -9 in vitro which may serve as another 

pathophysiological mechanism in endotoxic shock [24, 25]. 

Despite the large body of evidence demonstrating extracellular effects of MMPs, 

work from our laboratory demonstrate acute intracellular effects of MMPs. Specifically, 

it is shown that MMP-2 can degrade troponin I in cardiac myocytes, an intracellular 

regulator of cardiac contraction [213]. Therefore it is tempting to assume that MMPs may 

act intracellularly to degrade susceptible proteins in vascular smooth muscle in septic 

shock. We are currently investigating potential targets of MMPs in the vasculature during 

endotoxemia. 

These results reveal for the first time, the effects of the most potent MMP 

inhibitor, doxycycline, on in vivo LPS-induced vascular hyporeactivity to 

vasoconstrictors ex vivo. This information is important to understand the development of 

LPS-induced vascular hyporeactivity to vasoconstrictors in vivo, as the body of evidence 

supporting this area of research is centered on NO. Here we introduce new therapeutic 

targets for the treatment of vascular hyporeactivity in models of endotoxic shock. 
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Table 5.1 pECso values of aortic contractile responses to PE 

Group Control Control + Doxy LPS LPS + Doxy 
pEC50 7.44 ±0.06 7.21 ±0.07 6.73 ±0.17* 6.97 ±0.10 

p < 0.05 vs Control, one way ANOVA, Neuman-Keuls post hoc test, n = 7. 

96 



& 3i 
C 

o 
O a 
i_ 

C o (3 1-

<H 
r-
-9 

-8 

Control 
Control + Doxy 

x^-J—I LPS + Doxy 

-7 -6 

log [PE] M 

LPS 

-5 
- I 
-4 

B 
^ 3.0' 
2 
c 
.2 2.0' 
o 

o o 
1.0-

0.0' 
Control Control + Doxy LPS LPS + Doxy 

3.5i 

3 2.8' 
c 
o 
S3 2.1. 
IS 
£ 1.4-
o 
° 0.7. 

0.0< 

* # 

Control Control + Doxy LPS LPS + Doxy 

Figure 5.1 (A) Concentration-response relationship to PE (1 nM - 10 uM) in aortae isolated 
from the various treatment groups. (B) Quantification of maximum response to PE (10 uM). 
(C) Quantification of the response to KC1 (75 mM). *p < 0.05 vs Control, #p < 0.05 vs LPS, 
one way ANOVA, Neuman-Keuls post hoc test. Bars represent SEM, n = 3-7 rings/group. 
Experiments performed by J. Cena and M.M. Lalu. 
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Figure 5.2 Above: Representative immunoblot for iNOS in aortic homogenate. Below: 
quantification of iNOS level in aortic homogenates. *p < 0.05 vs Control, one way 
ANOVA, Neuman-Keuls post hoc test, n = 4 homogenates/group. Experiments 
performed by J. Cena, M.M. Lalu, and A.K. Chow. 
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Figure 5.3 (A) Left: quantification of 72 kDa MMP-2 activity in aortae; Right: 
representative zymogram. (B) Left: quantification of 72 kDa MMP-2 protein; Right: 
representative western blot. (C) Ratio of 72 kDa MMP-2 activity / 72 kDa MMP-2 protein 
level. * p < 0.05 vs Control, one way ANOVA, Neuman-Keuls post hoc test. Bars are ± 
SEM, n = 4 homogenates/group. Experiments performed by J. Cena, M.M. Lalu, and A.K. 
Chow. 
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Figure 5.4 Representative immunohistochemical distribution of MMP-2 (left column) and 
MMP-9 (right column) in aortic cross sections from Control (top), LPS (middle), and LPS 
+ doxycycline (Doxy, bottom) treated rats. Panels are representative of aortae from 4 
rats/treatment group and processed for confocal immunohistochemical analysis which 
showed similar results. Red represents MMP-2 or -9 staining, blue represents nuclear 
(DAPI) staining. Scale bar is 20 [im for all images. Experiments performed by J. Cena, 
W.J. Cho,andM.M. Lalu. 
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Table 5.2 MMP activities in plasma using gelatin zymography 

MMP-2 

MMP-9 

75kDa 
72kDa 

135 kDa 
92kDa 

Control 
109±13 

1205±277 
99±39 
195±82 

LPS 
120±21 

1576±264 
1495±278* 
1750±560* 

LPS + Doxy 
92±22 

1132±277 
1201±287* 
786±306# 

*p < 0.05 vs Control, p < 0.05 vs LPS, one way ANOVA, Neuman-Keuls post hoc test, 
n = 4 samples/group. Experiments performed by J. Cena, M.M. Lalu, and M. Bagdan. 
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CHAPTER 6 
THE NO/CGMP PATHWAY CONTRIBUTES 

TO MATRIX METALLOPROTEINASE-
INDUCED VASCULAR HYPOREACTIVITY 

STIMULATED BY INTERLEUKIN-lp 

A portion of this chapter is in preparation. Cena, J., Rahman, S., Reimer, C , Schulz, R. 

The NO/cGMP pathway contributes to matrix metalloproteinase-induced vascular 

hyporeactivity stimulated by interleukin-ip. 
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6.1 Introduction 

Sepsis is a debilitating clinical syndrome in which the cardiovascular symptoms 

dominate its clinical presentation. These are characterized as myocardial dysfunction as 

well as severe arterial hypotension and vascular hyporeactivity to vasoconstrictor 

agonists [35]. The hyporeactivity poses a severe problem for treating sepsis 

pharmacologically in that high doses of vasopressor agents are required to maintain an 

even less than adequate blood pressure. This phenomenon is due to the insensitivity of the 

vasculature to these agents [38]. Although several suggestions have been proposed to be 

involved in the development of vascular hyporeactivity, the mechanisms remain unclear. 

Interleukin-ip (IL-1(3) is a pro-inflammatory cytokine that is involved in the 

pathogenesis of sepsis [283]. Clinical and basic scientific research has demonstrated that 

pharmacological inhibition of this cytokine reduces symptoms of septic shock [28-30]. 

Moreover, infusion of this cytokine induces a shock-like state in various animal models 

[26,284]. Additionally, incubation of blood vessels ex vivo with this cytokine is a well 

established model of vascular hyporeactivity to vasoconstrictor agonists [77,285]. 

Experimentally, IL-lp is capable of stimulating the expression of inducible nitric oxide 

synthase (iNOS) which is also believed to be central to the cardiovascular complications 

of septic shock [28,110,286,287]. 

MMPs are a family of zinc-dependent endopeptidases involved in a variety of 

physiological and pathophysiological processes. Classically, MMPs are synthesized as 

inactive zymogens. Upon cleavage of the pro-peptide domain, the catalytic site is 

exposed, rendering the MMP active. The gelatinases (MMP-2 and -9), a class within the 

MMP family, are involved in the pathophysiology of various cardiovascular diseases 
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[162,163,251]. We have demonstrated that inhibition of MMPs protects against LPS and 

IL-ip-induced vascular hyporeactivity to vasoconstrictors in vitro [74]. However, the 

pathway for MMP activation with respect to vascular hyporeactivity induced by IL-1P is 

not well understood. Despite the prevalence of the involvement of NO and iNOS in the 

development of septic shock and vascular hyporeactivity [46,58,70,71,137,270], we 

sought to determine the relationship of the NO/cGMP pathway and MMPs in vascular 

hyporeactivity using an in vitro IL-ip model. 

6.2 Materials and Methods 

Animals 

Animals are described in Section 2.1. 

Interleukin-ip-induced vascular dysfunction in vitro 

To preliminarily assess the degree of IL-ip-induced depression in vascular 

contractility, isolated rat aortic rings were incubated for 6 hr at 37 °C with IL-ip (1,10, 

and 100 ng/mL) followed by the protocol described in Section 2.4. A concentration of 10 

ng/mL was used for the remainder of the study using the protocol described in Section 

2.4 with the following additions: a) 30 uM GM6001 (vehicle: DMSO) or ONO-4817 (N-

[(1 S,3 S)-1 -[(Ethoxymethoxy)methyl]-4-(hydroxyamino)-3-methyl-4-oxobutyl]-4-

phenoxybenzamide, ONO Pharmaceuticals, vehicle: DMSO), MMP inhibitors, to test for 

MMPs, b) 3 |^M ODQ (lH-[l,2,4]oxadiazolo[4,3]quinoxalin-l-one, Sigma, vehicle: 10 

ddH20: 1 DMSO v:v) to test for soluble guanylate cyclase, c) 30 uM MnTE-2-PyP 

(manganese(III) tetrakis (A^-ethylpyridinium-2-yl) porphyrin, Calbiochem, vehicle: 

ddHiO), a superoxide dismutase mimetic, to test for superoxide, d) 50 uM FeTTPS 
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(5,10,15,20-tetrakis-[4-sulfonatophenyl]-porphyrinato-iron[III], Calbiochem, vehicle: 

ddH20), a ONOO" decomposition catalyst, to test for ONOO", e) 30 uM L-NAME, a NOS 

inhibitor, to test for NOS. To control for the effects of DMSO, the IL-1(3 treated group 

contained 0.05% DMSO v/v. Aortic rings were placed into the culture medium after 

drugs were added. 

In order to assess the effects of MMP, NOS, or soluble guanylate cyclase 

inhibition on basal MMP-2 protein expression and activity, control rings were treated 

with either GM6001 (30 uM), ONO-4817 (100 uM), L-NAME (30 uM), or ODQ (3 uM) 

and analyzed by western immunoblot and gelatin zymography as described below. 

