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ABSTRACT

The physiologically most important activator of intravascular fibrinolysis is tissue-type plasminogen activator
(t-PA). The endothelium synthesizes and stores t-PA and regulated release of the enzyme is an important local
protective response to prevent thrombus extension. Previous work by our group has shown that both patients
with primary and secondary hypertension have a reduced capacity to release t-PA upon stimulation, a defect
that is likely to contribute to the enhanced risk for arterial occlusion and tissue infarction in these subjects. The
mechanism of this impairment is unclear although our experimental studies have indicated that it could be a
direct effect of the elevated blood pressure.

In order to investigate if the impairment could be reversed by lowering the blood pressure, we used the
perfused-forearm model to examine hypertensive subjects for stimulated t-PA release before and after anti-
hypertensive treatment. The findings show that the capacity for stimulated t-PA release can be significantly
improved by blood pressure lowering. Treatment increased the amount of t-PA released and also improved the
rapidity of the response. The changes were of similar magnitude regardless of treatment with the angiotensin
converting enzyme inhibitor lisinopril or the calcium antagonist felodipine, suggesting that the improvement
was related to the blood pressure effect per se.

To examine the underlying mechanism of blood pressure-induced suppression of t-PA, we explored the poten-
tial involvement of the two main haemodynamic forces tensile stress and shear stress. Using in vitro biome-
chanical experimental models and cultured endothelial cells we observed suppressed t-PA gene expression and
protein secretion in response to prolonged cyclic strain stimulation and a magnitude dependent suppression of
t-PA transcript with prolonged laminar shear stress. Moreover, all reductions of t-PA were consistently followed
by inductions of the main inhibitor of t-PA, plasminogen activator inhibitor type 1 (PAI-1).

Further, as hypertension is often associated with a low-grade inflammation, we investigated the impact of the
prototypic proinflammatory cytokine tumor necrosis factor-o. (TNF-a) on t-PA expression. Prolonged stimula-
tion of cultured endothelial cells was observed to suppress t-PA gene and protein expression. Mechanistic ex-
periments with pharmacologic inhibitors showed that the inhibitory effect was nuclear factor-kB (NF-kB) and
p38 mitogen-activated protein kinase (p38 MAPK) dependent and indicated that potential effector molecules
might be the transcription factors NF-kB and CREB interacting with the t-PA B and CRE promoter elements,
respectively.

In conclusion, these findings show that the impaired capacity to release t-PA in hypertensive subjects is directly
related to the elevated blood pressure. Data from experimental studies indicate that this impaired fibrinolytic

response could be an effect of an enhanced tensile, shear and inflammatory stress acting on the endothelium.

Key words: tissue-type plasminogen activator, endothelium, fibrinolysis, hypertension, shear stress, strain,
antihypertensive agents, inflammation, TNF-o,, NF-xB, MAPK
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INTRODUCTION

Cardiovascular diseases, such as myocardial infarction and ischemic stroke, are cur-
rently the leading cause of death and illness in developed countries, and acute vascular
syndromes are becoming a major concern worldwide [1]. Myocardial infarctions and
a substantial part of ischemic strokes are caused by activation of intravascular clotting
mechanisms that, when unopposed, rapidly can progress into the formation of an oc-
cluding arterial thrombus. To protect against this, the vascular endothelium of healthy
individuals has the capacity to activate an acute fibrinolytic response if intravascular
clotting should occur. In vivo studies from our group have shown that the major deter-
minant of the local fibrinolytic response is the capacity of the endothelium to release
the key fibrinolytic enzyme tissue-type plasminogen activator (t-PA) [2]. This indi-
cates that in case of an imbalanced endogenous fibrinolysis, due to a reduced capacity
for t-PA release, intravascular thrombus formation may propagate, ultimately leading
to arterial occlusion and tissue infarction. In experimental studies, our group has pre-
viously observed a suppressed endothelial expression of t-PA when the blood vessel
wall was exposed to increased intraluminal pressure [3]. It was hypothesized that
this could be a mechanism for the increased incidence of atherothrombosis in human
hypertension, a hypothesis that was supported by studies showing that both patients
with essential hypertension [4] and chronic renal failure with hypertension [5] had an
impaired capacity for acute t-PA release upon stimulation. Against this background,
this thesis focuses on the underlying mechanisms of the impaired t-PA response in
hypertensive subjects, with attention being paid to the influence of haemodynamic
and inflammatory stress.

The vascular endothelium

The luminal side of all blood vessels is lined with a multifunctional monolayer of
cells, the vascular endothelium, which may be regarded as an organ dispersed over the
entire body [6]. The total surface area of the endothelium has been reported to vary
between 350 and 1000 m? and with a weight of 0.1 and 1.5 kg [6-8]. The endothelium
occupies a strategic position between the nutritive blood flow and the metabolically
demanding tissue. Also, the endothelium senses mechanical, chemical, and humoral
stimuli, and responds by synthesis and release of a wide range of biologically active
mediators. Thus, it regulates vascular tone by release of vasoactive substances such
as nitric oxide (NO), prostacyclin (PGI,), and endothelin-1 (ET-1), some of which
also possess antithrombotic properties (NO, PGI,). Furthermore, the endothelium
has a pivotal role in maintenance of blood fluidity by expressing antithrombotic and
fibrinolytic properties. Surface-expressed compounds like tissue-factor pathway in-
hibitor (TFPI), thrombomodulin, heparan sulfate, ecto-ADPase, and protein S have
antithrombotic and anticoagulating properties. The fibrinolytic functions include the
release of t-PA, enabling initiation of fibrinolysis, while endothelial receptors for plas-
minogen and plasminogen activators further enhance that process. Stimulation of the
endothelium by products involved in the intravascular clotting process induces a regu-
lated secretion of t-PA [9, 10] and TFPI [11], together with release of vasorelaxing and
anti-aggregatory mediators such as NO [12] and vasoactive eicosanoids [13].
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The fibrinolytic system

The endogenous fibrinolytic system protects the circulation from intravascular fibrin
formation and thrombosis, thereby acting as a counter-regulatory mechanism to the
coagulation cascade. This is illustrated by the observation that in about 30% of events
with acute myocardial or cerebral infarction the infarct-related artery spontanously
reperfuses [14, 15]. The fibrinolytic system is regulated by circulating factors and
factors released from the vascular endothelium. Fibrin is degraded by the protease
plasmin, which in turn requires plasminogen activators for conversion from the pro-
enzyme plasminogen [16]. There are two immunological distinct plasminogen activa-
tors; t-PA and urokinase-type plasminogen activator (u-PA) [16-18]. In the vascular
compartment, t-PA induced activation of plasminogen is the physiologically most im-
portant trigger of fibrinolysis [17, 19-21]. u-PA appears mainly to be involved in later
stages of fibrin dissolution and processes involving cell movement and tissue remod-
eling [21, 22]. The activity of the fibrinolytic enzymes is regulated by serine protease
inhibitors (serpins). The main inhibitor of plasmin is a,-antiplasmin, while plasmino-
gen activator inhibitor type-1 (PAI-1) is considered to be the physiologically most
important inhibitor of t-PA and u-PA in plasma [23-25]. Other circulating inhibitors
of plasminogen activators, such as Cl-inhibitor, a,-macroglobulin, and o,-antitrypsin
are probably of less importance under physiological conditions [26-28].
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Figure 1. The intravascular fibrinolytic system. t-PA converts the proenzyme plas-
minogen to plasmin, which in turn degrades the fibrin structure of a forming clot,
thereby aiding its dissolution. As substances formed during the clotting process
are potent triggers of t-PA release, this works as an important counter-regulatory
mechanism to prevent the formation of intraluminal thrombi and tissue ischemia.
PAI-1 is the main inhibitor of t-PA in the vascular compartment.

t-PA

The central role of t-PA in fibrinolysis

The crucial process in initiating an endogenous fibrinolytic response is the release of
t-PA from the vascular endothelium. In contrast to most other serine proteases, t-PA
is released as an active enzyme. The proteolytic activity of t-PA is greatly enhanced
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by fibrin [29, 30], and t-PA associated to fibrin is protected from complex formation
with inhibitors. In addition, t-PA already present during thrombus formation is much
more potent in inducing thrombus dissolution than when added later, i.e. to a manifest
thrombus [19, 20]. Thus, endogenous local release of t-PA is likely to be an important
defense mechanism against thrombosis and tissue ischemia.

The importance of t-PA release has been confirmed in studies on t-PA deficient mice
[31-33]. When thrombus formation was induced in the carotid artery by endothelial
injury, the rate of persistent occlusion was increased in t-PA deficient as compared to
wild-type mice [33]. In line with this, gene therapy that induced local overexpression
of t-PA, without systemic effects, prevented arterial thrombosis in an in vivo rabbit
model [34]. These observations also extend to the clinical setting in which recom-
binant t-PA is used in the treatment of myocardial infarction and ischemic stroke, a
therapy that results in clot dissolution and reduced mortality. Recently, the clinical
importance of a functional t-PA response was further confirmed, as subjects with a
low capacity for t-PA release, due to a polymorphism in t-PA gene, were found to have
a more than 3-fold adjusted increased risk for myocardial infarction [35].

Synthesis and secretion of t-PA

Endothelial cells synthesize and store t-PA, and are considered to be the main source
of circulating t-PA [36]. The serine protease enters the circulation in an active single-
chain form and the release follows both a constitutive and a regulated pathway [37,
38]. In constitutive secretion, the newly synthesized protein continously leaves the
Golgi apparatus in transport vesicles to fuse with the cell membrane. During regulated
release, large amounts of t-PA are released from an intracellular storage pool. /n vivo
and in vitro data show that the amount of t-PA released by both these pathways is
proportional to t-PA synthesis [10]. Synthesis of t-PA in cultured human endothelial
cells is enhanced by activators of protein kinase C (PKC; phorbol esters, thrombin,
and histamin), cAMP elevating agents in combination with ativators of PKC (e.g.
forskolin), retinoids, short-chain fatty acids (e.g. sodium butyrate), and triazolobenzo-
diazepines [39]. A decrease in t-PA synthesis has been observed with reactive oxygen
species [40], while the reported effects of cytokines and haemodynamic stress have
been somewhat conflicting.

