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Abstract

The plasma kallikrein-kinin system (KKS) plays a critical role in human physiology. The KKS
encompasses coagulation factor XI1 (FXII), the complex of prekallikrein (PK) and high molecular
weight kininogen (HK). The conversion of plasma to kallikrein by the activated FXII and in
response to numerous different stimuli leads to the generation of bradykinin (BK) and activated
HK (HKa, an antiangiogenic peptide). BK is a proinflammatory peptide, a pain mediator and
potent vasodilator, leading to robust accumulation of fluid in the interstitium. Systemic production
of BK, HKa with the interplay between BK bound-BK receptors and the soluble form of HKa are
key to angiogenesis and hemodynamics. KKS has been implicated in the pathogenesis of
inflammation, hypertension, endotoxemia, and coagulopathy. In all these cases increased BK
levels is the hallmark. In some cases, the persistent production of BK due to the deficiency of the
blood protein C1-inhibitor, which controls FXII, is detrimental to the survival of the patients with
hereditary angioedema (HAE). In others, the inability of angiotensin converting enzyme (ACE) to
degrade BK leads to elevated BK levels and edema in patients on ACE inhibitors. Thus, the
mechanisms that interfere with BK liberation or degradation would lead to blood pressure
dysfunction. In contrast, anti-kallikrein treatment could have adverse effects in hemodynamic
changes induced by vasoconstrictor agents. Genetic models of kallikrein deficiency are needed to
evaluate the quantitative role of kallikrein and to validate whether strategies designed to activate or
inhibit kallikrein may be important for regulating whole-body BK sensitivity.
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INTRODUCTION

The plasma kallikrein-kinin system (KKS) plays an important role in cardiovascular and
cerebrovascular activities. The components of the KKS are part of a family of plasma
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proteins that function in vital overlapping physiological processes. Depending on the
intensity of the stimulus, the activation of KKS leads to the activation of several sequential
effector proenzymes resulting in the induction of genes and activation of biomolecules
involved in the molecular mechanisms of vasodilation, blood coagulation, and fibrinolysis.
Although the KKS function was initially recognized during tissue injury, little is understood
about how the KKS activation occurs on vascular endothelial cells. The progressive
elucidation of the presence and distribution of the KKS and its effectors within the
cardiovasculature has provided the exact hepatocyte-cardiovascular correlates related to
abnormal and normal cardiovascular physiology. The clearly defined roles of the KKS are to
stimulate endothelial nitric oxide generation and to potentiate the activation of thrombin-
induced clot formation.

Whereas the normally functioning KKS can successfully counteract blood pressure, promote
smooth blood flow, modulates neovascularisation and eliminates pathogens by promoting
the recruitment of neutrophils to the site of injury, inappropriate responses can lead to
extensive tissue damage (hyperactivity). The focus of this review is to describe the cascade
of molecular events that have been uncovered in both basic and clinical studies, which are
directly relevant to understanding the KKS function in cardiovascular systems and may
provide insights into mechanisms that directly contribute to the pathogenesis of tissue injury,
organ failure, and death. Further knowledge about the interrelation of the KKS molecules,
their metabolites which impart function to the cell-specific receptors, regulatory
mechanisms, and cell-specific expression of genes may yield new approaches to improve
patient outcome after vascular damage or surgical intervention.

SYNTHESIS AND STUCTURE OF THE KKS

The KKS consists of two functionally distinct complexes, specified by one molecule of
prekallikrein (PK) in complex with one molecule of high molecular weight kininogen (HK)
[HK/PK], or one molecule of factor X1 (FXI) in complex with two molecules of HK [HK/
FXI][1-4]. The physiological roles of HK and PK are being discussed here. For additional
extensive and excellent reviews on the KKS, please read the following references[2,5-8].

High molecular weight kininogen synthesis, distribution and its biological functions

Chromosomal localization of the human plasma kininogen gene has been mapped to the
3026 — qgter region[9]. A single kininogen gene consisting of 11 exons transcribes a unique
mRNA for high molecular weight kininogen (HK) and low molecular weight kininogen
(LK) by alternative splicing[2]. HK is a single-chain plasma glycoprotein (110-120 kDa)
primarily expressed in the liver and secreted into the bloodstream.

HK is a multifunctional protein composed of six domains with each domain believed to have
distinct functions [2]. The heavy chain (64 kDa) of HK contains domains 1, 2, and 3 while
the light chain (45 to 58 kDa) is comprised of domains 5 and 6[10]. The heavy chain and
light chain are flanked by domain 4, which is ultimately liberated as BK. Domain 1 has a
low affinity calcium-binding site, whereas domains 2 and 3 have specific sequences (Gln-
Val-Val-Ala-Gly) that serve as inhibitors of tissue cysteine proteases[2,11]. Domain 3, like
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domain 5, has platelet- neutrophil- and endothelial cell-binding action [12,12-15]. Intact
HK, but not the oxidized HK or its domain 3, is an inhibitor of cathepsin B and H[16,17].

It has been demonstrated that HK could bind to anionic charged surfaces through the
histidine-glycine-lysine rich regions of the light chain corresponding to domain 5[18]. The
binding of HK to factor X1 or prekallikrein is mediated by a sequence comprising 31 amino
acid residues in domain 6[3,19]. The ability to bind to a surface and simultaneously complex
PK and factor XI results from the cofactor activity of HK in the contact activation pathway
[20,21].

Early interests in a variety of diseases led researchers to actively pursue basic studies into
the assembly of HK/PK in the central nervous system and many other tissues. Das and
others[22] demonstrate the colocalization of HK with amyloid precursor protein (APP) near
cerebral blood vessels, in the neutrophil, and in many neurons of the rat brain, suggesting
that the interaction of HK with APP might modulate neurogenesis.