Preparation of aorta homogenate and culture media 

Each aortae was split into 6 pieces and treated with one of the conditions 

described above. One piece was used for functional analysis and the remaining 5 pieces 

were frozen in liquid N2 and homogenized as described in Section 2.7. The culture media 

from these 5 pieces was placed at 4 °C and processed and analyzed immediately to avoid 

freeze-thaw cycles. These samples were analyzed by western blot and gelatine 

zymography as described below. 

Western immunoblotting analysis 

The protocol is described in Section 2.10 using the following primary antibodies: 

an anti-mouse MMP-2 antibody (1:1000 dilution, MAB3308, Chemicon), an anti-mouse 

iNOS antibody (1:1000 dilution, N32020/L20, Transduction Laboratories), and an anti-

rabbit actin antibody (1:500 dilution, Santa Cruz). 
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Measurement of MMP activity by zymography 

Aortic homogenates and culture media were analyzed by gelatin zymography. 

This protocol is described in Section 2.9. 

6.3 Results 

Concentration dependence of IL-ip-induced vascular hyporeactivity 

To evaluate the degree to which IL-ip induces vascular dysfunction, 

concentration-response curves to phenylephrine were performed on aortic rings which 

had been incubated for 6 hr at 37 °C with different concentrations of IL-ip (1, 10, and 

100 ng/mL) before mounting and equilibrating them in the organ baths. Increasing 

concentrations of IL-ip yielded a marked concentration-dependent decrease in vascular 

contractility. Control rings contracted to Emax 3.33 ± 0.12 g, n = 3, whereas IL-lp (1 

ng/mL), IL-ip (10 ng/mL), and IL-ip (100 ng/mL) contracted to 2.41 ± 0.28, 1.90 ± 

0.34, and 1.65 ± 0.30 g (n = 4 for each), respectively. After incubation with IL-ip, 

contraction to KC1 was also impaired and significantly different in IL-ip-treated groups 

versus control (data not shown). A concentration of 10 ng/mL IL-ip was chosen for 

experiments included in this study. 

MMP inhibition prevents IL-ip-mediated vascular hyporeactivity 

After 6 hr incubation with IL-ip, aortic rings exhibited a marked reduction in 

maximum contractility to PE (Control: Emax 2.99 ± 0.25 g, n = 9; IL-ip: Emax 0.75 ±0.11 

g, n = 7; Figure 6.1). IL-ip also caused a rightward shift in the concentration-response 

curve (Control: pEC50 7.12 ± 0.11, n = 9; IL-lp: pEC50 6.34 ± 0.16, n = 7; Table 6.1). 
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Incubation of IL-lp in the presence of MMP inhibitors, GM6001 or ONO-4817, 

significantly reduced the IL-l|3-induced depression of the maximum contraction to PE 

(IL-lp + ONO-4817: Emax 1.85 ± 0.19 g, n = 4; IL-ip + GM6001: Emax 1.90 ± 0.20 g, n = 

4; Figure 6.1). Incubation with MMP inhibitors did not prevent the rightward shift in the 

concentration-response curve (IL-lp + ONO-4817: pEC50 6.20 ± 0.09, n = 4; IL-lp + 

GM6001: pEC50 6.36 ± 0.14, n = 4; Table 6.1). GM6001 or ONO-4817 alone did not 

affect the pECso or Emax of control aorta (n = 3 for each, data not shown). IL-ip treatment 

significantly decreased KCl-stimulated contraction which was prevented by pre-treatment 

with GM6001 or ONO-4817 (Table 6.4). 

MMP inhibition does not affect IL-ip-mediated upregulation of aortic iNOS 

To evaluate if MMP inhibition affects the expression of iNOS, we examined 

iNOS protein levels after homogenization of IL-ip-stimulated aortae in the presence or 

absence of the MMP inhibitors GM6001 or ONO-4817. IL-ip significantly upregulated 

iNOS protein levels; this effect was unaltered in groups treated with MMP inhibitors. 

iNOS was barely detectable in control vessels (Figure 6.2). 

Effect of IL-ip-stimulation ± MMP inhibitors on MMP-2 protein level and activity 

After 6 hr incubation with IL-ip, a trend towards a decrease in 72 kDa MMP-2 

protein level was observed (Figure 6.3 A). In the presence of MMP inhibitors GM6001 or 

ONO-4817, MMP-2 protein levels were significantly less than control. 72 kDa MMP-2 

activity in aortic homogenate as analyzed by gelatin zymography was unchanged in all 

experimental groups (Figure 6.3B). No evidence of MMP-9 activity (92 kDa) was seen in 

any of the groups. Incubation of rat aorta with IL-ip resulted in a significant increase of 

72 kDa MMP-2 activity in the culture medium (Figure 6.4) suggesting a release of this 
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enzyme from the aortae. In the presence of GM6001 or ONO-4817, 72 kDa activity in the 

culture medium was reduced to levels not different from controls. GM6001 or ONO-4817 

alone did not affect the level of MMP-2 protein or activity in control aorta (Figure 6.5 A 

and B), nor did these drugs affect the release of MMP-2 into the culture media (Figure 

6.5C). In all groups, 64 kDa and 75 kDa MMP-2 activities were below the detection limit 

and non-quantifiable. 

Inhibition of NOS or soluble guanylate cyclase prevent IL-ip-induced vascular 

hyporeactivity 

The NOS inhibitor L-NAME abolished the iL-ip-mediated reduction in 

contractile response to PE (IL-lp + L-NAME: Eraax 2.87 ± 0.50 g, n = 4, Figure 6.6). 

Furthermore, L-NAME abolished the IL-ip-mediated rightward shift in the 

concentration-response curve (IL-ip + L-NAME: pEC50 7.12 ± 0.18, n = 4, Table 6.2). 

The soluble guanylate cyclase inhibitor ODQ significantly reduced the development of 

hyporeactivity to PE (IL-lp + ODQ: Emax 2.39 ± 0.19 g, n = 4). Treatment with ODQ did 

not prevent the IL-ip-mediated rightward shift in the concentration-response to PE (IL-

lp + ODQ: pEC50 6.67 ± 0.11, n = 4). L-NAME or ODQ alone did not affect the pEC50 

or Emax of control aortae (data not shown). L-NAME or ODQ did not, however, prevent 

the IL-lp-mediated depression in KCl-contraction (Table 6.3). 

Effects of FeTTPS and MnTE-2-PyP on IL-lp-induced vascular hyporeactivity 

Addition of the ONOO" decomposition catalyst FeTTPS (50 uM) or the 

superoxide dismutase mimetic MnTE-2-PyP (30 uM) at concentrations found to be 

protective in cytokine-induced contractile dysfunction in the heart [132,288] did not 
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prevent IL-ip-mediated changes in Emax or pECso versus controls (Figure 6.7 and Table 

6.4, respectively). 

Effect of IL-lp-stimulation ± L-NAME or ODQ on MMP-2 protein level and activity 

IL-ip did not alter the level of 72 kDa MMP-2 in aortic homogenates; however, 

inhibition of NOS or sGC significantly reduced basal MMP-2 levels in both control and 

IL-ip-treated vessels (Figure 6.8A). Consistent with this reduced level of MMP-2 

protein, 72 kDa MMP-2 activity was significantly decreased in homogenates of aortae 

treated with L-NAME or ODQ (Figure 6.8B). L-NAME or ODQ alone did not affect the 

expression or activity of MMP-2 in control aortae (Figure 6.5 A and B), nor did these 

drugs affect MMP-2 release into the culture media (Figure 6.5C). 64 kDa and 75 kDa 

MMP-2 activities were below the detection limit and non-quantifiable in all groups. 

Inhibition of NOS and sGC prevent MMP-2 activation 

After stimulation with IL-ip, a significant increase in MMP-2 activity was 

observed in the culture medium. Treatment of aortae with L-NAME or ODQ prevented 

this release (Figure 6.9), indicating a role for NO and cGMP in IL-ip-stimulated release 

of MMP-2 activity. L-NAME or ODQ alone did not affect the release of MMP-2 in 

control aortae (Figure 6.5C). 64 kDa and 75 kDa MMP-2 activities were below the 

detection limit and non-quantifiable. 

Effects of KCl-mediated contractions on experimental groups 

75 mM KC1 was added to assess for intact electromechanical coupling mechanism 

in the aorta (Table 6.3). Control aortae contracted to 3.10 ± 0.14 g (n = 6), whereas after 

IL-ip incubation, the contractions were significantly impaired (IL-ip: 1.89 ± 0.14 g, n = 

9). Incubation with MMP inhibitors significantly prevented the IL-ip-stimulated 
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depression in KC1 response (IL-ip + GM6001: 2.74 ± 0.10 g, n = 14; IL-lp + ONO-

4817: 3.00 ± 0.10 g, n = 3). Interestingly, L-NAME and ODQ did not prevent against IL-

lP-mediated contractile depression (IL-lp + L-NAME: 1.91 ± 0.20 g, n = 4; IL-lp + 

ODQ:2.09±0.10g,n = 4). 