Regulated release of t-PA

A key step in the endogenous fibrinolytic system is the immediate stimulated release
of active t-PA from specialized intracellular storage granules [9, 41]. This storage
pool enables release upon stimulation and a several-fold increase in secretion rate if
needed e.g. during thrombus formation. Many studies have focused on trying to elu-
cidate the mechanisms involved in triggering this release. However, both in vitro and
in vivo studies addressing this issue have proven to be difficult. /n vitro, endothelial
cells contain only small storage pools of t-PA [42] which, along with the unfavorable
surface-volume ratios that are generated in vitro, means that specially adapted tech-
niques are required to detect the very low t-PA concentrations (picograms) produced
by acute release from endothelial cells in culture. The use of in vivo models for studies
of regulated t-PA release is therefore preferable, but appropriate human experimental
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approaches have been lacking. Therefore, in 1994 our group established a regional in
vivo model, the perfused-forearm model, which allows direct measurement of local
endothelial t-PA release rates without the confunding effect of liver clearance or inhi-
bition [43, 44]. Regulated release of t-PA can be induced by a number of substances
with the common denominator that they activate endothelial G-protein coupled cell
surface receptors resulting in enhanced cytoplasmic Ca?* [45]. Most importantly, sev-
eral products formed during the process of thrombus formation, i.e. thrombin, brady-
kinin, factor X,, and platelet activating factor (PAF) are potent activators of this re-
sponse [9, 10, 46]. The same holds true for metabolites of tissue ischemia [47], mental
stress [44] and sympathoadrenal activation [48]. Regulated release of t-PA can also
be induced by a variety of endogenous and exogenous endothelial receptor agonists,
including e.g. norephinephrine [43], methacoline [43], substance P [49], bradykinin
[50], and desmopressine [51].

Plasma levels of t-PA

Prospective studies consistently show that an elevated systemic plasma level of t-PA
antigen predicts both myocardial infarction and ischemic stroke [52-55]. This may
seem paradoxical, given the thromboprotective role of t-PA. However, as stated be-
fore, it is the capacity for regulated t-PA release that is the crucial mechanism in
determining the endogenous fibrinolytic response [2]. Measurements of plasma t-PA
antigen reflects the sum of the different molecular forms of t-PA, i.e. t-PA in complex
with inhibitors, mainly PAI-1, and uncomplexed, active t-PA [56-59]. In plasma, the
complex-bound and thereby biologically inactive form of t-PA represents the vast ma-
jority of total t-PA antigen, whereas only approximately 20% circulates in its free and
active form [56-58]. Furthermore, the half-life of t-PA in plasma is short, only 3-5 min
[60], and it is cleared from the circulation by receptor-dependent mechanisms in the
liver [61]. The clearance of t-PA is dependent on liver blood flow and on how much of
it is complex-bound to PAI-1, since active t-PA is cleared more rapidly than the t-PA
that is bound to PAI-1 [60]. It follows that an increased plasma concentration of PAI-
1 will be paralleled by an increased plasma concentration of t-PA antigen despite an
unchanged endothelial secretion rate, thus indicating a reduced rather than enhanced
local fibrinolytic capacity. In line with this, plasma t-PA antigen shows a negative cor-
relation to plasma t-PA activity [62]. Thus, the systemic plasma level of t-PA antigen
does not reflect the endothelial secretion rate of the protein.

Regulation of t-PA gene expression

The human gene coding for t-PA is localized on chromosome 8 [63, 64]. It consists of
14 exons coding for 527-530 amino acids of the mature 65-75 kD protein [36, 65, 66].
Several studies have shown that t-PA synthesis is principally regulated at the level of
transcription [39, 67]. The transcription is mainly mediated by a TATA less promoter
[68], although earlier studies reported on a TATA dependent initiation site 110 bp
upstream of this site [65, 66]. However, in all cell types tested, the TATA independent
initiation site is the predominant one, with an approximately ten-fold higher transcrip-
tion rate in endothelial cells as compared to the TATA dependent counterpart [68, 69].
Positions in the t-PA gene in this thesis are therefore numbered relative to the TATA
less site.
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Several cis-acting elements have been identified both within the proximal t-PA pro-
moter and at far upstream locations, thereby highlighting the complex nature of the
transcriptional regulation of the t-PA gene. TATA less promoters depend on the tran-
scription factor specificity protein 1 (Sp1l) for the recruitment of the transcription ini-
tiation complex. In line with this, several potential Spl binding motifs have been
identified in the proximal t-PA promoter (GC box I, II, III). Of these, GC box II (bp
-71 to -65) and III (bp -48 to -42) have been shown to bind Sp1 [69, 70], and a strict
correlation between the binding of nuclear proteins to GC box III and t-PA expression
has been reported for several cell types. In addition to GC box 111, a cyclic adenosine
monophosphate (cAMP) response element (CRE)-like site (bp -223 to -216) has been
shown to be essential for both basal and inducible transactivation of the t-PA promoter
in endothelial cells [69]. This DNA element, also referred to as a phorbol 12-myristate
13-acetate (PMA) responsive element (TRE) [70], provides a binding site for tran-
scription factors belonging to the activator protein-1 (AP-1) and CRE binding protein
(CREB)/activating transcription factor (ATF) families, but cell type specific binding
variations for the individual components have been described [69-71]. Moreover, a
consensus site for the family of CCAAT-binding transcription factors (CTF; also de-
noted nuclear factor 1, NF1) has been identified (bp -202 to -188) [70].

Besides the described elements of the proximal t-PA promoter, cis-acting elements
located further upstream have been characterized. These include a functional kB ele-
ment, which was recently found in the t-PA gene of human neuronal cells (bp -3081
to -3072) [72], and a potential shear stress responsive element (SSRE; bp -1060 to
-1055) [73]. The t-PA gene is also under control of a well-characterized multihor-
mone responsive enhancer located 7.1 to 8.0 kb upstream of the transcription start
site [74].

PAI-1

PAI-1 is a 50 kD serpin, consisting of 379 aminoacids. PAI-1 is synthesized and se-
creted as an active inhibitor, but is spontanously converted into a latent, non-inhibi-
tory form [36]. Binding to vitronectin stabilizes the active form, and the fraction of
active PAI-1 in plasma has been reported to vary between 20 and 90 percent [75-77].
The interreaction between t-PA and PAI-1 is rapid, with a second order rate constant
of approximately 107 M-! s! [24] and there is a several molar excess of PAI-1 over
t-PA in plasma [78]. The cellular origin of circulating PAI-1 is uncertain, but in vi-
tro PAI-1 can be synthesized by a variety of cell types, including endothelial cells,
smooth muscle cells, macrophages, hepatocytes, adipocytes and platelets. Although
about 90% of circulating PAI-1 is found in platelets, platelet PAI-1 is not considered
to contribute to plasma PAI-1 [75], but may play an important role during a throm-
botic event [79]. In contrast to t-PA, PAI-1 is not stored in endothelial cells and con-
sequently there is no regulated release of PAI-1 from the endothelium. A number of
factors including lipoproteins, glucose, cytokines, thrombin, growth factors, insulin
and other hormones have been found to regulate the expression of PAI-1 [80]. In vivo,
elevated plasma levels of PAI-1 is a common feature of the insulin resistance syn-
drome, and show correlations with e.g. obesisty, hyperlipidemia, hyperinsulinemia,
and hypertension [81, 82].
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Impaired fibrinolytic response

As stated before, our group has previously reported on a reduced capacity for acute
t-PA release in hypertensive subjects [4, 5]. The underlying mechanism of this impair-
ment is unclear, but studies from our laboratory indicate that at least a part of the de-
fective response could be explained by an increased pressure load on the endothelium
[3]. Thus, it is likely that the impaired t-PA release is correlated to a disturbed haemo-
dynamic milieu in the vessel. Other factors potentially contributing to a defect t-PA
response might be inflammatory molecules. Several proatherothrombotic conditions
are associated with a low-grade inflammation and increased circulating levels of pro-
inflammatory cytokines are frequently observed in patients with e.g. atherosclerosis,
obesity, diabetes, and hypertension [83].

Haemodynamic forces

Due to its position in the vasculature, the endothelium is a target for biomechanical
forces imposed on the vessel wall by intraluminal pressure and the friction of flowing
blood. The haemodynamic forces acting on the vessel wall can be described by two
major components: a) tensile stress, which is created by the blood pressure and is the
elongation the cell undergoes from the rhytmic distension of the vessel and b) shear
stress, which is the frictional force imposed on the endothelial cell surface by the
flowing blood [84, 85] (Figure 2).

Endothelial
nRP cells 4uQ
C = — T = —mMm8 —
w nR3
Tensile stress Shear stress

Figure 2. Haemodynamic forces acting on the blood vessel wall.
The tensile stress (o) is generated by the blood pressure, has a cir-
cumferential distribution, and affects all constituents of the vessel
wall. It is proportional to the transmural pressure (P) and radius (R)
and inversely proportional to the vessel wall thickness (w). Fluid
shear stress (1) is a frictional force exerted by the blood flow and it
acts exclusively on the endothelium. It is proportional to the blood
flow (Q) and viscosity of the blood (u) and inversely proportional to
the third power of the radius.
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In vivo observations suggest that haemodynamic forces can alter vascular structure
and function. This capacity is illustrated for instance by atherosclerotic lesions, which
preferentially localize close to vascular branch points and bifurcations, where the flow
profile is nonuniform and disturbed [86, 87]. Another example is provided by remod-
eling processes, which are induced by altered mechanical forces and aim to restore
basal levels of tensile stress and shear stress [88, 89]. Acute changes in stretch or shear
stress correlate with transient adjustments in vessel diameter, mediated through the
release of vasoactive agonists or change in myogenic tone, while chronic alterations
usually instigate important adaptive alterations of vessel wall shape and composition.
Shear stress varies in the vascular tree from a few dyn/cm? in veins to 2-40 dyn/cm?
(locally up to 100 dyn/cm?) in arteries [6, 84, 90, 91]. Typically, shear stress in the
arterial network is actively regulated at a constant level of approximately 15 dyn/cm?
[84, 85, 92]. Tensile stress, or strain, is in large arteries reported to range from 2 to
18% during the normal cardiac cycle [93].

Mechanical forces can initiate complex signal transduction cascades leading to func-
tional changes within the cell, often triggered by activation of integrins, but also by
stimulation of other structures such as G-protein receptors, tyrosine kinase receptors,
ion channels or junction proteins [94-96]. The stimulated mechanosensors activate a
complex array of second messengers, including PKC, phosphatidylinositol 3-kinase/
Akt, focal adhesion kinase and mitogen-activated protein kinases (MAPK), which
transduce the signals to the nucleus and activate transcription factors [94-96]. The
MAPK cascade is an important pathway whereby signals originating from mechanical
forces can lead to gene expression and protein synthesis [97]. This pathway implicates
the sequential phosphorylation and activation of cytoplasmic protein kinases MEKK,
MEK, and finally MAPK. The MAPK cascade comprises in reality several different
pathways; the c-jun N-terminal kinase (JNK), the p38 MAPK, the extracellular sig-
nal-regulated kinase 1/2 (ERK1/2) and the big MAPK-1 (BMK-1/ERKS) pathways
[98], which are triggered in response to various stimuli and initiate distinct cellular
responses. Generally, JNK and p38 MAPK play important roles in inflammatory and
stress responses, while ERK1/2 and BMK-1 are primarily involved in growth and
cytoprotective functions [99].

Shear stress and mechanical strain share many signaling pathways by which they
mediate their effects, although differences exist, e.g. the time course of the responses.
The same holds true for transcription factors activated by the two mechanical forces.
AP-1, CREB, nuclear factor (NF)-kB, Spl and early growth response (Egr)-1 are all
activated in response to both shear and tensile stress [100-105], several of which are
also downstream effector molecules of the MAPK cascades.