The BK-free-HK [cleaved HK (HKa)] is an anti-angiogenic agent, implicating its ability to
modulate BK —induced angiogenesis signaling[23]. The role of HKa in endothelial cell
migration, proliferation and tube formation is accepted; however, any physiological benefit
on microvascular structure requires further investigations. Future clinical trials to support the
efficacy of HKa or anti-HK antibody as a therapeutic regimen to inhibit angiogenesis and
tumor growth in human therapy are anticipated.

Kallikrein generation, distribution and its biological actions

Chromosomal localization of the human plasma kallikrein gene has been mapped to the 34
— 35 region on the long arm of chromosome 4, encoded by a single gene[24]. It is
synthesized predominantly in the liver as a proenzyme, prekallikrein, also known as
prokallikrein. Human plasma prekallikrein is synthesized as a precursor with a signal
peptide of 19 amino acids. The mature form of the protein which circulates in the blood is a
single-chain polypeptide of 619 amino acids[25,26]. Activation of prekallikrein to kallikrein
occurs through a cleavage at the Arg371-11e372 producing a two-subunit protein involving a
heavy chain and a light chain, linked through a disulfide bond between Cys364 and Cys?#84.
The N-terminal heavy chain of 371 amino acids contains four apple domains whose
homologues are also found in factor XI (FXI); whereas, the C-terminal light chain forms the
catalytic domain[27]. Plasma prekallikrein associates with high molecular weight kininogen
(HK), an a-globulin which circulates in plasma as an 88- to 120-kDa single-chain
glycoprotein at a concentration of 70 to 90 ug/mL[28].

Functional plasma kallikrein (activated PK) can be generated on blood vessel endothelial
cells as a result of the HK/PK activation[29]. Plasma kallikrein is implicated in many
physiological and pathological processes including blood coagulation, the initiation of the
classical complement cascade pathway, as well as activation of the alternative complement
pathway[30-33]. Plasma kallikrein is also involved in induction of elastase release from
neutrophils and conversion of prourokinase to urokinase to initiate fibrinolysis[34-37].
Plasma kallikrein hyperactivation parallels endothelial lesion, tissue injury, and sepsis,
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underscoring the correlation between plasma kallikrein alterations and inflammation [38—
40].

In-vivo and in-situ cellular imaging characterization of novel plasma kallikrein activity on
endothelial and inflammatory cells, foamy macrophages and fibroblasts within the thickened
intima of the plaque as well as in smooth muscle cells suggest that plasma kallikrein activity
may be induced by atheromatous disease.[41]. In the study conducted using a patchy
atheromatous disease, plasma kallikrein and PK are present in the coronary, vertebral and
supracallosal arteries, suggesting that atheromatous disease triggers the activation of PK.
Immunolabelling of the components of the plasma KKS in blood vessels shows the presence
of circulating prekallikrein/plasma kallikrein in plasma as well as on the endothelial cells of
the medium to small size arteries[41]. Interestingly, no trace of immunoreactive PK is
detected in the renal vein at all[41]. This is significant because it highlights the physiological
role of plasma kallikrein in particular tissues in animals.

The plasma KKS participates in the surface-dependent activation of blood coagulation

The coagulation cascade has long been thought of as a “water fall” of activating proteases
initiated by the extrinsic and the intrinsic paths, which lead to the common pathway and
ultimately the activation of thrombin and fibrin formation [Fig. (1)] [42]. The starting point
for the extrinsic path is the complex between factor Vlla and tissue factor initiated through
vessel damage. This starting point enters directly into the common pathway by activating
factor X and to some extent factor X, both of which lead to the activation of thrombin and
ultimately clot formation. The classical view of the intrinsic pathway has been thought of as
secondary since it is factor XII that activates Factor XI. Next, factor XI leads to the
activation of factor X which subsequently leads into the common pathway by the activation
of Factor X and then thrombin [Fig. (1)] [42,43]. Now, with the recent identification of
activities of the coagulation components, mainly around the contact pathway, the clotting
cascade is being examined in alternative ways [Fig. (2)] [44]. One way to consider it is that
both the contact pathway and the extrinsic pathway are starting points of the intrinsic
pathway, which is now viewed as the system that propagates and stabilizes the newly
initiated clot. Looking at it this way you can see that during acute vessel damage the
extrinsic pathway has the potential to provide a relatively short burst of thrombin, 0.5 to
1nM[45]. This burst in thrombin may lead to the initiation of the “intrinsic amplification
loop” (1AL) leading to increased activation of platelets and factor XI, resulting in the
sustained production of thrombin and its contributors to coagulation[18]. While the contact
system can be viewed in this way, the initiation of the IAL may take place over long periods
of time such as in venous thrombosis. It can be hypothesized that these two initiating
systems would be activated simultaneously during certain disease states, as in the event of
plaque rupture in atherosclerosis. It is in such disease states that a robust burst of circulating
inflammation markers appear to play major roles in the outcome of such events. This is
where the role of the contact pathway and its proteases are believed to play major
contributing roles, not only in thrombosis but in the inflammatory response as well.