6.4 Discussion 

Our laboratory has previously shown that MMP inhibitors protect against vascular 

hyporeactivity induced by IL-lp; however, the mechanism is currently unknown. Here 

we present a novel mechanism demonstrating a biochemical pathway for MMP-2 

activation which contributes to vascular hyporeactivity stimulated by IL-ip. Consistent 

with our previous investigation [74], MMP inhibitors prevented IL-ip-induced vascular 

hyporeactivity. Interestingly, MMP inhibition did not alter IL-ip-mediated upregulation 

of iNOS protein level. Furthermore, IL-ip treatment resulted in an increased MMP-2 

activity in the surrounding culture media. Since a large body of evidence supports the 

involvement of NO and sGC in the development of IL-ip-mediated vascular 

hyporeactivity to vasoconstrictors [57,289], we therefore tested the effects of L-NAME 

and ODQ on MMP protein levels and activity. A decrease in MMP-2 protein level and 

activity was observed in the aortae of IL-ip-stimulated aortae incubated with L-NAME 

or ODQ. This was accompanied by a decrease in MMP-2 activity in the culture medium 

versus control. Interestingly, control aortae treated with only L-NAME or ODQ showed 

no reduction in aortic MMP-2 protein levels or gelatinolytic activity. This indicates a 

possible mechanism of MMP-2 downregulation that is dependent upon the presence of 
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IL-ip. Moreover, control aortae treated with only L-NAME or ODQ showed no 

difference in the release of MMP-2 in the surrounding incubation medium. 

Incubation with MMP inhibitors significantly reduced the IL-ip-induced decrease 

in maximum contractile response to phenylephrine. IL-ip also caused a marked right 

shift in the concentration-response curve, indicating a decrease in the potency of a-

adrenoceptor stimulation; however, incubation with MMP inhibitors did not prevent this 

rightward shift. These results indicate that the protective effects of MMP inhibition on 

IL-ip-induced vascular hyporeactivity are mediated by changes in the efficacy of a-

adrenergic vasoconstriction and not changes in potency. 

Aortic MMP-2 levels did not change in IL-ip-treated aortae; however, in the 

presence of MMP inhibitors, MMP-2 levels decreased significantly. Possible reasons for 

this include the ability of chemically modified tetracyclines (which possess MMP 

inhibitory activity in the absence of antibacterial effects) to decrease MMP-2 gene 

expression, and therefore, protein expression [290,291]. However, aortic homogenate 

MMP-2 activity was unchanged in all experimental groups. Interestingly, control aortae 

treated with GM6001 or ONO-4817 alone showed a slight trend towards decreased 

MMP-2 protein level and activity, however, this was non-significant. Due caution should 

be exercised in interpreting zymographic data from tissues treated with MMP inhibitors 

as these drugs can dissociate from the MMP enzyme during gel electrophoresis. 

Consistent with our previous results [74], the release of MMP-2 into the surrounding 

culture media was significantly upregulated upon stimulation with IL-ip, while 

incubation with MMP inhibitors brought this effect down to levels not significantly 

different from control. This suggests a possible extracellular effect of MMP-2 on the 
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development of vascular hyporeactivity to vasoconstrictors as well as a mechanism for 

MMP-2 release that may be prevented by pharmacological inhibition of MMPs. 

It is interesting to note that aortae treated with IL-ip in the presence of MMP 

inhibitors show no alterations in iNOS protein expression, indicating that the protective 

effects of MMP inhibition on IL-ip-mediated vascular hyporeactivity are downstream or 

independent of this enzyme. One potential fate of NO produced from iNOS could include 

its spontaneous formation with superoxide to form ONOO". Although evidence in the 

literature supports the involvement of ONOO" in the development of vascular 

hyporeactivity to vasoconstrictors [72,270,292,293], we have incubated a ONOO" 

decomposition catalyst or a superoxide dismutase mimetic at concentrations previously 

shown to be protective in a cytokine model of cardiac dysfunction in rat hearts [133,288] 

and found no improvement in contractile depression in IL-ip-stimulated aortae. Another 

potential fate of NO is its classical activation of sGC which results in vascular relaxation. 

We therefore tested the effect of L-NAME and ODQ on MMP protein levels and activity. 

As expected, incubation of IL-ip-stimulated aortae with L-NAME and ODQ 

significantly protected against the depression in maximum contractility to 

vasoconstrictors, indicating that NO and sGC are important factors in this process. L-

NAME prevented the rightward shift in the concentration-response curve, indicating that 

the shift in potency of a-adrenergic stimulation is mediated by NO. Interestingly, 

incubation with ODQ did not alter the potency of a-adrenergic vasoconstriction in IL-ip-

treated vessels. Thus suggesting different mechanisms of action on vascular 

hyporeactivity by NO and cGMP. 
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Upon examination of MMP-2 protein levels of IL-ip-treated vessels in the 

presence of L-NAME and ODQ, it is revealed that inhibition of NOS and sGC decrease 

MMP-2 protein to levels significantly below the control and IL-1(3 treated vessels. 

Interestingly L-NAME and ODQ did not affect basal MMP-2 protein levels in control 

aortae. This decrease in MMP-2 protein levels reflects the significant decrease in MMP-2 

activity seen in these aortae. This is also consistent with the MMP-2 activity in the 

surrounding culture media, as L-NAME and ODQ treatment reduced the IL-l|3-mediated 

release of MMP-2. A downregulation of MMP-2 protein level in the aortae may decrease 

the pool of MMP-2 available to be released. 

It is interesting to note that a decrease in MMP-2 protein levels in the presence of 

the MMP inhibitors was only observed in the presence of IL-ip while the same vessels 

exhibited no changes in MMP-2 activity. Along the same lines, a decrease in MMP-2 

protein and activity after incubation with L-NAME and ODQ was observed only in the 

presence of IL-1(3, as control aortae treated with these compounds showed no differences 

in basal MMP-2 protein levels and activity. 

In contrast to our results, one group has examined cultured rat vascular smooth 

muscle cells as well as ex vivo aortic explants and found that inhibition of NOS 

upregulates MMP-9 expression within the aortic wall [294,295]. However, in a rat model 

of endotoxemia, NO was shown to contribute to LPS-induced gastric injury via a MMP-

2-dependent mechanism [296]. Interestingly the NO donor, 2-(N,N-diethylamino)-

diazenolate-2-oxide, and 8-Br-cGMP were found to upregulate MMP-13 and -9 mRNA 

and protein levels in cultured bovine endothelial [297,298] and rat aortic vascular smooth 

muscle cells [279], respectively. One group demonstrated a biphasic effect of NO on 
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MMP-9 inhibition in murine macrophages; at lower concentrations, NO was found to 

enhance MMP-9 activity via a cGMP-dependent mechanism, whereas higher 

concentrations of NO resulted in an inactivation of MMP-9 activity [299]. Despite the 

current literature, MMP-9 was undetectable in the aorta or the culture medium in our 

zymographic analysis. 

MMP inhibition significantly prevented the depression in KC1 mediated 

contractions indicating a disruption in electromechanical coupling. However, incubation 

with L-NAME or ODQ did not prevent this decline. This is an interesting observation 

suggesting that electromechanical and pharmacomechanical mechanisms with respect to 

MMPs and NO/cGMP inhibition are pharmacologically distinct. 

MMPs and their potential roles in septic shock, including vascular hyporeactivity 

to vasoconstrictors, represent a new frontier in the pharmacology of septic shock. This 

study explores further mechanisms of MMP-mediated vascular hyporeactivity stimulated 

by IL-ip. Excessive production of NO as well as an activation of sGC are established 

pathophysiological mechanisms of septic shock and vascular dysfunction [57,289]; 

however, this study suggests that MMPs may be also involved in this pathway. Our 

laboratory is currently investigating potential targets of these enzymes. 
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Figure 6.1 (A) Contractile response of aortic rings from normal rats to increasing 
concentrations of PE following 6 hr incubation at 37 °C in the presence or absence of IL-
lp (10 ng/mL) ± GM6001 (30 uM) or ONO-4817 (100 uM). (B) Quantification of 
maximum PE contraction (*p < 0.05 vs Control; #p < 0.05 vs IL-lp, one way ANOVA, 
Neuman-Keuls post hoc test, n = 4 aortic rings/group). 
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Table 6.1 pECso values of aortic contractile responses to PE 

Group Control IL-10 IL-10 + ONO-4817 IL-ip + GM6001 
pECso 7.12 ±0.11 6.33 ±0.16* 6.20 ±0.09* 6.36 ±0.14* 