The influence of biomechanical forces on regulation of endothelial function has been
extensively studied in different in vitro experimental setups. However, not many re-
ports have dealt with t-PA and the scarce amount of data on this topic have shown
somewhat inconsistent results. Moreover, few studies have covered both short and
long-term effects, and little attention has been devoted to the regulation of t-PA gene
expression. Regarding strain, t-PA secretion has both been reported to be enhanced
[106] and unaffected by this stimuli [107, 108]. A single study has reported on t-PA
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mRNA, presenting a stimulatory effect of strain [109]. Available literature on shear
regulation of t-PA have reported enhanced protein secretion and gene expression fol-
lowing stimulation with physiological levels of laminar shear stress [110-114].

Inflammation

Inflammatory mechanisms shift the haemostatic balance to favour the activation of
coagulation and, in the extremes, either disseminated intravascular coagulation or
thrombosis. Inflammatory mediators can elevate platelet count, platelet reactivity,
downregulate natural anticoagulants mechanisms, initiate the coagulation system, fa-
cilitate propagation of the coagulant response and impair fibrinolysis [115]. Increased
levels of the inflammatory marker C-reactive protein (CRP) are predictive of myo-
cardial infarction and stroke [83], and more specifically, patients with chronic in-
flammatory diseases such as rheumatoid arthritis and systemic lupus erythematosus
have an increased risk of developing these disorders [116, 117]. The observation that
inhibition of tumor necrosis factor (TNF)-a reduces the incidence of cardiovascular
events [118], suggests that the effect is at least partly mediated by proinflammatory
cytokines. TNF-a is the prototypic proinflammatory cytokine and acts as one of the
most important promoters of inflammation. It is principally derived from mononuclear
phagocytes and endothelial cells are a major cellular target of its actions [119]. Expo-
sure of endothelial cells to TNF-a results in activation of three major proinflamma-
tory signaling pathways; the NF-kB pathway, the p38 MAPK pathway, and the INK
pathway [120, 121]. These signaling cascades interact through a complex network,
which mediate gene regulatory effects primarily by activation of the two transcription
factors NF-xB and AP-1 [121, 122].

In resting cells NF-kB is retained in the cytoplasm because of its association with
inhibitor proteins (IxBs). Binding of TNF-a to its receptors results in phosphory-
lation of IxB by the IxB kinase (IKK) complex, which target the protein for rapid
ubiquitination and degradation [120]. Degradation of IkB unmaskes a nuclear local-
ization sequence of NF-kB making it free to translocate to the nucleus and regulate
transcription. Once in the nucleus the NF-kB transcriptional activity can be modu-
lated further through phosphorylation by various protein kinases. In endothelial cells,
TNF-a induced NF-kB is formed of homo- or heterodimers involving p50, p65 and
c-Rel subunits [120]. AP-1, on the other hand, is a heterogenous collection of dimeric
transcription factors comprising Jun, Fos and ATF subunits [123], and is in response
to TNF-a an outcome of preferentially JNK and p38 MAPK signaling [122, 124].

Proinflammatory cytokines, like TNF-a and interleukin (IL)-1, have been reported
to suppress endothelial fibrinolytic activity, most evidently reflected by an elevated
expression of PAI-1 [125-128]. The literature is, however, somewhat conflicting re-
garding the effects of proinflammatory cytokines on the expression of t-PA, with most
in vitro data supporting a suppressive effect on t-PA expression [125, 127, 129], in
contrast to in vivo observations reporting stimulatory effects [130, 131].
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AIMS

Against this background the objective of the present work was:

- to investigate if the impaired fibrinolytic capacity observed in hypertensive
patients could be reversed by antihypertensive therapy (Paper I).

- to test the hypothesis that the same impairment could be due to an enhanced
tensile stress (Paper II) and/or an enhanced shear stress (Paper I11) acting on the
endothelium.

- to test the hypothesis that proinflammatory cytokines, like TNF-a, suppress
endothelial t-PA expression, and if so, to elucidate the underlying mechanisms
behind this response (Paper 1V).

19



MATERIAL AND METHODS

Subjects

Study I included 20 white subjects (age, 61 years; range, 39 to 75 years; 12 men and
8 women) with documented primary hypertension. All of the subjects were nonsmok-
ers without a history of diabetes mellitus or other major illness and were on no other
medication than antihypertensive drugs. All of the women were postmenopausal. Pa-
tients with secondary hypertension, blood lipid derangements or impaired glucose
tolerance were excluded. After study day 1, patients were randomized to open treat-
ment with either the angiotensin-converting enzyme (ACE) inhibitor lisinopril or the
calcium channel blocker felodipine. The patients in the lisinopril group had, on the
average, a longer duration of hypertension of 15 years compared with 5 years in the
felodipine group. The severity of hypertension was similar in the 2 groups, with 3 and
2 patients, respectively, on dual therapy on enrollment in the felodipine and lisinopril
group. Three subjects in the felodipine group and 1 subject in the lisinopril group were
previously untreated. The remaining patients were on monotherapy. In the felodipine
group, 3 patients had been treated previously by ACE-inhibitors and 2 patients by
calcium channel blockers. In the lisinopril group, 5 patients previously had an ACE
inhibitor, and 2 had a calcium channel blocker. A smaller number of subjects in both
groups were treated with 3 blockers, angiotensin II receptor blockers, and diuretics.

Table 1. Baseline characteristics of patients in Study I.

Parameter Felodipine group  Lisinopril group p value
Age,y 62.4 (2.0) 60.5 (3.5) n.s.
Sex (male/female) 6/4 6/4

Body mass index, kg/m’ 25.7 (0.9) 26.4 (0.9) n.s.
Waist/hip ratio 0.91 (0.02) 0.92 (0.2) n.s.
Total cholesterol, mmol/L 5.2 (0.3) 5.6 (0.1) n.s.
Triglycerides, mmol/L 1.4 (0.1) 1.5(0.1) n.s.
Plasma glucose, mmol/L 5.5(0.2) 5.5 (0.1) n.s.
Plasma insulin, mU/L 8.3 (1.3) 8.5(1.4) n.s.

Data are mean and SEM. n.s. indicates not significant.

Cell culture

The experiments presented in Study II-IV were carried out on cultured human aor-
tic endothelial cells (HAEC) and human umbilical vein endothelial cells (HUVEC).
HAECs were purchased from Clonetics, while HUVECs were isolated from fresh
umbilical cords obtained from normal deliveries at the maternity ward of the hospital.
HUVECs were prepared by collagenase digestion according to the method of Jaffe
et al. [132]. In brief, the umbilical vein was catheterized under sterile conditions and
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the blood was removed by infusion of warm phosphate buffer saline (PBS). Endothe-
lial cells were explanted by incubation with 0.1% collagenase following gentle ma-
nipulation of the umbilical cord. Isolated cells were maintained in EGM-2 complete
culture medium, consisting of EBM-2 basal medium (Clonetics) supplemented with
2% fetal bovine serum and growth factors (SingleQuots® kit; Clonetics) in plastic
culture flasks at 37°C in a humidified 5% CO, incubator. The medium was replaced
every 2-3 days and sub-cultures were obtained by trypsin/EDTA treatment of conflu-
ent monolayers. HUVECs and HAECs were used in experiments at passage 1 and 4-6,
respectively.

Experimental design

Study |

Study I was designed to explore if the impaired fibrinolytic capacity in hypertensive
subjects could be restored by lowering the blood pressure. Studies began ~4 weeks
after cessation of antihypertensive treatment, and patients with blood pressure lev-
els >140 mm Hg systolic and 90 mm Hg diastolic were included. After a baseline
examination including 24 h blood pressure monitoring, patients went through an in-
vasive perfused-forearm study to determine the capacity for stimulated t-PA release
and endothelium-dependent vasodilation. Thereafter, patients were randomized to
open treatment with either lisinopril (Zestril) at 10 mg or felodipine (Plendil) at 5 mg
daily. The dosage was individually titrated to approach target levels of blood pressure
(130/85 mm Hg) or, if this was not achieved, to a maximal dose of lisinopril at 20 mg
x 2 or felodipine at 10 mg x 2 daily. After >8 weeks of treatment on target levels or
with maximal drug dose, a second perfused-forearm study was performed according
to an identical protocol as the first examination.

The perfused-forearm study

Local t-PA release rate was assessed by the perfused-forearm model [43, 47, 51]. The
subject attended the laboratory after an overnight fast. On the second experimental
day, the patients took their study medication in the morning. An 18-gauge arterial
polyethylene catheter was introduced percutaneously with modified Seldinger tech-
nique into the brachial artery of the nondominant arm. An indwelling cannula was
placed retrogradely into a deep ipsilateral antecubital vein. Intraarterial blood pressure
was recorded by an electrical transducer connected to an SC 9000 monitor (Siemens
Medical Systems Inc). After each venous blood sampling, forearm blood flow (FBF)
was assessed by venous occlusion plethysmography with a mercury-in-silastic strain
gauge. Means of 3 to 5 recordings were expressed in mL per min and volume of tis-
sue.

After cannulation of the artery, >45 minutes were allowed before baseline recordings
(15 min). Thereafter, substance P (CLINALFA) at 8 pmol/mL was infused for 20 min
into the brachial artery at a constant rate of 1 mL/min. Postinfusion recordings were
performed for 20 min. During preinfusion and postinfusion baseline periods, blood
samples were collected simultaneously from the brachial artery and vein. During sub-
stance P infusion, venous blood samples were obtained at 1.5, 3, 6, 9, 12, 15, and 18
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min. To avoid interruption of the infusion, arterial blood was obtained only at baseline
and at the end of the infusion and in-between values interpolated from these values.
Blood was collected in chilled tubes containing 0.1 vol of 0.45 mol/L sodium citrate
buffer (pH 4.3; Stabilyte, Biopool) for determination of fibrinolytic proteins. Plasma
was isolated by centrifugation and thereafter immediately frozen and stored at —70°C
until assay. Plasma concentrations of t-PA and PAI-1 antigen were determined with
ELISA, while active t-PA and PAI-1 were analyzed by biofunctional immunosorbent
assays.

Calculations

Net release or uptake rate of fibrinolytic factors was calculated according to the for-
mula:

Net release/uptake rate = (Cy-C,) x FPF

where Cy, denotes venous, and C, arterial plasma concentration. FBF was intercon-
verted to forearm plasma flow (FPF) by haematocrit. Total cumulative t-PA release in
response to substance P was estimated for each individual as area under the curve from
baseline until 20 minutes after terminating the infusion. Forearm vascular resistance
(FVR) was calculated as the ratio of mean arterial pressure to FBF and expressed in
arbitrary resistance units.