Plasma kallikrein is a serine protease which plays a central role in the contact activation and
kinin generation pathways[46]. For years the conjecture has been that the contact pathway is
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fairly benign in its physiological role in coagulation, in part because it was believed that it
took an artificial negatively charged surface to activate it. However, new investigations into
the role of the contact pathway have led to the discovery that the contact pathway is actually
involved in many mechanisms involving inflammation, with the liberation of BK from HK,
to the activation of the complement system and in the fibrinolytic pathway of
hemostasis[47]. Once plasma kallikrein is activated from the zymogen precursor
prekallikrein (Fletcher Factor), it initiates surface-mediated activation of coagulation,
fibrinolysis and kinin generation [Fig. (1)] [47]. The activated plasma kallikrein is controlled
primarily by endogenous C1 inhibitor as well as a,-macroglobulin and antithrombin Il [Fig.
(1)] [48]. An imbalance between plasma kallikrein and its naturally occurring plasma
inhibitors is associated with several disease states, such as hereditary angioedema (HAE),
inflammatory bowel disease (IBD), systemic lupus, rheumatoid arthritis (RA) and allergic
rhinitis among others[11,49].

KKS activation and its effects on the cardiovascular system

The activation of the HK/PK triggers the release of the vasoactive peptide bradykinin (BK)
and anti-angiogenic cleaved HK (HKa) from the high molecular weight kininogen by plasma
kallikrein [50-55]. The mechanisms of assembly and activation of KKS in the
cardiovascular system is still in its infancy. Recent postulations in the physiological
regulation of KKS are here being described.

The autoactivation of FXII to activated factor XI1 (FXIla) occurs after FXII bound to a
negatively charged surface[56]. Of note, the rate of conversion of FXII to FXlla is about 100
times faster in the presence of PK and HK, suggesting the presence of reciprocal proteolytic
activation of FXII and PK[57]. Cochrane and Griffin[57] provide evidence that FXlla is
present in two forms, namely aFXlla and pFXlla. aFXIlla activates PK on the surface while
BFXlla cleaves PK in plasma (fluid phase). Furthermore, both a - and pFXIla can activate
PK while aFXlla is a much better activator of FXI than fFXlla [57].

Recent evidence suggests that the hyaluronan-binding protease (PHBSP, a plasma enzyme)
known to activate factor VII (FVII) and pro-urokinase could also interact with HK/PK[58].
Surprisingly, these studies indicated that PHBSP activates PK to plasma kallikrein. The
activation of PK causes the cleavage of HK and liberation of BK in the absence of any
charged surface, which suggests a cytoprotective role of PHBSP-induced PK activation[58].
The authors suggest that the assembly of HK/PK complex on a negatively charged surface is
not a prerequisite for PHBSP to liberate BK from HK, however, the physiologic and
pathophysiologic significance of PHBSP-stimulatory pathway has not been pursued.

Joseph and Kaplan observed that heat shock protein 90 (HSP90) activates PK to plasma
kallikrein, implicating a novel function for HSP90[59]. We find this observation interesting
because it seems that a physiological change like stress would have a special role as an
indicator of PK activation. However, the true nature of PK (a plasma protein) activation by
HPS90 (a cytosolic/membrane protein) requires further investigations to determine their
transmembrane movements that are restricted primarily by a phospholipid bilayer. The
above observations characterize the complexity of possible interactions between HSP90 and
the KKS.
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Finally, PK associates with HK to a multiprotein receptor complex comprising in at least
cytokeratin 1, gC1gR, and urokinase plasminogen activator receptor (u-PAR). It is this
complex which enables the protease prolylcarboxypeptidase (PRCP) to activate PK. This
model of PK activation is referred to as the factor XII independent pathway and can occur on
extracellular matrix and dysfunctional endothelial cells [Fig. (1)][60-62]. The activation of
PK by factor Xlla occurs on both membrane surfaces, where HK and PK are complexed
together, and the plasma fluid phase where activation of PK can occur by a fragment of
factor XII (BFXI1a)[63,64]. Once PK is activated to plasma kallikrein, it can then activate
factor XII to its active form completing the contact amplification loop [Fig. (1)][65]. In vivo
activity of plasma kallikrein has been shown to be relativity short lived due to its main
inhibitor the serpin C1 inhibitor (C1-INH) [Fig. (1)][66].

In summary, these studies strongly demonstrate that HK/PK can be activated by a modest
array of molecules in plasma, luminal cells, extracellular matrix and dysfunctional and
functional endothelial cells. This may indicate that HK/PK is an alternate mechanism for a
host to detect the onset of abnormalities within the blood vessel to initiate and coordinate
wound healing processes. This is consistent with /n-vivo findings, where the activation of
HK/PK has been shown to promote wound healing.

KKS FUNCTION

The proteins of plasma HK/PK are unique in that they exert effects in most tissues of the
cardiovascular system throughout the life of an individual. Many actions of the HK/PK are
mediated through the effects of plasma kallikrein, HKa and BK to stimulate production of
intra- and extracellular messengers and effectors in a variety of cells[67,68]. There is a large
body of evidence providing proof that plasma KKS drives regional blood flow via BK-
induced B2 receptor activation and promotes intravascular thrombus formation via factor XI
activation after an injury.

The plasma KKS activation increases endothelium-dependent vasodilation and local blood
flow

The plasma KKS is a vasodilator and contributes to the modulation of vasodepressor
components of the cardiovascular system[69]. Plasma kallikrein’s association with the
contact pathway provides one of several ways that KKS is involved directly or indirectly in
thrombosis [Fig. (1)]. In looking at the primary role of plasma kallikrein in the liberation of
BK from HK, the theory is that cleavage of HK (Mr=120, 000) by plasma kallikrein is a
three-step reaction[70,71]. When HK is hydrolyzed by plasma kallikrein, cleavage first
occurs at the C-terminus Arg-Ser end of the BK sequence of HK. This initial nick cleavage
produces a stable intermediate followed by the cleavage of the N-terminus end of the BK
sequence leading to the liberation of BK [Fig. (2)][72]. The result is two active peptides that
play a role in both the inflammatory and coagulation process at the vasculature level.