*p < 0.05 vs Control, one way ANOVA, Neuman-Keuls post hoc test, n = 4-9. 
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Figure 6.2 Above: A representative western blot of vascular homogenate iNOS protein 
levels following treatment with IL-ip (10 ng/mL) ± GM6001 (30 uM) or ONO-4817 
(100 (J.M). Below: Quantification of iNOS protein levels (*p < 0.05 vs Control, one way 
ANOVA, Neuman-Keuls post hoc test, n = 4 aortic rings/group). 
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Figure 6.3 (A) Above: a representative western blot of vascular homogenate MMP-2 
levels following treatment with IL-ip (10 ng/mL) ± GM6001 (30 uM) or ONO-4817 
(100 |aM). Below: quantification of MMP-2 protein levels. (B) Above: a representative 
zymogram of vascular homogenate gelatinolytic activities. Below: quantification of 72 
kDa MMP-2 gelatinolytic activity. *p < 0.05 vs Control, one way ANOVA, Neuman-
Keuls post hoc test, n = 4 rings/group. 
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Figure 6.4 Above: representative zymogram of culture media from aortas incubated with 
IL-lp (10 ng/mL) ± GM6001 (30 uM) or ONO-4817 (100 uM). Below: quantification of 
72 kDa MMP-2 gelatinolytic activity (*p < 0.05 vs Control, one way ANOVA, Neuman-
Keuls post hoc test, n = 4 culture media samples/group). 
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Figure 6.5 Control aortae treated with GM6001 (30 LIM) or ONO-4817 (100 LIM) or L-NAME 
(30 uM) or ODQ (3 uM) at 37 °C for 6 hr. (A) Above: a representative western blot of 
vascular homogenate MMP-2 levels. Below: quantification of MMP-2 protein levels. (B) 
Above: a representative zymogram of vascular homogenate gelatinolytic activities. Below: 
quantification of 72 kDa MMP-2 activity. (C) Above: a representative zymogram of 
gelatinolytic activity from surrounding culture medium. Below: quantification of 72 kDa 
MMP-2 activity, n = 3 aortae/group. 
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Figure 6.6 (A) Contractile response of aortic rings from normal rats to increasing 
concentrations of PE following 6 hr incubation at 37 °C in the presence or absence of IL-
lp (10 ng/niL) ± L-NAME (30 uM) or ODQ (3 uM). (B) Quantification of maximum PE 
contraction (*p < 0.05 vs Control, p < 0.05 vs IL-ip, one way ANOVA, Neuman-Keuls 
post hoc test, n = 4 aortic rings/group). 
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Table 6.2 pEC50 values of aortic contractile responses to PE 

Group Control IL-ip IL-ip + L-NAME IL-lp + ODQ 
pEC50 7.12±0.11 6.33±0.16* 7.12±0.09# 6.67±0.11 

*p < 0.05 vs Control, p < 0.05 vs IL-lp\ one-way ANOVA, Neuman-Keuls post hoc test, 
n = 4-9 rings/group. 
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Table 6.3 Contraction of IL-lp-treated aortae in response to 75 mM KC1 

Group Contraction (g) 
Control 3.10 ±0.11 
IL-lp 1.89 ±0.14* 

IL-1P + GM6001 2.74±0.10# 

IL-lp+ ONO-4817 3.04±0.10# 

IL-lp+ L-NAME 1.91 ±0.20* 
IL-ip + ODQ 2.09 ±0.10* 

*p < 0.05 vs Control, p < 0.05 vs IL-ip, one-way ANOVA, Neuman-Keuls post hoc test, 
n = 3-9 rings/group. 

123 



(A) 
3.5-

^ 3.0-

~ 2 . S 
O 
*= 2.0« 
(0 

c 

0.5« 

0.0-

(B) 

-9 

Control 

IL-1B + MnTE 
+FeTTPS 

-8 -6 
- • 
•4 

log [PE] M 

3.5« 

^ 3.0-

^ 2.5 
o 
"ij 2.0 
f° 
is 1.5 
c 
o o 1.0-

0.5-

0.0-
Control 

^ 

IL-1 p + MnTE IL-1 p + FeTTPS 

Figure 6.7 (A) Contractile response of aortic rings from normal rats to increasing 
concentrations of PE following 6 hr incubation at 37 °C in the presence or absence of IL-1 (3 
(10 ng/mL) ± MnTE-2-PyP (MnTE, 30 uM) or FeTTPS (50 uM). (B) Quantification of 
maximum PE contraction (*p < 0.05 vs Control, one way ANOVA, Neuman-Keuls post hoc 
test, n = 3-9 aortic rings/group). 
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Table 6.4 pECso values of aortic contractile responses to PE 

Group Control IL-lp IL-l|3 + MnTE IL-lp + FeTTPS 
pEC50 7.12 ±0.11 6.33 ±0.16* 6.44 ±0.27* 6.23 ±0.30* 

*p < 0.05 vs Control, one-way ANOVA, Neuman-Keuls post hoc test, n = 3-9 
rings/group. 
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Figure 6.8 (A) Above: a representative western blot of vascular homogenate MMP-2 
levels following treatment with IL-lp (10 ng/mL) ± L-NAME (30 uM) or ODQ (3 uM). 
Below: quantification of MMP-2 protein levels. (B) Above: a representative zymogram 
of vascular homogenate gelatinolytic activities. Below: quantification of 72 kDa MMP-2 
gelatinolytic activity. * p < 0.05 vs Control, one way ANOVA, Neuman-Keuls post hoc 
test, n = 4 rings/group. 
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Figure 6.9 Above: representative zymogram of culture media from aortas incubated with 
IL-ip (10 ng/mL) ± L-NAME (30 uM) or ODQ (3 uM). Below: quantification of 72 kDa 
MMP-2 gelatinolytic activity (*p < 0.05 vs Control, one way ANOVA, Neuman-Keuls 
post hoc test, n = 4 culture media samples/group). 
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CHAPTER 7 
DISCUSSION 



7.1 Conclusions 

As the mortality rate of clinical septic shock fails to decline, a greater 

understanding of the pathogenesis of this disease is essential before new drug therapies 

can be implemented. Since the cardiovascular symptoms of septic shock dominate its 

clinical presentation, understanding this facet of the disease is essential. One of the 

clinical manifestations of septic shock is the development of persistent arterial 

hypotension and involves the interaction of an excessive production of vasodilatory 

substances and vascular hyporeactivity to vasoconstrictor agents. Although much is 

known about the production of vasodilatory substances, little is known about the intrinsic 

inability of the vasculature to respond to vasoconstrictors in septic shock. Matrix 

metalloproteinases (MMPs) have received tremendous attention in recent years as these 

enzymes have been discovered as major players in many cardiovascular diseases. As 

such, I have examined the roles of MMPs in the development of vascular hyporeactivity 

in endotoxic shock. 

In Chapter 3,1 first examined MMPs in three models of shock. In an in vitro 

experimental model, inhibition of MMPs activity was found to protect against 

lipopolysaccharide (LPS)-mediated vascular contractile dysfunction in isolated rat aorta, 

thus indicating a role for MMPs in this phenomenon. I further utilized an in vivo LPS 

model, termed endotoxemia, on the changes in MMP activities in the rat aorta. We 

discovered increased MMP-2 and -9 activities relative to protein levels which coincided 

with a reduction in TIMP-4 levels. Moreover, we discovered that the MMP inhibitor, 

doxycycline, given in vitro acutely reversed the hypocontractility to PE of aorta taken 

from endotoxemic rats. Lastly, since cytokines also play a large role in the pathogenesis 
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of endotoxic shock, and MMPs have been shown to be involved in the proteolytic 

processing of cytokine precursors, I examined the role of MMPs downstream of this 

process using aortae stimulated with interleukin-ip (IL-lp) in vitro. Here I discovered an 

increase of MMP-2 activity released into the culture media of IL-ip-stimulated aortae as 

well as the protective effects of MMP inhibition in protecting against vascular 

hyporeactivity in this model. This initial study set the stage for the following chapters of 

this thesis by introducing the novel relationship between MMPs and the development of 

vascular hyporeactivity in these models of endotoxic shock. 

Because of the integral role of the endothelium in controlling vascular tone, as 

well as orchestrating some aspects of the immune system, discovering the role of MMPs 

with respect to the endothelium was crucial to understanding the development of vascular 

hyporeactivity to vasoconstrictors. In Chapter 4 I utilized isolated rat aortae stimulated 

by LPS in vitro and examined the protective effects of the MMP inhibitor, doxycycline, 

in the presence and absence of the endothelium. The endothelium is well known to 

exacerbate LPS-induced vascular hyporeactivity to vasoconstrictors [257]; however, the 

contribution of MMPs in this phenomenon was unknown. My results were consistent 

with the existing literature, demonstrating that the endothelium contributes to LPS-

mediated vascular hyporeactivity [257]. Additionally, the protective effects of the MMP 

inhibitor, doxycycline, were only seen in the presence of the endothelium, indicating that 

it may act as an origin of MMP-mediated vascular contractile dysfunction. Moreover, 

these results were consistent with gelatin zymograms demonstrating an upregulation of 

LPS-stimulated MMP-2 activity in endothelium-intact aortae, but not endothelium-

denuded aortae. 
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In Chapter 5, in order to assess a more biologically relevant model of endotoxic 

shock, LPS was administered to rats in vivo 6 hr prior to ex vivo functional analysis of the 

aorta. Because of the pathophysiological response to LPS, administration of an MMP 

inhibitor in vivo would serve as a more clinically relevant model. We found that in vivo 

administration of the MMP inhibitor doxycycline, given 0.5 hr after LPS, prevented the 

development of vascular hyporeactivity to vasoconstrictors measured ex vivo. 

Biochemical analysis of these aortae revealed enhanced MMP-2 activity relative to its 

protein level, further supporting the notion that MMPs are involved in vascular 

hyporeactivity. Despite the large body of evidence supporting inducible nitric oxide 

synthase (iNOS) as a principal mediator of vascular hyporeactivity in endotoxemia [123], 

doxycycline did not affect the LPS-stimulated increase in iNOS protein levels suggesting 

that MMPs may act downstream or independent of this key enzyme. 

Although the immune system protects against foreign invaders, a malfunctioning 

or overactive immune system is deleterious to the host. In septic shock, the body 

produces a cascade of inflammatory mediators which are key drivers of vascular 

contractile dysfunction. Failure of anti-cytokine trials may stem from a lack of 

understanding of the mechanism of action of these pro-inflammatory mediators. 