Study Il

This study was designed to evaluate the impact of tensile stress on regulation of the
fibrinolytic enzymes t-PA, u-PA and PAI-1. Cyclic strain experiments were performed
with a Flexercell Tension Plus FX-4000T system (Flexcell International Corporation)
equipped with a 25-mm BioFlex loading station designed to provide a well-defined
equibiaxial and circumferential strain across a membrane surface (Figure 3). BioFlex
loading station is composed of a single plate and six planar 25-mm cylinders per plate
centered beneath each well of the BioFlex plate, and the top surface is just below the
BioFlex membrane surface. Each BioFlex membrane is stretched over the post when
under vacuum pressure, creating a single-plane uniformly stretched circle. Both static
HAEC cultures and cells exposed to cyclic strain were seeded onto identical col-
lagen coated Bioflex plates to ensure standard culture conditions. Cells were grown
to confluence and medium (EGM-2) was exchanged in all plates prior to start of the
mechanical deformation experiments and thereafter every 24 h. Strain stimulation was
set to 10% stretch at 60 cycles/min (0.5 s elongation alternating with 0.5 s relaxation).
All cell batches were exposed to strain for 6, 24, 48 and 72 h and mechanically stimu-
lated cells were compared with static control cells from the same individual, within
the same experiment and from the same time-point. Real-time RT-PCR and ELISA
was used to evaluate effects on mRNA expression and protein secretion of t-PA, u-PA
and PAI-1.

Study Il

Study III was designed to investigate how, and by which mechanisms, shear stress
regulates t-PA gene expression. Flow studies were performed with the Streamer™
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Figure 3. Schematic of the strain and shear stress devices used in Study Il and
I, respectively. A. Sideview of BioFlex well in the strain device. The rubber
membrane is stretched over the loading post when under vaccum pressure.
Cells covering the loading post are exposed to equibiaxial and circumferen-
tial strain. B. BioFlex well viewed from above. C. Cross-section diagram of the
Streamer shear stress chamber. Cells on applied culture slides are exposed to
steady laminar shear stress by the recirculated medium.

shear stress device (Flexcell) (Figure 3). The device is a parallel-plate flow system
that enables stimulation of cultured cells with fluid-induced steady laminar shear
stress. Endothelial cells were seeded onto fibronectin coated (Roche Diagnostics) cul-
ture slides (Flexcell) and grown to confluence. On day of experiment culture slides
were mounted in two Streamer chambers for simultaneous stimulation with either
low (1.5 dyn/cm?) or high (25 dyn/cm?) laminar shear stress. Each Streamer chamber
was incorporated into a recirculating loop fed with perfusion medium (50% EGM-2,
50% M199, total 2% FBS) from a shared medium reservoir. Medium was driven by
peristaltic roller pumps and each loop included a pulse dampener to ensure steady
laminar flow. The various components were connected by silicone rubber tubing and
both systems were placed in a 37°C humidified 5% CO, incubator. Control slides with
static endothelial cells were placed in the same cell culture incubator. The experiments
in this study were performed on HUVECs and HAECs and lasted for up to 24 h. Influ-
ence of shear stress on t-PA and PAI-1 mRNA expression, activation of the NF-kB and
MAPK cascades, and nuclear protein interactions with gene regulatory elements in
the t-PA promoter were assessed by real-time RT-PCR, Western blotting and EMSA,
respectively.

Study IV

This study aimed at elucidating the underlying mechanisms of TNF-a regulated t-PA
gene expression. HUVECs were seeded in plastic culture plates or plastic culture flasks
and grown to confluence. On the day of experiment, cells were added fresh EGM-2
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culture medium with or without signaling pathway inhibitors. Cells were thereafter
placed in a cell culture incubator for 1 h before stimulation with 0.1-10 ng/ml of hu-
man recombinant TNF-a (Sigma-Aldrich) for up to 48 h. Inhibitors were present dur-
ing the whole experiments. Six uM parthenolide (Sigma-Aldrich) was used to inhibit
NF-kB signaling, 25 uM SB203580 (Biosource) to inhibit p38 MAPK, and 10 uM
SP600125 (Calbiochem) to inhibit JNK. Regulation of t-PA mRNA expression was
analyzed by real-time RT-PCR and interactions between nuclear proteins and regu-
latory elements in the t-PA promoter with EMSA. ELISA was used to confirm that
observed effects were relevant also on the level of t-PA secretion.

Analyzing techniques

Enzyme-linked immunosorbent assay (ELISA)

The plasma levels of t-PA and PAI-1 antigen (Study I), the concentration of t-PA, PAI-
1 and u-PA antigen in the cell culture medium (Study II and IV), and intra-cellular lev-
els of t-PA and u-PA antigen (Study II) were determined with ELISA (TintElize t-PA,
Biopool International; COALIZA PAI-1, Chromogenix and ZYMOTEST u-PA, Hae-
mochrom Diagnostica). The principle of these assays is that the samples, or a standard
containing human recombinant protein, are added to microtest wells that are coated
with anti-t-PA/PAI-1/u-PA IgG. After t-PA/PAI-1/u-PA has been allowed to bind to the
antibodies, peroxidase-labeled anti-t-PA/PAI-1/u-PA IgG is added. Wells are washed
to remove unbound antibodies and peroxidase substrate is added. Peroxidase then
converts the substrate to a yellow product that is directly proportional to the amount of
protein present in the sample. All samples were assayed in duplicate. Plasma t-PA and
PAI-1 activity (Study 1), i.e. the free, uncomplexed fraction of respective enzyme, was
measured by biofunctional immunosorbent assays (Chromolize t-PA and Chromol-
ize PAI-1, Biopool International) and expressed in ng/ml using the specific activity
of 0.60 and 0.75 IU/ng, respectively (data on file, Biopool International). Intraassay
variation coefficients were <5% for all assays.

Real-Time RT-PCR

Following experiments in which endothelial cells had been stimulated with strain,
shear stress or TNF-a (Study II-1V), total RNA was isolated using either Trizol (Invi-
trogen, Study II) or RNeasy Mini Kit (Qiagen, Study III and IV). Contaminations of
DNA were removed by treatment with DNase (Ambion or Qiagen, respectively). RNA
concentrations and purity were determined with absorbance measures at 260/280 nm
wavelength and RNA quality was controlled on 1% agarose gel. mRNA was con-
verted to cDNA with GeneAmp RNA PCR kit (Applied Biosystems).

Levels of t-PA, u-PA, PAI-1, VCAM-1, ICAM-1 and eNOS mRNA were analyzed
with real-time RT-PCR, performed on a ABI Prism 7700 Sequence Detection System
(Applied Biosystems), and normalized relative to the reference gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). GAPDH is a constititively expressed gene,
and thus works as an internal standard to correct for potential variation in RNA load-
ing, cDNA synthesis, or efficiency of PCR amplification. The principle of the assay
is that when a fluorescently labeled probe is hybridized to its target sequence during

24



PCR, the Taq polymerase cleaves the reporter dye from the non-extendable probe.
The reporter dye is then released to solution and the increase in dye emission is moni-
tored in real-time. The threshold cycle (Cy) is defined as the cycle number at which
the reporter fluorescence reaches a fixed threshold level. There is a linear relationship
between Cr and the log of initial target copy number as shown by Higuchi ez al. [133].
Relative quantification of gene expression was analyzed as a treatment-to-control ex-
pression ratio using the comparative C; method (User Bulletin #2, Applied Biosys-
tems). The relative expression value of the target gene is obtained by calculating the
difference in threshold cycles for a target and a reference gene in a treated sample, and
comparing it to that of a control sample.

Oligonucleotide primers and Tagman® probes for quantification of t-PA, PAI-1,
eNOS and GAPDH mRNA were designed from the GenBank database using Primer
Express version 1.5 (Applied Biosystems), whereas u-PA mRNA was quantified with
Tagman® Assays-by-Demand™ and VCAM-1 and ICAM-1 mRNA with Tagman®
Assays-by-Design™ (Applied Biosystems) (oligonucleotide sequences in Table 2).

Table 2. Primers and probes used in real-time
RT-PCR

Oligonucleotide

t-PA

FP: 5-GGC CTT GTC TCC TTT CTA TTC G-3’
RP: 5-AGC GGC TGG ATG GGT ACA G-3

PR: 5-TGA CAT GAG CCT CCT TCA GCC GCT-3'

PAI-1

FP:5-GGC TGA CTT CAC GAG TCT TTC A-3”
RP:5-TTC ACT TTC TGC AGC GCC T-3"

PR: 5-ACC AAG AGC CTC TCC ACG TCG CG-3°

VCAM-1

FP: 5'-GGA AGA AGC AGA AAG GAA GTG GAA T-3°
RP: 5'-GAC ACT CTC AGA AGG AAA AGC TGT A-3"
PR: 5'-CCA AGT TAC TCC AAA AGA C-3°

ICAM-1

FP: 5-CCA GGA GAC ACT GCA GAC A-3’
RP:5-TGG CTT CGT CAG AAT CAC GTT-3"
PR: 5-ACC ATC TACAGC TTT CC-3’

eNOS

FP: 5'-CGC AGC GCC GTG AAG-3’

RP: 5-ACC ACG TCA TAC TCA TCC ATA CAC-3’
PR: 5-CCT CGC TCA TGG GCA CGG TG-3’

GAPDH

FP:5-CCA CAT CGC TCA GAC ACC AT-3"

RP: 5-CCA GGC GCC CAA TAC G-3°

PR: 5-AAG GTG AAG GTC GGA GTC AAC GGATTT G-3°

u-PA
Sequences not provided by Applied Biosystems.
ID: Hs00170182_m1

Abbreviations: FP denotes forward primer, RP reverse primer
and PR probe.
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Primer pairs were selected so the amplicon spanned an exon junction to avoid am-
plification of genomic DNA. All probes were dual-labeled with 5 -reporter dye FAM
(6-carboxy-fluorescein) and 3 '-quencher dye TAMRA (6-carboxy-tetramethyl-rhoda-
mine). cDNA from 30 ng of total RNA, Tagman® Universal PCR Mastermix (Ap-
plied Biosystems), 10 pmol of each primer and 5 pmol probe (1.25 pL 20X Assays-
by-Demand or 0.42 pL 60X Assays-by-Design mix for u-PA, VCAM-1 and ICAM-1)
were mixed for each reaction in a final volume of 25 pL. Samples were amplified in
duplicate.