Clarification of the precise mechanisms involved in the fine tuning of BK liberation,
signaling, and degradation has contributed to understanding the etiology of inflammation
and other related inflammatory disease states and aided in clinical treatment of some of
these endocrinopathies [73-75]. Bradykinin participates in the etiology of vascular
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inflammation and the regulation of the microvascular circulation. Bradykinin stimulates
endothelial cells to release a number of powerful mediators via the bradykinin B2 receptor
(BKB2R) and bradykinin B1 receptor (BKB1R) activation [Fig. (2)]. Bradykinin is not only
a critical player in promoting angiogenesis by stimulation of VEGF formation through
BKB2R, but also plays a role in causing the upregulation of bFGF via BKB1R activation,
thus strongly suggesting a genomic level of action of BK in neovascularization[76].

Angiotensin converting enzyme further digests full length BK into des-Arg BK which
interacts with BKB1R [Fig. (2)][77]. The physiological/pathophysiological effect of BK on
hemostasis has been investigated by several groups. In recent studies using BKB2R knock
out mice it was demonstrated that they exhibited an increase time to occlusion in a mild
thrombosis injury model but not in a more server thrombosis model[78]. It was postulated in
this study that the interactions between the AT2R and the B2 receptor may interact and lead
to an increase in expression of AT2R. An increase in AT2R may lead angiotensin to favor
this receptor over AT1R and cause an elevation of NO and prostacyclin levels[78]. Studies
looking at rat models that express both BK receptors show, in vitro, that BK acting through
the B2 receptor on the surface of endothelial cells promotes the expression of procoagulant
and antifybrinolytic proteins, such as tissue factor (TF) and plasminogen activator inhibitor 1
(PAI-1)[79]. This effect translated well to the human model described in the study using a
selective bradykinin B2 receptor antagonist, which demonstrated that inhibition of BK
activity on the B2 receptor resulted in a decrease in vasodilatation and t-PA release, which
may cause a decrease in fibrinolytic activity[79-81].

The plasma KKS keeps the blood flowing

There are two distinct pathways that initiate the fibrinolysis pathway. In the first, described
above, BK is released from HK and ultimately results in increased expression of PAI-1 and
TF [Fig. (2)]. The second avenue of activating fibrinolysis involves the activity of plasma
kallikrein on the conversion of pro-urokinase to urokinase. Early investigations found that
urokinase plasminogen activator (u-PA) bound to the cell surface was able to activate
plasminogen to plasmin as well as to auto-activate itself, generating yet another possible
amplification loop[82]. It is postulated that the binding of HK and subsequently PK aligns
pro-urokinase in such close proximity as to drive its activation in spite of the presence of
PAI-1[Fig. (2)][83]. These studies indicate there is a pathway that activates plasminogen
independent of tissue plasminogen activator (t-PA) and that plasma Kkallikrein plays a key
role in the fibrinolysis system.

An additional way the KKS can effect thrombosis is the interactions of HKa and the effect
this has on adhesion molecules. When plasma kallikrein liberates BK from HK, the
remaining product is two-chain high molecular weight kininogen (HKa). HKa has been
shown to compete with fibrinogen and adhesion molecules in binding to cell membranes
through the “Vroman effect”, by which higher mobility proteins are replaced by lower
mobility proteins with a greater affinity for the cell surface[84,85]. The process in which
HKa could displace fibrinogen may be another way for plasma kallikrein, indirectly, to
effect the fibrinolysis process. Investigations into the rare genetic trait, Fletcher Factor
deficiency, demonstrated that these individuals exhibit abnormalities in coagulation,
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Therapeutic

fibrinolysis and BK production with chemotacis abnormalities as well [Table 1][86]. In 1965
hereditary plasma prekallikrein deficiency was diagnosed in a 71-year-old man, for whom
Fletcher Factor was named, by Hathaway, Belhasen and Hathaway [Table 1][87]. Evidence
exists which has led to the speculation that Mr. Fletcher died of a possible thrombotic event.
Subsequently, several mutations in the amino acid make up of plasma kallikrein have been
identified however, these deficiencies and mutations have not been associated with any
clinically severe thrombotic events[88,89]. There are also case reports which suggest that
Fletcher Factor deficiency may be a risk factor for myocardial infarctions, even though
biomarkers such as activated partial thromboplastin time is prolonged, indicating an
antithrombotic effect [Table 1][90,91]. In both of these examples, other predisposing
conditions were either not reported or not taken into consideration, making it difficult to
ascertain weather or not inhibition or deficiencies of plasma kallikrein is beneficial or
detrimental.

The majority of evidence for the KKS role in hemostasis points to antithrombotic as well as
prothrombotic, depending on the underlying cause of the event. One can imagine that during
disease states which require the dissolution of clots through the fibrinolytic pathway, plasma
kallikrein and the rest of the contact pathway would be a benefit. This paradox may be
explained in part because of plasma kallikrein’s role in the fibrinolytic pathway, where
plasma kallikrein may play a greater role, than in the coagulation pathway. This is not to say
that the KKS and the contact system do not play pivotal rolls, quite the contrary. It is
believed that these systems play a major role in hemostasis which involves the inflammatory
system. The KKS contributes to various cardiovascular diseases which will be described in
the following sections. Most of these articles point out that the KKS and contact system play
roles in both inflammatory and thrombosis conditions [Table 1][8,62,92].

potential of kallikrein inhibitors in cardiovascular diseases

The KKS pathway is crucial not only in physiological but also in pathophysiological and
progression of various cardiovascular diseases such as inflammation and hypertension, both
of which are related to derangement of the vascular endothelial cells. The following sections
summarize the evidence of in vitro, in vivo and clinical studies whereby plasma kallikrein
and its potential inhibitors represent possible new approaches for the management of
vascular diseases.