Cytokines are capable of stimulating a complex cascade of other immunogens thus 

further complicating the pathogenesis of septic shock [25]. In Chapter 6, in order to 

understand the relationship between IL-1B and MMPs in the development of vascular 

hyporeactivity to vasoconstrictors, we stimulated aortae with IL-1(3 in vitro in order to 

pharmacologically dissect this relationship. We utilized two other MMP inhibitors, 

GM6001 and ONO-4817, in order to strengthen the evidence that MMPs are involved in 
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vascular hyporeactivity to vasoconstrictors stimulated by IL-lp\ In agreement with our 

previous data, MMP inhibitors protected against IL-ip-mediated vascular hyporeactivity 

to vasoconstrictors. Moreover, inhibition of MMPs activity did not affect the expression 

of iNOS, indicating that the protective effects of MMP inhibition in vitro are downstream 

or independent of this key enzyme. Consistent with data obtained in Chapter 3 I 

discovered increased MMP-2 activity in the culture media of IL-lp-stimulated vessels. 

Moreover, this effect was blocked upon MMP inhibition. Inhibition of either MMPs, 

NOS, or soluble guanylate cyclase prevented the IL-ip-induced vascular hyporeactivity. 

However, only inhibition of MMPs protected from the IL-ip-induced hyporeactivity to 

KC1, suggesting distinct mechanisms of action on electromechanical versus 

pharmacomechanical contractile mechanisms. Furthermore, inhibition of NOS or soluble 

guanylate cyclase completely abolished IL-l(3-mediated activation of MMP-2. This 

indicates that MMPs may exert their effects downstream of the NO/cyclic GMP pathway 

and contribute to vascular hyporeactivity to vasoconstrictors. These observations reveal 

the therapeutic potential of MMP inhibitors. Since NOS inhibitors have not shown 

benefit in clinical trials, inhibition of MMPs may be a novel therapeutic strategy. 

Although we have discovered that the NO/cyclic GMP pathway and MMPs play a role in 

the development of vascular hyporeactivity, the downstream effectors must be examined. 

Cyclic GMP activates its associated protein kinase (protein kinase G) which results in 

phosphorylation of proteins involved in vascular smooth muscle relaxation. The 

involvement of this kinase with respect to MMPs is an important piece of the puzzle in 

elucidating the pathway for MMP-induced vascular hyporeactivity. 
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7.2 Limitations 

One of the major limitations of these studies is the inability to unequivocally 

discern which member(s) of the MMP family contributes to the vascular contractile 

dysfunction. The MMP inhibitors utilized in these studies are broad-spectrum inhibitors 

that have different specificities and inhibitory constants against the MMPs. Therefore, 

one cannot exclude the possibility of these agents interacting with MMPs other than 

MMP-2.1 chose to focus on the gelatinases (MMP-2 and -9) because these enzymes are a 

major focus in various cardiovascular pathologies including septic shock [162,300] and 

genetic knockouts of MMP-9 are resistant to endotoxic shock [197]. 

Another limitation involves the use of zymography as an assay for gelatinolytic 

activity. Due to the reducing conditions of the gel electrophoresis protocols, inactive and 

active gelatinases are considered to be dissociate from any inhibitory complexes with 

TIMPs, thus these results should theoretically represent total potential gelatinolytic 

profile of a given sample. However, upon zymographic analysis of aortic homogenate I 

observed greater total gelatinolytic activity aftertreating the samples with 

aminophenylmercuric acetate, a well known chemical activator of MMPs, versus 

untreated controls (data not shown). Specifically, aminophenylmercuric acetate activates 

MMPs without a concomitant change in molecular weight [301]. Therefore we believe 

gelatin zymography to be a net activity assay for MMP-2 and -9. 

The various models utilized throughout these investigations have each their own 

limitations. By virtue of their design, in vitro experiments are fundamentally limited in 

their interpretations; observations in vitro may not reflect results seen in vivo. In vitro 

experiments are designed such to limit the contribution of confounding variables 
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including physiological compensatory mechanisms and other non-specific processes of 

pharmacological agents within an intact organism. Our experiments utilizing LPS and IL-

1 (3 in vitro only serve as models for what might occur in an intact physiological system. 

Despite these limitations, results from these in vitro experiments provide insight into the 

mechanisms of LPS or IL-ip-induced vascular hyporeactivity. 

LPS is present on the outer coat of gram negative bacterium and is responsible for 

sparking the immunological cascade seen in gram-negative sepsis. Administration of this 

macromolecule produces pathophysiologically distinct effects in contrast to clinical septic 

shock; as such, many scientists have dismissed scientific models that utilize it because of 

discordances between endotoxemia and clinical septic shock [302]. One group believes 

that endotoxemia fails to reproduce the capillary leak in septic shock [303]; however, this 

same group agrees that endotoxemia parallels some aspects of the disease, including the 

cardiovascular symptoms. A large number of treatments have proven beneficial in 

endotoxemia but have failed in clinical trials of septic shock [6,34]. Despite these 

limitations, utilizing LPS in various experimental models has revealed an extensive 

amount of knowledge regarding the pathogenesis of the disease because of existing 

parallels in symptoms of animal models and humans. Furthermore, LPS administration 

mimics many facets of the inflammatory response as well as the cardiovascular 

manifestations (including vascular hyporeactivity to vasoconstrictors) of the disease. One 

can conclude that endotoxemia is suitable for investigating many, but not all features of 

septic shock. The cecal ligation and puncture model is a more widely accepted model of 

septic shock [32], which many believe to be more applicable to septic shock in humans. 
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However, this procedure is technically demanding and is susceptible to a large user-

dependent and animal-dependent variability. 

It is well established that septic shock is characterized by a pathophysiological 

reduction in blood pressure. However, the vessel that we have chosen to study, the rat 

thoracic aorta, is not a major determinant of physiological blood pressure. The contractile 

state of the resistance and venous vasculature is a much greater determinant of blood 

pressure than that of the aorta. I am aware of this limitation in my investigations, and, as 

such, my studies have focused on the intrinsic hyporeactivity of vascular smooth muscle 

to vasoconstrictor agents and not the state of pathophysiological septic shock itself. My 

decision to adopt the aorta in models of vascular hyporeactivity is supported by evidence 

in the literature which demonstrate parallels of this model with vascular hyporeactivity in 

clinical septic shock [57-61,304]. The aorta has been employed in various key scientific 

discoveries of the 20th century including the discovery of endothelium-derived relaxing 

factor/NO [86]. Since these studies are the first to investigate the novel relationship 

between MMPs and LPS or IL-l(3-induced vascular hyporeactivity to vasoconstrictors we 

believed that characterizing this biochemical relationship was best achieved using a 

consistent and reproducible model that offers ample protein for simultaneous biochemical 

and functional analysis. 

7.3 Future directions 

The most important avenue to pursue after completion of this thesis is the 

discovery of a proteolytic target of MMPs within the vasculature that contributes to 

vascular hyporeactivity in endotoxemia. Although I have started preliminary work in 
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elucidating potential targets, the question of whether or not calponin is a molecular target 

in vivo remains open. Moreover, determining which MMP(s) are involved in the 

proteolysis of potential targets remains to be discovered. The lack of specific MMP 

inhibitors has hindered scientific progress in MMP biology. 

Because the aorta is a reactive conduit vessel and does not contribute to overall 

blood pressure, these experiments should be repeated using other vascular beds such as 

the mesenteric vasculature. Experiments using smaller arteries that have a greater effect 

on the setting of blood pressure may bring to light the therapeutic potential of MMP 

inhibitors for use in clinical septic shock trials. 

As stated before, a more widely accepted model of septic shock is the cecal 

ligation and puncture (CLP) model; however, due to its variability, it was excluded from 

my investigations. If a reproducible model of CLP could be established, experiments 

presented in this thesis could also be applied. Some groups have investigated MMP 

inhibition in CLP [277,305] and discovered a reduction in mortality. However, these 

groups have examined other aspects of the disease and not the functional state of the 

vasculature following MMP inhibition after CLP. 

The notion of pathological activation of K+ channels during septic shock has 

received considerable attention in recent years concerning vascular hyporeactivity to 

vasoconstrictors [58,304]. The underlying scientific basis for these investigations 

involves the abnormal activation of K channels which contribute to vascular smooth 

muscle cell hyperpolarization, thus leading to relaxation. Recently a pilot study was 

performed using a KATP-selective blocker of K+ channels in patients with septic shock 

[61]. Although the trial did not show an improvement in vascular hyporeactivity 
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symptoms in septic patients, a possible failure of this trial may be due to the decision to 

use a selective KATP channel blocker. It has been suggested that instead of KATP-channels 

acting as the driver for vascular smooth muscle cell hyperpolarization, small conductance 

and big conductance Ca2+-activated K+ channels may play a greater role [60]. A future 

study pertaining to our work may involve the characterization of the relationship between 

MMPs and the activity of various K+ channel subtypes. In a study of varicose vein 

formation in rats, one group has already demonstrated that large conductance Ca2+-

activated K channels are activated upon stimulation with exogenous MMP-2 [181]. 

An important activation mechanism for MMPs has recently been implicated in 

various cardiovascular diseases [162,163]. This novel mechanism involves the activation 

of MMPs via peroxynitrite (ONOO"). It is tempting to speculate that this mechanism may 

occur because increased nitrosative stress and activation of MMPs occurs in various 

models of septic shock. Additionally, this activation may occur intracellularly or 

extracellularly, thus complicating the search for potential targets of MMPs. Elucidating if 

whether this process occurs and the spatial location of MMP activation will aid in the 

determination of MMP targets in the future. 