Western blotting

Effects of shear stress or TNF-a on the activation of the NF-kB, ERK1/2, p38 MAPK
and JNK pathways were evaluated by Western blotting (Study III and IV). Stimulated
HUVECs were harvested in Laemli sample buffer (Bio-Rad) with 5% B-merkaptoeth-
anol, sonicated and boiled before being applied to a 10% Tris-Glycine gel (Cambrex)
and electrophoresed in 1 X running buffer (Bio-Rad). Resolved proteins were trans-
ferred by blotting onto Hybond-P polyvinylidene fluoride membranes (Amersham
Biosciences) in transfer buffer (25 mmol/L Tris, 192 mmol/L glycine, 20% metha-
nol and 0.01% SDS). To minimize nonspecific binding, membranes were placed in
blocking solution (5% fat-free dried milk in tris-buffered saline with 0.05% Tween-20
(TBST)) for 1 h. Thereafter, membranes were incubated over night, 4°C, with pri-
mary antibodies (Cell Signaling) directed against the phosphorylated or total forms of
p65 (NF-«B subunit), ERK1/2, p38 MAPK and JNK, 1:1000 in TBST supplemented
with 5% bovine albumin, and thereafter with secondary antibody (anti-rabbit IgG,
horseradish peroxidase linked, 1:2000 in blocking solution for 1 h at room tempera-
ture. Proteins were visualized using SuperSignal Chemiluminescent Substrate (Pierce
Biotechnology).

Electrophoretic mobility shift assay (EMSA)

EMSA was used to detect interactions between nuclear proteins and gene regulatory
elements in the t-PA promoter (Study III and 1V). Five double-stranded oligomers,
each designed to contain a t-PA promoter specific element of interest, and consen-
sus oligonucleotides for NF-kB and AP-1 (Promega) were used as EMSA probes.
The t-PA specific elements were; the recently described functional kB element found
in the t-PA gene of human neuronal cells [72] (5"-agggccggggatteccagteta-37), the
t-PA cyclic adenosine monophosphate (cAMP) response element (CRE)-like site
[69] (5’-attcaatgacatcacggctgtg-37), the t-PA shear stress responsive element (SSRE)
[73] (5'-caaggtctggtctcagecagacat-37), and the t-PA GC boxes II and I1I [70] (5 -aca-
cagaaacccgcccagecgg-3” and 5'-accgaccccacceccetgectgg-3”, respectively). To identi-
fy specific proteins involved in DNA-binding, supershift experiments were performed
using antibodies (Santa Cruz) against HUVEC-expressed subunits of the NF-«xB com-
plex [121]; p50, p65 and c-Rel, and against HUVEC t-PACRE binding proteins [69];
CREB, ATF-2 and c-jun.

The preparation of nuclear extracts from HUVECs was performed as previously de-

scribed [134] and protein concentrations were quantified with a fluorometer (FLUO-
star Optima; BMG LabTechnologies) using Bio-Rad reagents. Labeling of the oligo-
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mers was carried out as described using T4 polynucleotide kinase and [y-3*P]ATP
[135]. Annealing was performed (excluded step for consensus oligonucleotides) by
adding a molar excess of the complementary strand to the kinase-treated, heat-inacti-
vated mixture, which was subsequently heated to 95°C, after which the samples were
left to anneal during the cooling-down process. Probes were gel-purified by electro-
phoresis through 12% native polyacrylamide gels, visualized by autoradiography, ex-
cised and eluted overnight at 37°C in buffer containing 0.5 M ammonium acetate and
1 mM EDTA. Supernatant solutions containing the labeled oligomer were precipitated
with ethanol in the presence of tRNA and resuspended in NaCl/Tris/EDTA bufter to
approximately 1000 cps/uL as described [71]. Binding reactions were carried out in
a volume of 10 pL containing 5 pg crude nuclear extract in 2 uL. Osborne bufter D
[134], 1 pg poly[d(I-C)] [polydeoxy(inosinate-cytidylate)], 3 pL SMK buffer (12 mM
spermidine, 12 mM MgCl,, and 200 mM KCl) and 3?P-labeled probe (4 puL; 100 cps
diluted in buffer D) as described (Study IV). The binding reactions were analyzed by
electrophoresis in a 5% native polyacrylamide gel, and visualized by autoradiogra-

phy.

Statistics

In Study I, between-treatment status comparisons of single variables were performed
by Student #-test. Responses to substance P were evaluated by 2-way (treatment/no
treatment and time) and 1-way (time) ANOVA for repeated measures. Between-drug
comparisons of responses were performed by 2-way ANOVA during treatment (drug
and time). Proportions of categorical data were compared by %2 test. The statistical
evaluation in Study II was performed using 2-way ANOVA. When ANOVA indicated
a significant treatment or treatment x time effect, responses at individual time points
were evaluated by contrast analysis. Paired Student #-test was used to evaluate statis-
tical differences in Study III and IV. Values are throughout each study presented as
mean and SEM. Findings were considered significant at p<0.05.
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RESULTS

Study |

Baseline characteristics

Baseline haemodynamic and fibrinolytic variables are shown in Table 3. After target
blood pressure levels were reached, the patients were treated on average for 10 and
9 weeks in the lisinopril and felodipine groups, respectively, before the second study
day was performed. Treatment lowered the intraarterial systolic and diastolic blood
pressure on the average from 165(3)/82(2) to 140(3)/71(1) mm Hg (p<0.01 through-
out). Changes in blood pressure were similar in the lisinopril and felodipine groups,
or 24/12 and 26/10 mm Hg, respectively. Baseline FBF and FVR were not affected by
treatment. Also, baseline concentrations of the fibrinolytic variables did not change
significantly in either group by treatment.

Table 3. Summary of baseline haemodynamic, inflammatoric, and fibrinolytic

variables

Parameter Untreated Treated p value
Systolic blood pressure,* 165.4 (3.0) 140.3 (3.4) <0.00001
mm Hg

Diastolic blood pressure,* 81.9 (1.5) 71.1(1.4) <0.00001
mm Hg

Mean arterial pressure,* 1156.3 (1.7) 98.7 (1.9) <0.00001
mm Hg

Forearm blood flow, mL/L 62.3 (7.2) 47.7 (4.8) n.s.
tissue

Forearm vascular resistance, 2.5(0.3) 2.6 (0.3) n.s.
arbitrary units

Plasma t-PA antigen, ng/ml 8.9 (0.5) 8.6 (0.6) n.s.
Plasma t-PA activity, IU/ml 0.66 (0.05) 0.68 (0.05) n.s.
Plasma PAI-1 antigen, ng/ml 31.1(3.2) 29.8 (6.2) n.s.
Plasma PAI-1 activity, lU/ml 6.1(1.1) 6.7 (2.5) n.s.
Hs-CRP, mg/L 3.6 (0.4) 2.7 (0.5) n.s.

Data are mean and SEM. n.s indicates not significant; Hs-CRP, high-sensitive C-reactive protein.
*Blood pressure was measured intraarterially at the beginning of the experiment.

Antihypertensive therapy restores impaired t-PA response

Substance P induced highly significant t-PA secretory responses of the forearm, both
when patients were untreated and when they were on active antihypertensive treatment
(ANOVA, p<0.0001). In line with the hypothesis, the t-PA antigen release response
was significantly greater on treatment (2-way ANOVA, p=0.0001) (Figure 4A). There
were no significant differences in the t-PA release responses between the treatment
groups (Figure 4B). The cumulated t-PA antigen release during substance P infusion
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Figure 4. Antihypertensive therapy restores impaired t-PA
response. Net forearm release rates of t-PA antigen during
baseline and in response to 20 min of intraarterial infusion of
substance P (8 pmol/min) (baseline measurements 15 min be-
fore and 20 min after the infusion) A. untreated compared to
treated hypertensive patients B. felodipine compared to lisino-
pril treated hypertensive patients.

increased from 3000 (655) to 4557 (701) ng/L tissue with treatment (p<0.05). The
release of active t-PA during the first 6 minutes of infusion was significantly improved
by treatment (2-way ANOVA, p=0.03).

The t-PA antigen release, which was in the order of 9.5 and 11.8 ng/min and L tissue
at baseline, increased significantly and peaked at 257 (58) and 445 (77) ng/min and L
tissue during the substance P infusion, in untreated and treated patients, respectively
(p<0.0001 for both). The peak t-PA release was significantly improved by treatment
and was of almost identical magnitude in the lisinopril and felodipine groups. On the
whole, substance P induced a 27- and 38-fold increase in t-PA release in untreated
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and treated patients, respectively (p<0.05 for change in fold increase). Antihyperten-
sive treatment also altered the temporal response pattern to stimulation (Figure 5).
When patients were untreated, one-third of the patients had a delayed onset of the
t-PA response; in 6 of 20 patients, the peak release rate occurred 9 minutes or later
after initiating substance P stimulation. The response pattern was normalized with
treatment, and on the second study day, all of the patients had the peak release rate
during the first 6 minutes of stimulation (x? test, p=0.008). Thus, treatment improved
the response pattern and shortened the average time to peak secretion from 6.7 (1.4)
to 2.7 (0.3) min (p=0.01).
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Figure 5. Antihypertensive treatment improves the time (in minutes)
to peak t-PA release. Black and grey bars represent untreated and
treated hypertensive patients, respectively. Left, the whole group;
middle, felodipine-treated group; and right, lisinopril-treated group.

S 3.5 7 B
< p= ns.
@ 3 O Untreated
% B Treated
:‘,z,' 2.5
7]
e
[ 2
s
3
Q 154
©
>
g 11
S
©
S 051
I

0

baseline | Substance P 8 pmol/min | baseline

Figure 6. Treatment does not affect vasodilator responses. Forearm
vascular resistance (arbitrary units) during baseline and in response
to 20 min of intraarterial infusion of substance P (8 pmol/min) in un-
treated and treated hypertensive patients (baseline measurements
15 min before and 20 min after the infusion).
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Treatment does not affect vasodilator responses

Substance P induced highly significant decreases in FVR and increases in FBF, both
when patients were untreated and on active treatment (ANOVA, p<0.0001 for all).
The responses of FVR (Figure 6) and FBF to substance P stimulation were of the same
magnitude on both treatment days.

Study Il

Cyclic strain suppresses expression of t-PA

Tensile stress was applied to cultured endothelial cells in order to outline the impact of
this particular haemodynamic force on regulation of fibrinolytic enzymes. In response
to cyclic strain, t-PA gene expression showed a biphasic temporal response pattern
with an early transient inductive response at 6 h, which switched to a suppression
during prolonged strain stimulation reaching a plateau phase at 48 and 72 h (ANOVA
treatment x time: p<0.001) (Figure 7). The transient increase in t-PA mRNA expres-
sion declined below baseline at 24 h and was significantly suppressed by 48 and 72 h
of cyclic strain stimulation. The reduction was approximately 30% in comparison to
static control cells (p<0.01). A similar pattern was observed for the t-PA secretion over
72 h, with the exception that the strain effect was more delayed (ANOVA treatment x
time: p<0.01). In parallel with t-PA mRNA data, the induction peaked at 6 h and there-
after succesively diminished by prolonged cyclic strain stimulation and from 48 to 72
h switched from an induction to a 12% reduction. Interestingly, strain was observed to
regulate gene expression of the other plasminogen activator, u-PA, in a similar mode.
The difference was that the strain mediated suppression of u-PA mRNA was present
first after 72 h of stimulation (-19%, p<0.01).
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Figure 7. Prolonged cyclic strain suppresses t-PA mRNA expression and pro-
tein secretion. HAECs were exposed to 10% cyclic strain for 6-72 h and ana-
lyzed by real-time RT-PCR and ELISA for alterations in t-PA gene and protein
expression, respectively. Results are expressed as fold change compared to
static control cells. n=4, *p<0.05, **p<0.01 and ***p<0.001.
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Cyclic strain induces expression of PAI-1

Analyses of PAI-1 gene expression in the same samples showed increased expres-
sion in strained HAECs at all time-points (ANOVA treatment: p<0.05) (Figure 8).
The magnitude of the relative increases in PAI-1 mRNA expression ranged between
21 and 39%, but there was no significant temporal pattern from 6 to 72 h. Similar to
the induced expression of PAI-1 mRNA, cyclic strain also stimulated PAI-1 antigen
secretion into the conditioned medium of HAECs at all time-points compared to static
control cells (ANOVA treatment: p<0.001). Relative strain-induced increases in PAI-
1 secretion were in the order of 16 to 47%, and the release rates of PAI-1 were signifi-
cantly increased from 24—72 h (p<0.01 throughout).
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Figure 8. Cyclic strain induces PAI-1 mRNA expression and protein secretion.
HAECs were exposed to 10% cyclic strain for 6-72 h and analyzed by real-time
RT-PCR and ELISA for alterations in PAI-1 gene and protein expression, re-
spectively. The results are expressed as fold change compared to static control
cells. n=4, *p<0.05, **p<0.01 and ***p<0.001.