ROLE OF THE PLASMA KKS IN CARDIOVASCULAR ABNORMALITIES

Sepsis

Hypotensive bacteremia is associated with formation of plasma kallikrein and rise of plasma
BK levels[93]. In sepsis, the activation of KKS results in increased plasma kinin levels and
increased circulating kallikrein-C1 inhibitor complexes [94-96]. Sepsis is a multifactorial
condition which promotes the release of BK as well as molecules that stimulate coagulation
which left uncontrolled can lead to organ failure and death.

Sepsis is a progressive disease, usually presenting as a bacterial infection, and accounts for
one in five of all hospital admissions. The term systemic inflammatory response syndrome
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(SIRS) is used to encompass conditions of sepsis that are not brought on by infection. For
example, trauma burns and pancreatitis[97]. There are approximately 500,000+ cases of
severe sepsis a year[98]. Risk factors contributing to the development of sepsis are: age,
diabetes, cancer, HIV and surgical procedures. In general, any condition that increases the
risk of infection or the need for surgical procedure can put an individual at risk for
sepsis[99,100]. Studies have shown that the inflammatory system becomes active resulting
in the appearance of both cellular components of the innate immune response and cytokines
like TNF, IL-6, IL-1 and IL-8. Sepsis is likewise responsible for the shifting of the
haemostatic state of coagulation towards a prothrombotic state, often resulting in
disseminated intravascular coagulopathy (DIC)[101]. It is well documented that one of the
responses to septic shock is the increase in vasodilatation resulting in hypotension, despite
fluid resuscitation. This, combined with increased activation of both the inflammation and
prothrombotic pathways, leads to severe tissue damage and multi-organ failure[102-104].
The activation of the KKS and subsequently the liberation of BK contributes significantly to
the hypotensive effects of sepsis, partially by the secondary release of other mediators like
nitric oxide and platelet activating factor[105]. Additional evidence for the participation of
the KKS are reports that suggest the inducible BK receptor, B1, are up regulated during
inflammatory and immunipathology states. This up regulation of B1, along with the actions
of the constituently expressed B2 receptors, most likely contribute to the hypotensive state
seen during septic shock. Indeed, studies using B2 antagoniost have shown partial
therapeutic effects. However, it remains to be determined if a greater effect may be seen
using a B2 and B1 antagonist or a nonselective antagonist[106].

Treatments for Sepsis

The primary focus on the treatment of sepsis is identification of the source with immediate
administration of the proper antibiotics. Further treatments involve fluid resuscitation,
vasopressors, inotropic therapy, steroids and recently recombinant human activated protein C
therapy[107]. Recently, a great deal of research has been put into finding innovative and
improved treatments for sepsis. Some of these have had positive results while others have
had negative results associated with them [Table 2][98,102]. The pro-inflammatory pathway,
including TNFa, interleukin 1 and BK, has been looked at with no real positive results[98].
However, in the case of BK antagonist treatment, investigators suggest there may be a
benefit with this antagonist but further studies are warranted[108]. An earlier study, using a
rat sepsis model treated with a BK and leukocyte inhibitor, demonstrated a possible
synergistic survival benefit to sepsis. However, when a BK inhibitor alone was administered
the results showed very little benefit compared to control groups[109]. This suggests that a
plasma kallikrein inhibitor may be a possible target given the effect of plasma kallikrein on
both BK liberation and on leukocyte adhesion. Corticosteroid treatment of severe sepsis has
been one of the most perplexing approaches in the treatment of sepsis. Persuasive proof that
corticosteroids are useful pharmacologic agents in the treatment of sepsis remains elusive
despite numerous studies over the past four decades[94]. Recently, evidence suggests that
treating sepsis with high doses of corticosteroids for relatively short periods of time is
ineffective. However, there have been some encouraging results from recent trials using low
doses of corticosteroids over longer periods of time, but these finding are contingent on
meeting other criteria such as adrenocorticotropin hormone tests and crotisol
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concentrations[110]. Lately, recombinant human activated protein-C (drotrecogin alfa) has
been evaluated in patients presenting with sepsis[111]. Activated protein C (APC) is an
endogenous inhibitor of Va, Vllla, and plasminogen activator inhibitor-1 (PAI-1) thereby
functioning as an anticoagulant and profibrinolytic agent. APC has also been shown to exert
anti-inflammatory effects by inhibiting cytokine production in monocytes (TNF-a, IL-1 and
IL-6) and reducing adhesive interactions between neutrophils and endothelial cells[112,113].
Even though this is an agent which has been approved in the US by the food and drug
administration, it has a limited therapeutic index. Strict adherence to exclusion criteria, as
put forward by the PROWESS study, should be used in order to decrease the number of
severe bleeding events[114]. Certain nonselective inhibitors of serine proteases with
inhibitory activity in the inflammatory and coagulation pathways has been shown to exhibit
some benefit in sepsis. One example of this, aprotinin, given during septic shock, was able to
preserve vascular resistance and maintain arterial pressure while at the same time decreasing
pulmonary pressure and renal function during sepsis. Despite the affects of aprotinin on the
vasculature during septic shock, aprotinin has shown some adverse effects including
inadequate coagulation and allergic reactions[115,116]. Due to the relatively low therapeutic
index of recombinant human activated protein-C and the risk of adverse events with the use
of aprotinin, additional treatments targeting both the inflammatory and coagulation systems
should be investigated. For this reason, plasma kallikrein is a potential target for the
treatment of sepsis and may add some benefit, as activated PK is the primary cause for the
liberation of BK and has been shown to be an activator of the contact system.