Other mechanisms to regulate MMPs activity could be possible. Our laboratory 

recently discovered that the phosphorylation state of MMP-2 affects its activity [306]. 

Specifically, phosphorylation of MMP-2 was shown to decrease its proteolytic activity. 

The state of MMP-2 phosphorylation in vascular smooth muscle and its ability to regulate 

vascular tone require further investigation. Moreover, we have recently discovered an 

inhibitory association of caveolin-1 with MMP-2 [162]. Interestingly, caveolin-1 has 

been shown to colocalize with MMP-2 in endothelial cells [260]. Therefore it would be 
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logical to assume a loss of caveolin-1 (which was shown to occur in LPS-stimulated 

macrophages [261]) may result in increased MMP-2 activity and contribute to the 

contractile dysfunction in septic shock. 

In conclusion, results from this thesis highlighted the involvement of MMPs in 

the pathogenesis of septic shock. Studies succeeding these will reveal more about the role 

and regulation of these proteases in septic shock. To date, there have been no clinical 

trials examining MMP inhibition in septic shock. Investigating the development of the 

cardiovascular dysfunction in septic shock is crucial to understanding the disease 

clinically, as cardiovascular symptoms dominate its presentation. This thesis brings to 

light the therapeutic potential of MMP inhibition as well as the mechanisms of action of 

MMPs which contribute to this critical illness. 
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APPENDIX: ADDITIONAL 
PRELIMINARY STUDIES 



Although I have introduced in this thesis a novel role of matrix metalloproteinases 

(MMPs) in contributing to vascular hyporeactivity to vasoconstrictors in the rat aorta 

caused by LPS in vitro or in vivo or by IL-lp in vitro, not much is known about the 

regulation, activation, and most importantly, potential targets of MMPs in the vascular 

wall that contribute to this process. In this appendix, I have briefly explored various 

avenues including the potential role of membrane microparticles in the development of 

MMP-induced vascular hyporeactivity in endotoxemia and potential proteolytic targets of 

MMPs within the vasculature. This appendix also contains experiments investigating the 

effects of genetic ablation of MMP-2 on vascular hyporeactivity to vasoconstrictors. 

Al.l Introduction: membrane microparticles 

Membrane microparticles (MP) are shed from the plasma membrane of various 

cell origins including platelets, leukocytes, and endothelial cells [307]. These small 

vesicles (1-2 urn in diameter) are known to contain MMPs including MMP-2, -9, and 

MT1-MMP [203]. Their release from human monocytes is upregulated following 

stimulation with various cytokines or LPS [204]. Recent evidence implicates membrane 

derived MPs in the development of various cardiovascular inflammatory conditions 

including preeclampsia and septic shock [205-209]. Interestingly, MPs of endothelial 

origin have been implicated in the development of vascular hyporeactivity in 

preeclampsia [206,210-212]. Therefore, it is tempting to assume a role of MPs in the 

development of vascular hyporeactivity in septic shock. This study is an important follow 

up to Chapter 4, in which I discovered that the endothelium contributes to MMP-induced 

vascular hyporeactivity in response to LPS. From these results one can hypothesize that 
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endothelial MPs containing MMPs may be released from the endothelium following LPS 

stimulation, and this pathological event contributes to vascular hyporeactivity to 

vasoconstrictors. 

A1.2 Methods 

Animals 

Animals are described in Section 2.1. 

Rat endotoxemia 

The protocol for rat endotoxemia is described in Section 2.5. 

Extraction of plasma 

Plasma was obtained immediately after sacrifice via intracardiac puncture with a 

17 gauge needle in 0.3% sodium-citrate and centrifuged at 1494 g for 10 min at 4 °C. In 

order to assess if vascular hyporeactivity was induced, aortae were examined functionally 

as described below. The remaining aortic sections were snap frozen in liquid N2 for 

further biochemical analysis. 

Protocol for microparticle isolation 

Plasma from control and LPS-injected rats (6 hr timepoint) were prepared for 

isolation of MPs. Isolation of MPs were performed as described with slight modifications 

[308,309]. Plasma was aliquoted into 250 uL eppendorf tubes and spun at 17,570 g for 30 

min at 4 °C. 225 uL of the supernatant was removed and used as an internal control. The 

pellet was resuspended in 200 uL of Ca2+-free Krebs buffer and respun at 17570 g for 0.5 

hr at 4 °C. The supernatant (175 uL) was discarded and the remaining pellet, known to 
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contain MPs [309], was diluted to 200 uL with Dulbecco's modified Eagle's medium and 

stored at 4 °C. 

Protocol for incubation of aorta with microparticles 

Untreated male Sprague-Dawley rats (250 - 350 g) were sacrificed and aortae 

were rapidly excised, washed and placed in Dulbecco's modified Eagle's medium (with 

1000 mg/L glucose, pyroxidine HC1, NaHCCh, Sigma) supplemented with 100 U/mL 

streptomycin, 100 U/mL penicillin (Gibco) and 50 U/mL gentamycin (Sigma). Aortae 

were dissected under a tissue culture hood. Two rings were cut (5 mm in length) from 

each aorta and placed in fresh cell culture medium (2.0 mL) with either of the following 

conditions: 10% v/v of the supernatant from the centrifugation of plasma from control 

rats described above, 10% v/v of the supernatant from the centrifugation of plasma from 

LPS-injected rats described above, the MP fraction from the plasma of control rats, or the 

MP fraction from the plasma of LPS-injected rats. The MP and supernatant fractions 

taken from one rat were used in the incubations of two 5 mm rings cut from another rat. 

Rings were then incubated at 37 °C in a humidified atmosphere containing 5% CO2. 

After 6 hr rings were removed from the cell culture medium and mounted in organ baths 

for functional analysis. 

Assessment of contractile function of aortae 

This protocol is described in Section 2.6 with the following additions: in order to 

assess if MP fractions caused vascular hyporeactivity to vasoconstrictors via a MMP-

dependent mechanism, GM6001 (30 uM) was added to the culture media before aorta 

were incubated for 6 hr at 37 °C. 
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Gelatin zymography 

MMPs in the MP and supernatant fractions of plasma from control and LPS-

injected rats were measured by zymography as described in Section 2.9. 

Flow cytometric analysis of microparticle fractions 

50 uL of microparticle fractions from control or LPS-injected rats were put into 

Eppendorf tubes and incubated in the presence or absence of the following antibodies: an 

anti-human annexin V antibody conjugated to FITC (1:20 v/v, VAA-33, Bender 

Medsystems), a biotinylated anti-rat CD62E antibody (1:10 v/v, BAF977, R&D Systems) 

which required a 0.5 hr incubation with a streptavidin-phycoerythrin conjugate (1:5 v/v, 

F0040, R&D Systems, streptavidin-phycoerythrin binds:biotinylated anti-rat CD62E 

antibody (4:1 molar ratio)) in order to amplify the fluorescent signal, an anti-rat CD31 

antibody conjugated to Alexafluor 647 (Alexa, 1:10 v/v, TLD-3A12, AbD Serotec). 

Samples were incubated for 0.5 hr in the dark at room temperature with agitation. After 

incubation, samples were diluted with 500 uL phosphate buffered saline, placed in Falcon 

tubes (12x75 mm) and analyzed using a BD FACSCalibur flow cytometer. MPs were 

identified by their forward and side scatter. Endothelial MPs resulting from their 

immunological activation were defined as CD62E positive, whereas endothelial MPs 

resulting from apoptosis were defined as CD31 positive [310]. Positive annexin V 

staining is representative of all membrane MPs [311]. 

A1.3 Results 

Flow cytometric analysis of membrane MP fractions 
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Plasma of one control and one LPS-treated rat were analyzed for antigen specific 

staining of MP markers. MP fractions incubated without conjugated antibodies exhibited 

no autofluorescence and demonstrate forward and side scatter (data not shown). 

Comparing the MP fractions stained with anti-annexin V-FITC, there appears to be 

greater positive staining for annexin V in the MP fractions from the plasma of LPS-

treated rats versus control (Control: Q4 Top-left; LPS: Q4 Bottom-left; Figure Al.l). 

Fluorescence was observed after incubation of MP fractions with anti-CD62E-Phyco; 

however, there appears to be no difference in the MP fractions from the plasma of control 

or LPS-treated rats (Control: Ql Top-left; LPS: Ql Bottom-left; Figure A1.2). In 

comparing MP fractions incubated with anti-CD31-Alexa, there appears to be increased 

fluorescence in MP fractions from the plasma of LPS-treated rats versus control (Control: 

Q4-1 Top-right; LPS: Q4-1 Bottom-right; Figure A1.3). Positive events are summarized 

in Table Al.l where FITC, Phyco, and Alexa events are from their respective quadrants 

(Control: FITC Q4; Phyco Q2; Alexa Q4-1; LPS: FITC Q4; Phyco Q2; Alexa Q4-1). 

Functional analysis of aortae incubated with MP fractions 

The same MP fractions prepared as described above were also used to induce 

vascular hyporeactivity to vasoconstrictors in rat aortae. Aortae which had been 

incubated with the supernatant and MP fractions from the LPS-treated rats exhibited no 

significant changes in the pECso values versus controls (Control supernatant, 7.43 ± 0.08; 

Control MP, 7.31 ±0.12; LPS supernatant, 6.83 ± 0.27; LPS MP, 6.64 ± 0.37; n = 4 for 

each). On the other hand, the Eraax was depressed in aortae incubated with the supernatant 

or MP fractions of the plasma from LPS treated rats versus those incubated with 

supernatant or MP fractions from the plasma of control rats (Control supernatant, 2.89 ± 
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0.14 g; Control MP, 3.02 ± 0.31 g; LPS supernatant, 0.98 ± 0.19 g; LPS MP, 1.32 ± 0.33 

g; n = 4 for each, Figure Al .4). In a preliminary study, aortae incubated with MP 

fractions from LPS-treated rats in the presence of the MMP inhibitor GM6001 (30 uM) 

showed a greater contractile response to PE versus those aortae treated with vehicle alone 

(Figure Al.5). 