Study Il

Laminar shear stress suppresses the t-PA gene

Cultured endothelial cells were exposed to steady laminar shear stress of either low
(1.5 dyn/cm?) or high (25 dyn/cm?) magnitude in order to evaluate the effect of this
biomechanical force on regulation of the t-PA gene. Shear stress was observed to time
and magnitude dependently suppress t-PA gene expression (Figure 9A). Low shear
stress stimulation of HUVECs resulted in a small and insignificant reduction of t-PA
mRNA, while a distinct suppression was observed with high shear stress. In compari-
son with static control cells, high shear stress stimulation for 6 and 24 h reduced t-PA
transcript levels by 20% (p<0.05) and 55% (p<0.001), respectively. When compared

32



to low sheared cells, the corresponding reductions where 13% (p<0.05) and 46%
(p<0.01). To exclude the possibility that the response was restricted to endothelial
vascular cells of umbilical origin or was an effect of the specific experimental setup,
similar experiments were performed on HAECs and in a physiological pressurized
vessel-like perfusion system developed at our laboratory [136]. These experiments
confirmed the findings and showed an almost identical and magnitude dependent sup-
pression of t-PA transcript with prolonged shear stress stimulation.
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Figure 9. Laminar shear stress suppresses fibrinolytic gene ex-
pression. HUVECs (n=8) and HAECs (n=3) were exposed to low
(1.5 dyn/cm?) or high (25 dyn/cm?) steady laminar shear stress for
6 or 24 h and analyzed by real-time RT-PCR for alterations in A.
t-PA and B. PAI-1 gene expression. The results are expressed as
fold change compared to static control cells. Unless indicated in
the figure, statistical comparisons are made relative to static con-
trols. *p<0.05, **p<0.01 and ***p<0.001.

Laminar shear stress induces the PAI-1 gene

Influence of shear stress on gene expression of PAI-1 was also investigated as previous
documentation has been conflicting, reporting both stimulatory [137] and suppressing
[112] effects. Both low and high shear stress induced PAI-1 mRNA by approximately
2-4 fold compared to static controls (Figure 9B). The induction was present in both
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cell-types and at both studied time-points. While the shear-induced induction of PAI-
1 in HAECs was observed to be independent of dose, high compared to low sheared
HUVECs showed less distinct PAI-1 inductions (p<0.05 at 24 h).

Shear stress activates NF-kappaB and MAPK signaling

As the MAPK- and NF-kB cascades have previously been outlined as important path-
ways whereby signals originating from mechanical forces can lead to gene expression
and protein synthesis [92], Western blotting experiments directed against the activated
and phosphorylated forms of p65, ERK1/2, JNK, and p38 MAPK were performed.
A rapid activation of all four signaling pathways was observed by either low or high
shear stress stimulation (Figure 10). However, the pattern of activation was different
with prolonged shear stress stimulation. NF-kB signaling, measured as phosphoryla-
tion of the p65 subunit, was gradually suppressed by increasing shear stress at 24
h. Further, while the initial increase in ERK1/2 activity was observed to level-off to
basal levels by prolonged high shear stimulation, the elevated activity in low shear
stressed cells was preserved. A similar pattern was observed for JNK signaling, where
arelatively higher activity was observed in low sheared cells after 24 h of stimulation.
On the other hand, the pattern for p38 MAPK signaling was the quite opposite. Early
low shear stress induced activation of p38 MAPK was gradually decreased by pro-
longed stimulation, while high shear stressed cells was observed to have a sustained
high p38 MAPK activity.
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Figure 11. Shear stress enhances interactions with the t-PA kB and CRE
elements. HUVECs were exposed to low (LSS, 1.5 dyn/cm?) or high (HSS,
25 dyn/cm?) steady laminar shear stress for 3 or 24 h and analyzed by
EMSA for nuclear protein interactions with t-PA promoter specific elements.
A. EMSA showing interactions with the t-PA kB probe. Lane 7-9 with addition
of antibodies (Ab) directed against NF-kB subunits p50, p65 and c-Rel. Ar-
rows point out the shear induced complex 2 as well as supershifts with p50
and p65 antibodies. B. EMSA showing interactions with the t-PA CRE probe.
Lane 7-9 with addition of antibodies directed against CRE binding proteins
CREB, ATF-2 and c-jun. Arrows point out the shear induced complex 2 and
3 as well as supershifts with c-jun and CREB antibodies. Data in each panel
are representative of seven independent experiments.
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Shear stress enhances interactions with the t-PA kappaB and CRE ele-
ments

EMSA experiments directed against five putative t-PA promoter specific sites were
performed in order to determine the possible involvement of these sites in the shear
stress induced suppression of t-PA. Short-term shear stimulation enhanced nuclear
protein interactions with the t-PA specific kB and CRE probes, but no alterations in
binding were observed after prolonged shear stimulation (Figure 11). Although the
response was observed with both low and high shear, the magnitude of shear was
observed to affect binding to the two sites in different ways. The increment in kB
binding was consistently more profound in low shear stress stimulated samples, while
high sheared cells showed the highest CRE binding. Supershift experiments identified
an enhanced binding of p50/p65 heterodimers (NF-kB) to the kB site and an enhanced
binding of the transcription factors CREB and c-jun to the CRE site. Nuclear protein
binding to the SSRE, GC box II and GC box III elements in the t-PA promoter was
found unaffected by shear stress stimulation.

Study IV

TNF-alpha suppresses t-PA

Effects of the proinflammatory cytokine TNF-o on t-PA gene regulation were evalu-
ated. Prolonged stimulation (24 or 48 h) of HUVECs with moderate doses of recom-
binant TNF-a resulted in a distinct reduction of t-PA gene expression, while a less
pronounced reduction was observed after 6 h (Figure 12A). The reduction attained
statistical significance (p<0.01) at the two later time-points and with all three studied
doses of TNF-a (0.1, 1.0 and 10 ng/ml). The two higher doses resulted in 65% sup-
pression of t-PA gene expression compared to untreated control cells. The relevance
of these gene regulatory effects was recently confirmed in experiments determining
effects of TNF-a on t-PA release. Stimulation with 1 or 10 ng/ml TNF-a. resulted in
a time dependent reduction of t-PA, which during the time-period 24-48 h attained
statistical significance (40% reduction, p<0.01) (Figure 12B).

TNF-alpha mediated suppression of t-PA is NF-kappaB and p38 MAPK
dependent

To investigate the underlying mechanism of cytokine induced t-PA gene suppression,
HUVECs were preincubated with selective inhibitors of the main signaling pathways
activated by TNF-a.. These studies showed that the response is preferentially an ef-
fect of NF-kB activation, but also pointed out the importance of p38 MAPK signal-
ing (Figure 13). Inhibition of NF-kB (6 uM parthenolide) or p38 MAPK (25 uM
SB203580) reduced the suppressive effect of TNF-a from 48% to 20 and 27%, re-
spectively (p<0.05 for both). Due to the lack of a complete inhibition, experiments
were performed in which cells were treated with a combination of the two inhibitors.
Simultanous inhibition of NF-kB and p38 MAPK resulted in a striking counteraction
of the TNF-a response, where the reduction of t-PA mRNA was completely abolished
and shifted from a reduction to an induction. TNF-a stimulation of parthenolide and
SB203580 treated cells resulted in a 39% induction, in comparison to a 48% reduction
in the absence of inhibitors (p<0.001).
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Figure 12. Prolonged TNF-a stimulation suppresses t-PA mRNA expression and
protein secretion. HUVECs were exposed to 0.1-10 ng/ml TNF-qa. for 6-48 h and
analyzed by real-time RT-PCR and ELISA for alterations in A. t-PA gene expres-
sion and B. t-PA protein secretion, respectively. n=3. **p<0.01 and ***p<0.001
compared to untreated control cells.
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Figure 13. TNF-o mediated suppression of t-PA is NF-kB and p38 MAPK de-
pendent. HUVECs were preincubated with synthetic inhibitors directed against
NF-kB (6 uM parthenolide) and/or p38 MAPK (25 uM SB203580) for 1 h and
thereafter stimulated with 1 ng/ml TNF-a. for 24 h. Alterations in t-PA gene expres-
sion were analyzed by real-time RT-PCR and relevant statistical comparisons
are pointed out in the figure. A indicating relative difference between cells stimu-
lated with TNF-a and respective non-TNF-a stimulated control. n=6, *p<0.05 and
***p<0.001.
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NF-kappaB, p38 MAPK and JNK signaling are involved in basal t-PA
expression

Incubation of cells with each of the used inhibitors showed involvement of all three
studied signaling pathways in basal t-PA gene expression. Inhibition of NF-kB or p38
MAPK induced t-PA mRNA expression by approximately 50% (p<0.05) and 120%
(p<0.01), respectively (Figure 13). t-PA transcript was on the other hand reduced by
60% when JNK was inhibited with 10 uM SP600125 (p<0.01). These data indicated
presence of two suppressive signaling pathways (NF-«kB and p38 MAPK) and one
inductive (JNK) for the t-PA gene expression in HUVECs.

TNF-alpha enhances interactions with the t-PA kappaB and CRE elements

EMSA experiments directed against either a consensus NF-«kB or the t-PA specific kB
element showed increased binding of nuclear proteins from TNF-a stimulated cells
(Figure 14A). The binding patterns were almost identical for the two sites and showed
strongly induced binding at both 3 and 24 h. Supershift experiments identified the cy-
tokine induced shift (complex 2) to represent binding of the NF-kB subunits p50 and
p65. TNF-o was observed to increase binding also to a consensus AP-1 and the t-PA
specific, and AP-1 like, CRE element (Figure 14B). The similarity in binding patterns
was striking between these two sites and showed strong and moderate inductions fol-
lowing 3 and 24 h of stimulation, respectively. These experiments indicated activation
of AP-1 by TNF-a and an enhanced binding of proteins from the AP-1 family to the
t-PA CRE site. However, supershift experiments identified the TNF-a induced t-PA
CRE shift (complex 3) to represent binding of CREB.