Inflammation

The activation of the KKS results in the release of vasoactive bradykinin (BK), which
modulates vascular biology[117]. BK exerts various biological and physiological responses
such as vascular permeability elevation, smooth muscle contraction in the arteriole segment
of the blood circulatory system, modulation of kidney function, pain sensation and induction
of hypotension. BK causes vasodilatation by the stimulation of endothelial B2 receptors of
arteries and arterioles, with subsequent endothelial release of nitric oxide and
prostaglandins[117]. BK influences the kidneys to produce diuresis and natriuresis[118—
120]. The diuretic effect of the exogenous BK administered by the renal artery is by B2
receptors, whereas the BK—induced natriuresis and increase in renal blood flow are due to
both B1 and B2. Tissue injury, such as myocardial ischemia and inflammation, can cause the
expression of B1 receptors on their surfaces[121]. Tryptase causes vascular permeability
augmentation from Hageman (factor XII)-deficient plasma, whereas only 30% of this
activity is produced from PK-deficient plasma [Table 1] [122]. Interestingly, no increase in
vascular permeability occurred in kininogen-deficient plasma, suggesting the importance of
kininogen in inflammatory diseases. An issue of particular interest is the question regarding
the lack of complete abolishment of vascular permeability enhancement from PK-deficient
plasma. Possible explanations for this observation may be due to heterozygosity of the donor
cell genome or the presence of a tryptase-independent mechanism. Thus, the inhibitors of
plasma kallikrein and BK receptors might be useful as therapeutic agents.
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Allergic reactions

The effect of non-immune-mediated stimuli on several proinflammatory bioactive peptide
release such as histamine and Kinins are being revisited by researchers. The KKS plays roles
in allergy, inflammation, and renal medicine[123]. Although many substances can induce
allergic symptoms, dust mite is a major cause of in indoor allergies. Of interest, the
activation of the KKS by the house dust mite Dematophagoides farinae (Df) proteinase is
described[124]. It is demonstrated that Df proteinase can cause an increase in vascular
permeability by activating the kinin-generating cascade without the release of
histamine[124]. It suggests that Df proteinase-induced KKS activation contributes to kinin
production in allergic reaction. Bradykinin mediates inflammation in patients with asthma
due its bronchoconstrictor property. It has been demonstrated that inhaled BK causes the
induction of bronchoconstriction[125] with a concomitted reduction in exhaled nitric oxide
levels in asthmatic patients. Of note, angiotensin converting enzyme (ACE) expression is
reduced in the epithelium of asthmatic patients[126]. ACE inactivates a number of peptide
mediators, including BK. If ACE levels are down-regulated, BK levels are higher. The
reduced ACE activity amplifies and sustains a large flux of local BK accumulation arising
from the plasma KKS activation. A bradykinin B2 receptor antagonist (NPC 17731) blocked
the antigen-induced asthmatic response in the primate and guinea pigs [127,128]. Similarly,
a dose-dependent improvement in objective pulmonary function test occurred in adult
patients treated with icatibant (HOE140, a selective bradykinin B2 receptor antagonist)
[129]. Thus, the activation of KKS leading to increased BK formation is a physiological
response which becomes pathophysiological in patients with asthma and related pathological
conditions. For further details, see information about the physiology and molecular
pharmacology of the KKS in [130-133].

Systemic lupus erthematosus

Systemic lupus erthematosus, generally referred to as lupus, is a chronic autoimmune
disease in which the body’s antibodies attack one’s own tissues. Lupus attacks tissues such
as the skin, muscles, tendons and ligaments as well as the kidneys, heart, lungs and brain.
Lupus nephritis, inflammation of the kidney, occurs when antibodies and complement
components build up in the kidneys and cause inflammation. It often causes nephrotic
syndrome (excessive protein excretion) and may progress to renal failure, whereby nitrogen
waste products build up in the bloodstream[134]. Recent investigations have shown that
patients with systemic lupus erthematosus, presented with increased plasma concentrations
of kinin precursors and an increase in plasma kallikrein activity. There is additional evidence
which suggest lupus is associated with an increase risk of thrombosis brought on by higher
incidence of thrombophilic mutations such as factor V leiden and prothrombin
mutations[135]. For this reason, a plasma kallikrein inhibitor may offer an acute treatment
option in which inflammatory cytokines may be decreased through the actions of inhibiting
the KKS.

Hereditary angioedema

The above disease states all involve a hyperactivation of the inflammatory system in which
the inhibition of the KKS may have some acute therapeutic potential. Conversely, inhibition
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of the KKS, as a chronic treatment of certain thrombotic conditions, may not be optimal due
to the potential long term effects on the fibrinolytic system and vascular tone by BK. Over
the past few years companies have looked at plasma kallikrein inhibition for treatments
ranging from HAE to Pancreatitis. However, few to date have made it to market. In 2009
Ecallantide (DX-88), a recombinant inhibitor of PK for the treatment of severe acute
hereditary angioedema (HAE) attacks was recommended for approval [Table 2]. The product
was developed under a collaboration between Dyax and Genzyme. Dyax is also conducting
phase Il clinical trials for the reduction of peri-operative blood loss and the need for
transfusion in patients undergoing cardiopulmonary bypass in the course of coronary artery
bypass graft (CABG) surgery [Table 2] [136]. Even with the successful approval of
Ecallantide issues remain regarding anaphylactic reactions which may occur[137]. Most of
the plasma kallikrein inhibitors have been stopped either in the preclinical stage or the
biological stages for various reasons. Recently preclinical studies looking at small molecule
inhibitors of plasma kallikrein demonstrated good potency and selectivity in a preclinical
setting[138]. Preclinical studies looking at the effect of PKSI-527 have shown beneficial
effects in an LPS rat model of DIC [Table 2] [139]. Given the reported success of developing
such inhibitors, it would be interesting to see if there would be a beneficial clinical effect on
such conditions as sepsis, CPB and lupus.