Zymographic analysis of supernatant and MP fractions 

After centrifugation of plasma from control and LPS-treated rats, the supernatant 

and MP fractions of the plasma from these groups were subjected to gelatin zymography. 

Zymographic analysis revealed a significant upregulation of 135 kDa and 84 kDa MMP-9 

activities in the supernatant from LPS-treated rats versus control as well as a significant 

upregulation of 135 kDa, 92 kDa, and 84 kDa MMP-9 activities in the MP fraction from 

LPS-treated rats versus control (Figure A1.6). Due to the much higher level of MMP-2 

activity, densitometric analysis of MMP-2 associated gelatinolytic activities could not be 

completed. 

A1.4 Discussion 

The generation of membrane MPs in endotoxemia may represent a novel 

pathophysiological mechanism for the development of vascular hyporeactivity to 

vasoconstrictors. Although more experiments are necessary, there appears to be an 

upregulation of all general membrane MPs as evidenced by an increase in FITC staining 

in the MP fractions from the plasma of LPS-injected rats versus control. Furthermore, 

there appears to be an increase in Alexa staining (a marker for CD31, an antigen present 
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in MPs from apoptotic endothelial cells) in the MP fractions of plasma from LPS-treated 

rats. As CD31 is a marker for endothelial MPs, this may indicate a possible upregulation 

of endothelial MPs which contributes to vascular hyporeactivity. This result is consistent 

with the current literature demonstrating that MPs of endothelial origin contribute to 

vascular hyporeactivity [212,308,312]. Despite the evidence regarding MPs, there is a 

considerable discussion concerning the identity, purification, and generation of MPs in 

the current literature [313]. Further experiments are required to determine if it is indeed 

the MPs that contribute to vascular hyporeactivity in our model of endotoxic shock. 

Functional analysis of aortae revealed a depression in Emax and rightward shift in 

the EC50 in the aortae incubated with the supernatant and MP fractions from LPS-treated 

rats. This indicates a reduction in the efficacy and potency of a-adrenergic 

vasoconstriction. The observed decrease in Emax and EC50 in the supernatant fractions of 

plasma from LPS-treated rats may be due to the absence of wash steps in centrifugation 

which would serve to purify the MP fraction, or the presence of cytokines or LPS 

contaminants in the supernatant fractions. Zymographic analysis of the supernatant and 

MP fractions revealed a significant upregulation in MMP-9 activity. The source of MMP-

9 could possibly be from polymorphonuclear leukocytes [280,281] or MPs. Further 

experiments are needed to unequivocally determine if MMPs contained within MPs in the 

plasma contribute to vascular hyporeactivity to vasoconstrictors. 

A2.1 Introduction: calponin as a potential proteolytic target of MMP-2 

Potentially the most valuable information pertaining to this area of study is the 

discovery of MMP targets in endotoxemia and septic shock. In recent years, MMPs have 
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been discovered to play a role in a number of cardiovascular pathologies [162,163]. Our 

laboratory has discovered that MMP-2 has an intracellular role during myocardial 

ischemia and reperfusion injury. Specifically, MMP-2 was found to degrade an 

intracellular regulator of cardiac myocyte contraction, troponin I [213], and this event 

contributes to contractile dysfunction of the heart as a result of ischemia and reperfusion 

injury. Therefore, I decided to examine potential intracellular targets of MMP-2 relevant 

to smooth muscle cells and their susceptibility to cleavage by MMP-2. 

Calponin is a 34 kDa actin-binding protein that is homologous to troponin I [214] 

and is located in the cytoskeleton and the contractile apparatus of smooth muscle cells. 

Traditionally the role of calponin was once thought to be the inhibition of myosin 

ATPase activity [215]; however, new roles in its regulation of vascular contractility are 

currently being investigated. The calponin molecule contains distinct motifs that define 

its structure. From the amino terminal end, 45 residues comprise one of the two binding 

sites for Ca -binding proteins such as calmodulin; this is followed by a so-called 

"calponin" homology domain [314] which is present in a large number of actin cross-

linking proteins and signalling molecules [315]. In vitro experiments demonstrate that 

this domain contains the site responsible for the inhibition of myosin ATPase [316]. The 

affinity of calponin for actin can be modulated by its phosphorylation at Ser 175 [317], 

however, whether this is significant in vivo remains to be determined. Calpain, an 

ubiquitous intracellular protease, is capable of cleaving calponin [216]. There may be 

some discrepancies in the literature, however, because calpastatin, a known calpain 

inhibitor, may also inhibit MMPs (Schulz lab - unpublished observations). This 
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observation may question the validity of various studies involving calpain in that some of 

the observed results may be attributable to MMPs. 

There is a discussion in the current literature investigating the physiological 

effects of calponin. Interestingly, rats subjected to hypoxia exhibited an increase in 

calponin which was directly proportional to the degree of vascular hyporeactivity to 

vasoconstrictors [318]. In agreement with its ability to inhibit myosin ATPase activity, 

calponin has been shown to reduce unloaded isometric forces and to reduce shortening 

velocity [319-321]. Conversely, calponin has also been shown to increase the contractile 

response to various vasoconstrictors including noradrenaline and phenylephrine via a 

protein kinase C-dependent mechanism [322-325]. Specifically, in aortic smooth muscle, 

stimulation with noradrenaline and phenylephrine resulted in a redistribution of calponin 

from the cytosol to the plasma membrane. Thus, hypothetically, its cleavage and 

dysregulation would result in a decreased contractile response. Moreover, expression of 

calponin differs among rat strains, and those with calponin (Sprague-Dawley) have a 

higher sensitivity to a-adrenergic vasoconstriction versus those without calponin (Kyoto-

Wistar) [322]. Calponin may regulate smooth muscle contraction independently of 

actinomyosin interactions. It has been shown to function as a signalling protein to 

facilitate extracellular signal-related kinase-dependent signalling [325]. As stated above, 

calponin has been shown to translocate to the membrane upon stimulation with 

vasoconstrictor agonists [323,326]. In support of its function as a signalling protein, 

calponin was found to colocalize with the mitogen activated protein kinase suggesting its 

involvement in bovine tracheal smooth muscle cell proliferation [324]. Another group 

found that calponin is involved in suppressing cell attachment and transition into various 
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stages of the cell cycle in cultured smooth muscle cells [327]. These studies suggest that 

cleavage or dysregulation of calponin may serve as a vascular smooth muscle cell signal 

for its differentiation from a contractile to a synthetic phenotype. 

A2.2 Materials and methods 

Purified recombinant human calponin (1.3 [xg or 5 ug, a kind gift from Michael 

Walsh, University of Calgary) or human recombinant troponin I (2 ug, a kind gift from 

Danuta Szczesna-Cordary, University of Miami) was incubated with human recombinant 

active 64 kDa MMP-2 (10 ng, Oncogene; 562:1 troponin I:MMP-2 molar ratio; 919:1 

calponin:MMP-2 molar ratio) for 2 hr in 50 mmol/L Tris-HCl buffer (5 mM CaCl2 and 

150 mM NaCl) at 37 °C. In order to determine MMP-2-mediated proteolysis, the reaction 

mixture was preincubated with the MMP inhibitor o-phenanthroline (10 uM) for 15 min 

at 37 °C before adding calponin. The reaction mixtures (total volume 40 uL) were 

analyzed by 12% SDS-PAGE under reducing conditions and proteins were visualized by 

coomassie blue staining. 

Rat endotoxemia 

The protocol for rat endotoxemia is described in Section 2.5. 

Intcrleukin-ip-induced vascular dysfunction in vitro 

Isolated rat aortic rings were incubated for 6 hr at 37 °C with IL-1J3 as described 

in Section 2.4. 

Preparation of aorta homogenates 

This protocol is described in Section 2.7. 

Western immunoblotting analysis 
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Western immunoblotting analysis is described in section 2.10 using the following 

primary antibody: a home-made rabbit polyclonal calponin antibody directed against the 

full length chicken calponin protein (courtesy of Michael Walsh, University of Calgary). 

A2.3 Results 

In vitro degradation of human recombinant calponin 

We tested purified human recombinant calponin for its susceptibility to 

proteolysis by human recombinant MMP-2 (Figure A2.2). Calponin was degraded after 2 

hr incubation with MMP-2. Preincubation of MMP-2 with o-phenanthroline prevented 

the degradation of calponin. This observation was repeatable over several experiments. 

Troponin I was run parallel to calponin as a positive control for MMP-2 activity. 

Analysis of calponin levels in aortae from LPS-treated rats 

The level of calponin was determined in aortae from LPS-injected rats (the same 

ones utilized for the isolation of MP fractions). We observed a trend (*p = 0.10) towards 

an increase in calponin in aortae from LPS-treated rats versus control (Figure A2.3). 