Both parthenolide and SB203580 was observed to exert inhibitory effects on the TNF-
o induced shifts. Inhibition of NF-kB with parthenolide reduced the intensity of the
p50/p65-complex, while inhibition of p38 MAPK with SB203580 had no effect when
used alone, but attenuated the p50/p65-complex when used in combination with par-
thenolide. This indicated that p38 MAPK inhibition augments the inhibitory effect of
parthenolide on NF-kB activation by TNF-a. Furthermore, the increased binding to
the t-PA CRE by TNF-o stimulation was observed to be counteracted by p38 MAPK
inhibition, most notably in samples stimulated for 24 h.

38



3h 24 h

A.
@ <— p65 supershift
Y <— p50 supershift
E. <+— Complex 2
-
by
O 4 1 1o d43v 3w d 44
6 Z ¥ ¥ O Z o N Z Z Z
2 7332 734+ 07T
3 R @ + 8 ! D + R & R
-2 4 > 8 F £ £ &
¢ g5 &g533S3
3 ° ¢ R -
33 2
S & g
3h 24 h
[ ] ]
1.2 3 4 5 6 7 8 9 10 11
B.
I&J CREB
o supershift
a
ol Complex 3

O 4 »nvu o O 4 v v 4 4 4
O Z W W o Z wmWw w Z Z2 Z
S MmN 3 MmN . m T
T 4L 9 + ¥ 4 O o+ 4 L4
gQgHQQaAQQQ
582 282:z=-=
s 27 s © 75 5 5
Q Q Q 2 > > >
= =
3 3 o T ©T
- - o > Q
o 4 <
m T <
[vs B R

Figure 14. TNF-a enhances interactions with the t-PA kB and CRE elements. A.
HUVECSs were preincubated with the NF-«B inhibitor parthenolide (6 uM) for 1 h
and thereafter stimulated with 1 ng/ml TNF-o for 3 and 24 h. EMSA was used to
detect nuclear protein interactions with the t-PA specific kB probe. Lane 9-11 with
the addition of antibodies (Ab) directed against NF-kB subunits p50, p65 and c-
Rel. Arrows indicate supershifts with p50 and p65 antibodies as well as the TNF-
o induced complex 2. B. HUVECs were preincubated with the p38 MAPK inhibi-
tor SB203580 (25 uM) for 1 h and thereafter stimulated with 10 ng/ml TNF-a for
3 and 24 h. EMSA was used to detect nuclear protein interactions with the t-PA
promoter specific CRE probe. Lane 9-11 with the addition of antibodies directed
against CREB, ATF-2 and c-jun. Arrows indicate supershift with CREB antibody
as well as the TNF-a induced complex 3. Data in each panel are representative
of three independent experiments.
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DISCUSSION

Previous work by our group has shown that both patients with primary and second-
ary hypertension have a reduced capacity to release t-PA upon stimulation [4, 5], a
defect that is likely to contribute to the enhanced risk for arterial occlusion and tissue
infarction in these subjects. The mechanism of this impairment is unclear although ex-
perimental studies have indicated that it could be a direct effect of the elevated blood
pressure [3]. The present studies have focused on further exploring the underlying
mechanisms of this impaired t-PA response.

Antihypertensive treatment restores impaired t-PA response

In order to investigate if the impairment could be restored by lowering the blood pres-
sure, hypertensive subjects were assessed for stimulated t-PA release before and after
antihypertensive treatment. The findings show for the first time that the capacity for
stimulated t-PA release can be significantly improved by blood pressure lowering. Not
only did treatment increase the amount of t-PA released, but it also improved the tem-
poral pattern of the response with an earlier onset and a higher peak release rate. In all
6 of the patients with a delayed t-PA release response, the time to peak was improved.
The changes were of similar magnitude in the lisinopril and felodipine groups, sug-
gesting that the improvement was related to the blood pressure effect per se.

Our previous in vivo studies in humans and in experimental porcine models have
shown that the acute t-PA response is rapid and powerful under physiological condi-
tions [47, 48, 138, 139]. Indeed, a prompt onset of the response with a short delay
until the peak of the secretory response is probably pivotal for its antithrombotic ef-
fect, because t-PA is approximately twice as effective when t-PA is present during clot
formation than in dissolving an existing thrombus [19, 20]. In healthy humans, acute
release of t-PA can be initiated within <1 minute, and the release rate can increase
manifold with stimulation [47, 58, 139, 140]. If the response is slow and defective, as
it appears to be in patients with untreated hypertension, it may reduce the potential for
a timely activation of the fibrinolysis in case of an atherothrombotic event.

Several observations suggest that lowering blood pressure reduces the risk of athero-
thrombosis [141]. Restoration of the capacity for an effective fibrinolytic response
could be one of the looked-for mechanisms behind this effect. Despite its potential
implications, however, the effects of antihypertensive therapy on the capacity for ac-
tivation of the local fibrinolytic system in hypertension have not been defined. A few
previous studies have investigated the effect of blood pressure-lowering drugs on the
plasma levels of fibrinolytic factors. In contrast to a calcium antagonist and an angio-
tensin II type 1 receptor blocker, 2 ACE inhibitors (enalapril and quinapril) improved
plasma fibrinolysis [142, 143]. These findings suggest that ACE inhibition has a more
favorable effect on t-PA production. Unfortunately, local endothelial t-PA secretion
rates cannot be inferred from these studies, because of the following: (1) mixed ve-
nous plasma t-PA represents the integrated release from the whole vasculature, and
(2) the rapid degradation of t-PA by the liver makes steady-state levels very sensitive
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even to minute changes in hepatic clearance [144]. Furthermore, as shown by us in a
previous study [2], baseline plasma levels do not predict the individual’s capacity for
activation of the acute release response, which is likely to be the key determinant of a
successful clot resolution.

More specifically investigating the effect of ACE inhibition on the capacity for stimu-
lated local t-PA release, Minai et al. [140] and Matsumoto et al. [145] studied the re-
sponse to intracoronary infusion of bradykinin in patients with atypical chest pain and
hypertension, respectively. In both studies, ACE inhibition was found to potentiate
bradykinin-induced t-PA release, and a similar effect was also reported in a forearm
study [146, 147]. However, these observations do not necessarily indicate that there
is a specific improvement in endothelial t-PA synthesis or release capacity, because it
cannot be ruled out that the effect is because of an increased bioavailability of brady-
kinin when its degradation is blocked by inhibition of ACE. Indeed, a recent study by
Pretorius et al. [148] confirmed that the effect of ACE inhibition on t-PA release was
bradykinin dependent, and the effect could be abolished by the bradykinin B,-recep-
tor blocker HOE 140. To avoid a confounding effect of this potential pharmacological
interaction, we used substance P in the present study to ensure that t-PA release was
induced through a bradykinin-independent pathway. Thus, our findings clearly sug-
gest a cellular mechanism to be responsible for the improved t-PA secretory response
by antihypertensive therapy in hypertensive patients.

Taken together with our previous observations, it is likely that the impaired capacity
for t-PA release in hypertensive patients reflects a diminished protein synthesis with
depletion of the intracellular storage pools from which it is released on stimulation
[41]. The fact that an improved fibrinolytic capacity was observed with both drugs
supports the concept that the effect is primarily related to the blood pressure decrease
as such. However, the observation that the improvement was somewhat greater with
the ACE inhibitor may indicate that there are additional, drug-specific effects. This
important issue needs to be addressed in future studies.

In contrast to the improvement in t-PA release, we found no effect of blood pressure
treatment on the vasodilatory capacity of the endothelium. Thus, the regulation of
endothelial fibrinolysis and vasodilation appears, at least to some extent, to be dis-
tinct phenomena. Previous studies on the effect of chronic blood pressure treatment
have shown either no change [149, 150] or improvement [151-154] in the vasomotor
functions. The positive findings have been most consistent for treatment with ACE
inhibitors and calcium channel blockers and when bradykinin or acetylcholine/metha-
choline have been used as stimuli. To our knowledge, the effects of blood pressure
lowering on substance P-induced vasodilation have not been described previously.

In conclusion, the impaired capacity for acute release of t-PA from the vascular en-
dothelium in patients with primary hypertension can be restored by antihypertensive
therapy. Because a rapid and powerful release of t-PA is essential for prevention of
thrombus formation in case of intravascular clot formation, this observation provides
a novel mechanism behind the preventive effect of blood pressure-lowering therapy
on the risk for atherothrombotic events.
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Prolonged cyclic strain impairs fibrinolysis

Next, we wanted to explore the mechanistic link between high blood pressure and low
t-PA expression. Because increased mechanical tension acting on the vessel wall is a
component of elevated blood pressure, we hypothesized that an elevated tensile stress
could be the mechanism behind the impaired t-PA response. The impact of this par-
ticular force was therefore studied in cultured vascular endothelial cells. As hypoth-
esized, prolonged cyclic strain (>48 h) was shown to decrease endothelial fibrinolytic
capacity by a suppression of both t-PA gene and protein expression. Interestingly, cy-
clic strain was also observed to induce PAI-1 transcript and protein secretion, thereby
illustrating a dual suppressive effect on the fibrinolytic system. The PAI-1 effect is
in good agreement with existing litterature [107, 108, 155]. However, our study is
the first to document that the inductive response is present also on the level of gene
expression. Further, the stimulatory effect of strain on PAI-1 gene expression and
secretion of PAI-1 may contribute to the elevated circulating plasma PAI-1 frequently
observed in hypertensive patients [156].

Regarding t-PA, a few studies have previously reported on the effects of strain. These
have either reported unaltered [107, 108] or induced [106] secretion of t-PA. The
inconsistency in observed strain effects is likely to be explained by differences in the
experimental setups; e.g. the mode, magnitude and duration of the strain stimulation,
the used assay techniques, or by the choice of studied cell type. Our results differ the
most from those presented by Iba and Sumpio, who reported an elevated secretion
of t-PA in cells strained for 1-5 days [106], an induction of t-PA mRNA after 24 h
of cyclic strain [109], and a rapid and transient increase in t-PA promoter activity in
transfected cells stimulated with cyclic strain for up to 48 h [157]. A major difference
between these studies and our is that the former used a previous version of the Flex-
cell strain device, which excludes a fixed post, and as a result of this the entire mem-
brane is flexed, consequently exposing the attached cells to a much less defined strain.
Furthermore, our data showed an early inductive effect of strain on t-PA mRNA and
protein expression, which by time declined and shifted to a suppression. It is therefore
possible that at least some of the inductive responses presented by Sumpios group are
masked by this biphasic temporal regulation of t-PA.