Adult respiratory distress syndrome (ARDS)

Pregnancy

ARDS is a complex inflammatory response and is characterized by endothelial injury. The
activation of human plasma KKS in ARDS has been reported[140]. In these studies, the ratio
between functional plasma kallikrein and PK-kallikrein antigen as an index for PK
activation was examined. PK activation was significantly higher in patients with ARDS than
that of the healthy subjects, suggesting that plasma KKS contributes to the pathogensis of
ARDS[140]. Of interest, recent studies suggest that the degree of plasma KKS protein
activation and capillary leak occurring in patients with adult respiratory distress syndrome
(ARDS) is independent of the degree of factor VII-tissue factor activation and disseminated
intravascular coagulation[141,142]. The need for a more comprehensive understanding of
the mechanism of action of the KKS and the beneficial role of its inhibitors in ARDS is
required.

The activation of the plasma KKS in pregnancy has been reported[143]. It has been
suggested that the inhibition of KKS may be a risk factor for early gestation losses[144].
The plasma KKS may contribute to the pathogenesis of pregnancy-induced hypertension
(preeclampsia). Preeclampsia is a multifactorial and is a major cause of maternal and fetal
morbidity and mortality. Preeclampsia is associated with an imbalance of vasoconstrictor
and vasodilator molecules leading to a decrease in blood supply to the placenta.

Kininogen levels are significantly lower in chorion laeve, fetal placenta and maternal
placenta in woman with preeclampsia than those of tissues from normotensive pregnant
women[145]. The implications of this observation is that the activation of KKS may
contribute to the local production and over-consumption of kininogen, influencing the
pathogenesis of preeclampsia. While clinical management of preeclampsia does not
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currently include inhibitors of the KKS, we propose that KKS as a target for anti-
preeclampsia therapy whereby inhibitors of this system may benefit patients with
preeclampsia.

Angina pectoris
Intracoronary thrombus formation is critically important in unstable angina pectoris. Patients
with unstable angina pectoris have significant increase in the plasma KKS activity with a
concomitant increased BK generation, pointing toward a role for the plasma KKS in the
coronary events[146]. Further, no abnormalities in the plasma kallikrein inhibition or in the
antithrombin 111 levels is detected in patients with unstable angina pectoris[147]. Patients
with stable angina and postinfarction cardiosclerosis in conjunction with a low stress
tolerance had a marked increase in kinin levels during rationed exercise[148]. Plasma
kallikrein is also involved in induction of elastase release from neutrophils and conversion of
prourokinase to urokinase to initiate fibrinolysis[35,37,149,150]. Thus, the activation of
plasma KKS would influence both vascular tone and leukocyte function in patients with
recurrent angina.

Sickle cell nephropathy

The characteristic of sickle cell nephropathy is primarily associated with proteinuria, which
starts in childhood and may lead to end-stage kidney disease[151,152]. The KKS activation
occurs in association with both acute and chronic phases of cellular injury. The emerging
evidence indicates an important role for KKS in a wide variety of chronic renal diseases. Of
interest, both plasma and renal KKS are not activated in patients with polycystic kidney
disease[153]. Glomerular hyperperfusion and hypertrophy leads to a chronic sickle cell
nephropathy. ACE inhibitors slow down the progression of renal failure in sickle cell
nephropathy, suggesting that glomerular capillary hypertension may be a risk factor in sickle
cell nephropathy[154]. The upregulation of angiotensin type 1 (AT1) receptor expression has
been documented in obstructive uropathy, suggesting that the bradykinin receptor expression
level may be compromised[154]. Since the role of KKS in sickle cell nephropathy is
inconclusive, further investigations are required to assess its role in this human
pathophysiology.

Cardiac and vascular surgery

Another potential target involving the coagulation and inflammatory pathways is
cardiopulmonary bypass (CPB) surgery. This type of procedure has been shown to induce a
systemic inflammatory response characterized by pathological hypotension, disseminated
intravascular coagulation and edema primarily caused by BK enhanced microvascular
permeability and not histamine microvascular permeability. Additionally, inflammatory
cytokines and adhesion molecules are known to be elevated, as can be expected during such
a procedure. Investigations have revealed that an increase in BK liberation, brought on by
the activation of the KKS, may be a major contributor to the adverse events that can follow
CPB surgery[155]. The use of anticoagulants and anti-inflammatory drugs, such as heparin
and aprotinin, have been in use for years during CPB procedures to reduce capillary leakage,
preserve vascular resistance and improved myocardial recovery following ischemia[155].
This makes sense as aprotinin inhibits both plasma kallikrein and plasmin which are
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mediators of the proinflammatory system[155,156]. While aprotinin is used during these
surgical procedures, it exhibits the same limitations that it does in the treatment for sepsis. A
potent selective inhibitor of plasma kallikrein may have some utility in its ability to decrease
the liberation of BK while at the same time decreasing the activation of the contact system.
Indeed, plasma kallikrein inhibitors have been developed which suggest this would be a
viable alternative to the use of aprotinin.