Analysis of calponin from aortae stimulated with IL-ip-mediated vascular 

hyporeactivity in vitro 

We examined calponin protein levels from IL-ip-treated rat aortae in vitro in one 

experiment (Figure A2.4). This revealed a possible increase in calponin levels over 

control after IL-ip treatment which was abrogated with the MMP inhibitor GM6001. 
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A2.4 Discussion 

We observed a degradation of calponin by MMP-2 in vitro, however, in aortae 

treated with IL-ip in vitro and from LPS-treated rats we observed a trend towards an 

increase in calponin levels. If indeed calponin was cleaved in situ, this increase may be a 

compensatory mechanism; this can be examined by measuring calponin mRNA by 

quantitative polymerase chain reaction analysis. Along the same lines, a compensatory 

mechanism has been implicated in cultured rat cardiomyocytes utilizing a model of 

doxorubicin-induced cardiac injury. Specifically, this group examined the susceptibility 

of titin, a large myofibrillar protein, to proteolysis via the enzyme calpain, and revealed 

that immunohistochemical analysis of rat cardiomyocytes subjected to doxorubicin 

revealed no changes in titin levels; however, western immunoblotting revealed an 

increase in protein levels [328]. Currently, a controversy exists concerning the biological 

role of calponin; one study demonstrates that an increase in calponin levels in the rat 

aorta result in a decrease in contractile response to vasoconstrictors [318], while some 

studies show that a lower level of calponin is associated with a decreased contractile 

response in aorta isolated from rats and ferrets [322,324,325]. Further studies are needed 

to assess if calponin is cleaved during endotoxemia and if this event contributes to 

vascular hyporeactivity to vasoconstrictors. 

A3.1 Introduction: genetic ablation of MMP-2 

Genetic knockouts of enzymes provide valuable information because such 

investigations eliminate confounding variables associated with the specificity of 

pharmacological inhibitors. However, due to compensatory mechanisms, the 
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interpretations of such studies require due caution. Concerning MMP KO studies, there is 

one study which has examined the effects of ablation of MMP-9 in a model of septic 

shock. It revealed that MMP-9 KO mice are resistant to endotoxic shock in terms of 

survival [196]. The effect of MMP-2 ablation on vascular hyporeactivity to 

vasoconstrictors in shock has not yet been studied. Since I have implicated potential roles 

for MMP-2 in the development of vascular hyporeactivity in endotoxemia, I assessed the 

dependence of MMP-2 on IL-ip-mediated vascular hyporeactivity in a MMP-2 KO 

mouse model. 

A3.2 Materials and methods 

Assessment of vascular reactivity in mouse thoracic aortae 

This protocol is similar to Section 2.4 with the following changes: two aortic rings 

(2 mm in length) from MMP-2 KO and wild-type (WT) mice (C57BL/6J, 12-16 months 

old) were mounted and a resting tension of 0.9 g was applied during equilibration. 

A3.3 Results 

IL-ip-induced vascular hyporeactivity to PE in aortae from MMP-2 KO mice 

Aortic rings from WT mice exhibited a greater response to PE versus KO mice 

(Figure 7.10). Aortic rings from WT animals had a higher maximum contraction (Emax) 

versus IL-lp-treated rings (WT Control, 0.73 ± 0.08 g, n = 3; WT IL-lp, 0.14 ± 0.03 g, n 

= 3). Control and IL-ip-treated rings from MMP-2 KO mice exhibited a decreased Emax 

compared to WT Control (KO Control, 0.14 ± 0.03 g, n = 4; KO IL-lp, 0.09 ± 0.02 g, n = 

3). The pECso for aortas from each of the groups were not significantly different from 
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each other (WT Control, 6.14 ± 0.26, n = 3; WTIL-1J3,5.85 ± 0.14, n = 3; KO Control, 

6.07 ± 0.31, n = 4; KO IL-ip, 6.33 ± 0.20, n = 3). 

The contraction to 75 mM KC1 exhibited a similar pattern to that of PE amongst 

experimental groups in that aortae from WT controls contracted to significantly higher 

Emax versus all other groups (n = 3-4 per group, Figure A3.1). 

A3.4 Discussion 

Aortae from MMP-2 KO mice exhibited vascular hyporeactivity to PE as well as 

a depressed contraction to KC1 without prior stimulation with IL-ip, indicating a 

fundamental dysregulation in contractile mechanisms. From these results it would be 

tempting to speculate that MMP-2 is required for intact pharmaco- and electromechanical 

coupling mechanisms; however, absence of this enzyme may result in an abnormal 

phenotype as evidenced by murine embryogenesis studies which suggest its importance 

in normal development [329,330]. However, one study outside our laboratory revealed no 

histological differences between WT and MMP-2 KO aorta [331]. Taken together, this 

model appears to be inappropriate for in vitro studies of vascular hyporeactivity to 

vasoconstrictors. 
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Control - FITC 

I 

LPS - FITC 

Figure Al. l Two parameter dot plot histograms of staining by anti-annexin V-FITC 
(general marker of MPs) in the MP fraction of plasma from a control rat (Above, n = 1) 
and a LPS-treated rat (Below, n = 1). Left column: histogram of anti-CD62E-Phyco 
(Phyco) versus anti-annexin V-FITC (FITC). Right column: histogram of anti-CD62E-
Phyco versus anti-CD31-Alexafluor 647 (Alexa). 
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Figure A1.2 Two parameter dot plot histograms of staining by anti-CD62E-Phyco 
(marker of MPs from activated endothelial cells) in the MP fraction of plasma from a 
control rat (Above, n = 1) and a LPS-treated rat (Below, n = 1). Left column: histogram 
of anti-CD62E-Phyco (Phyco) versus anti-annexin V-FITC (FITC). Right column: 
histogram of anti-CD62E-Phyco versus anti-CD31-Alexafluor 647(Alexa). 
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Figure A 1.3 Two parameter dot plot histograms of staining by anti CD31-Alexafiuor 647 
(marker of MPs from apoptotic endothelial cells) in the MP fraction of plasma from a 
control rat (Above, n = 1) and a LPS-treated rat (Below, n = 1). Left column: histogram 
of anti-CD62E-Phyco (Phyco) versus anti-annexin V-FITC (FITC). Right column: 
histogram of anti-CD62E-Phyco versus anti-CD31-Alexafluor 647 (Alexa). 
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Table Al.l Positive flow cytometric events of the microparticle fraction from the 
plasma of a control and a LPS-treated rat at 6 hr (Q, quadrant) 

FITC PE Alexa 
Control 4234 (Q4) 19235 (Ql) 5354 (Ql-1) 

LPS 15897 (Q4) 11401 (Ql) 23661 (Ql-1) 
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Figure A1.4 Above: concentration-response to PE of aortae incubated for 6 hr at 37 
°C with Supernatant and MP fractions of the plasma from control and LPS-treated 
rats. Below: maximum contraction to PE (*p < 0.05 vs control supernatant, p < 0.05 
vs control MP fraction, one way ANOVA, Neuman-Keuls post hoc test, n = 4-5 aortic 
rings/group). 
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Figure A1.5 Concentration-response to PE from aortae incubated for 6 hr at 37 °C 
with microparticle (MP) fractions of plasma from control and LPS-treated rats in the 
presence or absence of GM6001 (30 |a,M). n = 2 aortic rings/group. 
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Figure A1.6 Zymographic analysis of supernatant and microparticle fractions of plasma 
from control and LPS-treated rats. (A) Top: representative zymogram of supernatant; 
Bottom-left: quantification of 135 kDa MMP-9 gelatinolytic activity; Bottom-middle: 
quantification of 92 kDa MMP-9 gelatinolytic activity; Bottom-right: quantification of 
84 kDa MMP-9 gelatinolytic activity. (B) Top: representative zymogram of 
microparticle fraction; Bottom: quantification of MMP-9 gelatinolytic activity; Bottom-
left: quantification of 135 kDa MMP-9 gelatinolytic activity; Bottom-middle: 
quantification of 92 kDa MMP-9 gelatinolytic activity; Bottom-right: quantification of 
84 kDa MMP-9 gelatinolytic activity. *p < 0.05, unpaired t-test, n = 4 plasma 
samples/group. 
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Figure A2.1 Coomassie blue staining of troponin I (Tnl) and calponin (Cap) degradation 
by MMP-2 in vitro. Cap or Tnl were incubated with human recombinant MMP-2 in vitro 
in the presence or absence of o-phenanthroline (OPT) for 2 hr at 37 °C. Left: MMP-2 
mediated proteolysis of troponin I (Tnl, 561:1 molar ratio); Right: MMP-2 mediated 
proteolysis of calponin (919:1 molar ratio). 
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Figure A2.2 Calponin levels in aortic homogenates from control and LPS-treated rats. 
Top: representative immunoblot of calponin levels. Bottom: quantification of calponin 
levels (n = 4-5 aortic rings/group). 
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Figure A2.3 Calponin (Cap) levels in homogenates from aortae stimulated with IL-ip 
(10 ng/mL) for 6 hr at 37 °C in the presence or absence of GM6001 (30 uM). 
Immunoblot from one experiment (n = 1 pooled aorta/group). 
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Figure A3.1 Above: concentration-response to PE in aortae from wild-type (WT) and 
MMP-2 knockout (KO) mice. Aortae incubated for 6 hr at 37 °C with IL-lp (10 
ng/mL). Bottom: Quantification of 75 mM KC1 response after washing. *p < 0.05 vs 
WT Control, one way ANOVA, Neuman-Keuls post hoc test, n = 3-4 aortic 
rings/group. 
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