Pulmonary embolism

Embolization of a deep venous thrombosis (DVT) to the pulmonary artery might be the
result of an increase in thrombolysis and/or the activation of the plasma KKS. Activation of
KKS leads to the generation of BK and tissue plasminogen activator (tPA), two factors
involved in promoting smooth blood flow through the arterial system. Investigations have
been performed to determine the activation of the plasma KKS in patients undergoing major
maxillofacial surgery and with some malignant disorders in order to identify the markers of
KKS in DVT [157]. The plasma levels of KKS were not significantly increased in the two
patient groups. However, tPA levels were significantly higher in the group of malignant
patients on the first postoperative day, suggesting the activation of the KKS [Fig. (1)]. The
inhibitor of plasma kallikrein might benefit tumor patients. Of interest, large-dose aprotinin
(a kallikrein inhibitor) is effective in reducing blood loss in major orthopedic surgery[158].

Hemodialysis

Several independent clinical investigators have described the activation of the coagulation,
plasma kallikrein and complement pathways during clinical hemodialysis during the past
three decades[159-161]. Anaphylactoid reactions due to the activation of the KKS leading to
BK generation in patients on angiotensin converting enzyme inhibitor (ACEI) therapy and
hemodialysis with negatively charged dialysis membranes have been reported[161,162]. The
stimulation of the KKS has been attributed to a decrease in alpha 1-proteinase inhibitor and
alpha 2-macroglobulin levels in patients with chronic kidney insufficiency maintained on
hemodialysis[159]. These studies suggest that KKS plays a role in the pathophysiological
process and inhibitors of the biological effects of BK may contribute to the diminishing
burden of hemodialysis.

Angiotensin converting enzyme inhibitor therapy

Plasma KKS counteracts the activity of the renin-angiotensin system. The renin-angiotensin-
aldosterone system (RAAS) regulates blood pressure and water and electrolyte balance [Fig.
(1)][163,164]. Angiotensin converting enzyme (ACE) metabolizes angiotensin | into
angiotensin Il (Ang I1). Ang Il stimulates migration and proliferation of vascular smooth
muscle cells, cell adhesion and inhibition of macrophage-foam cell formation[164-167].
Ang Il elevates blood pressure by binding and activating the angiotensin receptor Type 1
(ATq). Ang Il is known to induce plasminogen activator inhibitor-1 (PAI-1, a potent inhibitor
of tPA) gene expression in astroglial cells in the rat brain [Fig. (1)][168,169]. Ang Il
infusion elevates plasma PAI-1 and PAI-1 mRNA [170,171]. Ang Il also triggers tissue
factor production at the vascular level[172,173].
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KKS modulates the activity of RAAS at several levels. Both gene targeting experiments in
mice and computer simulation also point to the importance of interaction between KKS and
RAAS[174]. ACE metabolizes BK, a major end-product of the KKS. Kallikrein converts
prorenin to renin. PRCP (a PK activator), like angiotensin converting enzyme 2 (ACE2),
metabolize Ang Il (a vasoconstrictor, a prothrombotic risk factor) to angiotensin 1-7 (a
vasodilator, an antithrombotic factor). Since ACE2 null mice do not exhibit elevated blood
pressure compared to control littermates, PRCP may play a critical role in the control of
normal vascular physiology. PRCP also converts angiotensin 11l to angiotensin 2—7. RAAS
is considered to have a major role in promoting angiogenesis[175]. Since cleaved HK (HKa)
is an antiangiogenic peptide, it is reasonable to suggest that HKa also modulates Ang 11—
induced neovascularization. Therefore, products of the KKS would influence the functions
of RAAS.

Pemphigus Foliaceus

Pemphigus Foliaceus (PF) is normally a benign variety of pemphigus, an autoimmune
blistering disease of both the skin and mucous membranes. The activation of both the
intrinsic and extrinsic pathways of blood coagulation by PF has been examined. The
expression of tissue factor and thrombomodulin on keratinocytes shielding with PF were
found to be upregulated, indicating the activation of coagulation and sign of ongoing
thrombosis [176]. The association of PF with HK levels and plasma kallikrein levels has
been examined [177]. These studies demonstrated a reduction in HK levels but an increase
in plasma kallikrein level in PF patients, indicating the activation of plasma KKS. However,
an increased incidence in microthrombi generation or hypercoagulation in patients with PF
does not appear to be a risk factor.

Emerging areas: more challenges

The complexity surrounding the kallikrein kinin system and its involvement in disease states
is apparent. The difficulty is in determining whether the KKS provides a prothrombotic or an
antithrombotic state. This will depend on understanding each disease state and at which
stage the disease is in at the time of treatment. One can postulate that giving a plasma
kallikrein inhibitor at the early stages of sepsis may not have the same effect as if it is given
during the later stages, such as during septic shock. When considering plasma kallikrein
inhibition, it is important to consider the major contributor factors (inflammation vs
hemostasis), secondary contributing factors (coagulation/fibrinolysis), at what stage or time
during the condition is plasma kallikrein most beneficial, and the time required for
effectiveness. In using sepsis as an example, some considerations should be: When does the
up-regulation of BK and its receptor B1 occur during this disease? Does the fibrinolytic
process associated with plasma Kkallikrein and the contact play a significant role? How long
would the inhibitor need to be on board and what risk is associated with the duration?
Looking at plasma kallikrein inhibitors in this fashion highlights the possible therapeutic
benefits, primarily in acute high inflammatory associated disease states.
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Figure 1.
classical coagulation cascade. The blood coagulation cascade consists of an extrinsic and

intrinsic pathway. Both pathways results in activation of factor X, which subsequently
converts prothrombin to thrombin. The coagulation cascade is a starting point for both the
kallikrein-kinin system (KKS) and the complement system. Activation is indicated by solid
arrows and inhibition by dotted arrows.
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Figure 2.
Amplification loops. The amplification loops associated with the coagulation cascade. The

contact and intrinsic pathways make up the main amplification loops in the coagulation
cascade. Activation is indicated by (+) and inhibition by (-).
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