The presented data indicate that an increased tensile stress, imposed on the endo-
thelium in vivo by elevated blood pressure, could be a possible explanation for the
impaired t-PA release observed in patients with hypertension. However, the observed
strain effects were relatively modest indicating involvement also of other factors. This
led us to speculate that the other major haemodynamic force component, frictional
shear stress, could be involved in the impaired t-PA response. This is conceivable
since vascular remodeling and arterial stiffness often follow progression of the hy-
pertensive state, thereby resulting in exposure of the vascular endothelium to elevated
shear stress.

Laminar shear stress impairs fibrinolytic gene expression

In order to examine if high shear stress down-regulates t-PA expression, perfusion
experiments on cultured endothelial cells were set up. Interestingly, these experiments
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showed a time and magnitude dependent suppression of t-PA gene expression with
steady laminar shear stress stimulation. Furthermore, compared to strain, shear stress
appeared to be a stronger determinant of fibrinolytic activity, since prolonged high (25
dyn/cm?) shear was observed to result in an approximately twice as powerful repres-
sion of t-PA transcript.

In contrast to our observations, a few previous studies have indicated that shear stress
induces t-PA gene expression in cultured endothelial cells [111-113], but the available
reports date back to the early 90s when direct gene expression quantification methods
were not available. Diamond and co-workers originally reported on a marked induc-
tion of t-PA mRNA by prolonged high shear stimulation (25 dyn/cm?), but in a more
recent study the same laboratory was unable to reproduce these data [158]. Further,
Malek et al. reported on an early (up to 9 h) induction of t-PA expression in bovine
aortic endothelial cells exposed to elevated shear stress (36 dyn/cm?). As we also
observed an early transient induction in aortic endothelial cells, and have previously
reported on a moderate induction of t-PA transcript in short-term high sheared intact
human conduit vessels [114], the data taken together suggest that also shear stress
regulates t-PA in a biphasic temporal manner. However, we believe that the suppres-
sion after long-term shear/strain exposure is likely to more closely resemble the in
vivo situation with chronic elevated biomechanical stress levels. As the shear effect
is somewhat controversial, it is of note that we were able to reproduce this effect in
endothelial cells of different vascular origin and in an entirely different experimental
setup. The validity of the responses was also strenghtened by confirming previous
documentation on shear-dependent eNOS and VCAM-1 regulation [159-161].

To elucidate the mechanism behind shear-dependent suppression of t-PA, gel shift
experiments directed against five putative regulatory elements in the t-PA promoter
were performed. These revealed enhanced binding of NF-kB and CREB to the kB and
CRE sites, respectively. The induced kB binding was preferentially associated with
short-term low shear stress stimulation, while short-term high shear stress induced
the strongest CRE binding. However, neither of the two sites showed any altered
binding after prolonged shear exposure, indicating that the repressed t-PA expression
probably involves also other mechanisms. Furthermore, a direct link between the sup-
pressed t-PA expression and the SSRE, GC box II or III could not be established, as
we could not detect any altered binding to any of the three sites. Of course, involve-
ment of these sites can not be excluded as shear stress has occasionally been reported
to mediate gene regulatory effects by phosporylating transcription factors, like e.g.
Sp1, without increasing its binding to promoter elements [104].

Western blotting on sheared samples showed activation of all studied signaling path-
ways with different temporal patterns. The most notable difference after prolonged
stimulation was the sustained high p38 MAPK activity observed with high shear
stress. As CREB is an effector molecule of p38 MAPK signaling this provides a po-
tential link to the suppressed t-PA expression after prolonged high shear stimulation.
Moreover, a high p38 MAPK activity is in line with several reports describing char-
acteristics of high shear stressed cells. For example, cellular adaptive processes such
as shear induced cell alignment and chromatin remodeling have been described to be
p38 MAPK dependent [101, 162].
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Thus, although laminar shear stress of physiologic levels has been shown to con-
vey some atheroprotective effects on the vascular wall and retard atheroma formation
[163], the present findings with suppressed t-PA expression, but also induced PAI-1
expression, indicate that such positive effects of shear do not necessarily extend to
those exerted on the fibrinolytic system.

TNF-alpha suppresses t-PA expression by a NF-kappaB and p38
MAPK dependent mechanism

An inflammatory component is another potential contributor to the impaired t-PA re-
sponse, as the hypertensive state is often associated with a low-grade inflammation
[164-168]. To investigate this possiblity we exposed endothelial cultures to moderate
doses of the prototypic proinflammatory cytokine TNF-a and observed a distinct sup-
pression of t-PA gene expression with extended stimulation (>24 h). Previous docu-
mentation on this cytokine and its effect on endothelial t-PA gene expression is limited
to a small number of studies preferentially describing reductions of t-PA mRNA in
response to TNF-a [69, 125, 169]. A single study has reported an induction [170], but
a major limitation of that study is the short observation time (4 h).

It is likely that the TNF-o induced suppression of t-PA observed in our report is an ef-
fect of preferentially NF-kB activation, since we observed a decreased nuclear local-
ization of NF-kB and an almost complete counteraction of the suppressed t-PA gene
expression upon inhibition of the NF-kB signaling pathway. Furthermore, EMSA ex-
periments indicated that NF-xB may exert its effects by interacting with the t-PA pro-
moter specific kKB element. This is somewhat surprising because NF-«B is tradition-
ally considered to primarily mediate transcriptional up-regulation. However, there are
studies showing that NF-kB under some conditions can function as a transcriptional
repressor of haemostatic molecules in endothelial cells [171, 172]. One mechanism by
which this could occur is by transcriptional interference caused by the direct binding
of inhibitory NF-kB dimers to promoter kB sites. These inhibitory complexes usually
consist of p50 or p52 homodimers lacking transcriptional activation domains [173].
This is a tempting explanation as in EMSA experiments we observed two supershifts
with the p50 antibody, indicating presence of both translocated p50/p65 heterodimers
and p50/p50 homodimers. An alternative mechanism by which NF-kB could reduce
t-PA gene expression is by interfering with transcriptional co-activators (such as p300
and CBP) which are present in limited quantities. This mechanism has for example
been implied in the NF-kB mediated negative regulation of the thrombomodulin gene
[172]. Thirdly, it is possible that NF-kB could recruit transcriptional co-repressors
(e.g. histone deacetylases) to the t-PA promoter [174].

On the other hand, the reduced t-PA suppression in experiments with p38 MAPK
inhibition could be an effect of an inhibited activation of CREB, as inhibition of this
signaling pathway was observed to reduce the TNF-a induced binding of CREB to
t-PA CRE. In this context it is of interest that inhibition of p38 MAPK with SB203580
has previously been documented to block TNF-a induced CREB activation [175],
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and that CREB binding to the t-PA CRE has been reported to mediate phorbol-12-
myristate 13-acetate (PMA) induced down-regulation of t-PA i HT-1080 fibrosarcoma
cells [71]. The p38 MAPK pathway has also been reported to increase binding of
NF-«B to chromatin, at least partly by phosphorylation and phosphoacetylation of
histone H3, leading to loosening of the nucleosome and an enhanced accessibility to
NF-«B binding sites [176]. Although somewhat speculative, the abolished suppres-
sion of t-PA mRNA expression observed with combined inhibition of NF-xB and p38
MAPK signaling could therefore be an effect of a reduced translocation of NF-kB
dimers to the nucleus together with a reduced access to NF-kB binding sites in the
t-PA promoter.

Further, we show that NF-kB, p38 MAPK, and JNK signaling are all involved in
regulation of basal t-PA gene expression. Our data suggest that activation of the NF-
kB and p38 MAPK pathways reduces transcriptional activity of t-PA, while JNK ac-
tivity acts by stimulating t-PA gene expression. This observation links directly to the
suppressed t-PA expression with prolonged high shear stress stimulation, as the most
profoundly activated signaling pathway was the elevated p38 MAPK activity.

As gene regulatory effects can not automatically be translated into alterations in pro-
tein synthesis, it is of note that we recently observed also t-PA secretion to be re-
duced upon stimulation with TNF-a.. This effect is in accordance with previous in
vitro studies, the majority of which describe a reduced t-PA secretion in response to
TNF-a [125, 127, 169]. By contrast, in vivo studies on humans have shown substan-
tial inductions of t-PA release when challenged with TNF-a [130, 131, 177, 178].
However, the experimental design and interpretation of obtained data in these studies
are somewhat different. In the two reports from Newby’s laboratory, the authors have
used the perfused-forearm model to study acute effects of intraarterial TNF-a infu-
sions in either healthy subjects [130] or in patients with stable coronary heart disease
[177]. They conclude that TNF-a besides its stimulatory effect on t-PA release, also is
associated with an impairment of endothelium-dependent vasomotor responses. Van
Hinsbergh et al. [131] studied cancer patients that during 24 h received a continuous
intravenous infusion of TNF-a. They reported elevated plasma concentrations of t-PA
after 3 and 24 h of infusion, but speculate that this response may be secondary to a
concomitant TNF-a induced generation of thrombin. Finally, van der Poll et al. [178]
studied healthy subjects after an intravenous bolus injection of TNF-a and observed
a rapid release of t-PA, which was followed by a subsequent inhibition of the fibrino-
lytic system.

Taken together, available data from different experimental set-ups indicate that TNF-
o has an early stimulatory effect on t-PA, which shifts to a suppressing mode follow-
ing prolonged stimulation. It is therefore possible that chronic elevated cytokine lev-
els in vivo, by reducing t-PA synthesis and endothelial storage, may contribute to the
impaired t-PA response in hypertension. In this context, it is interesting that chronic
low-grade inflammation has been associated with a reduced capacity to release t-PA
after venous occlusion of the forearm [179].
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Towards a unifying hypothesis

The data presented in this thesis indicate that the impaired thromboprotective response
in hypertensive patients is likely to be an effect of several contributing and interact-
ing mechanisms. Our results suggest that the elevated blood pressure as such plays
a pivotal role for the impairment, by imposing increased tensile stress on the vessel
wall. However, the data also indicate that an enhanced shear stress could be a contrib-
uting factor, at least in subjects with a high-resistance type of hypertension. Elevated
peripheral vascular resistance may in initial phases of the hypertensive process be an
effect of neurogenic vasoconstriction. In later stages vascular resistance is typically
maintained by the vascular remodeling processes that follow prolonged blood pres-
sure elevation.

In addition to the haemodynamic effects, our results show that the low-grade inflam-
mation that often accompanies hypertension also could be a factor that contributes to
the reduced capacity for an efficient fibrinolytic response. Hypertension and inflam-
mation could be related as a consequence of an underlying metabolic syndrome [180].
However, there is also substantial evidence to support a direct link between hyperten-
sion and inflammation, although it is not known whether inflammation is a cause or
effect of the elevated blood pressure [181].

Several mechanisms that affect the pathophysiology of hypertension are known to be
potentiated by proinflammatory agents. CRP, which is a powerful marker of increased
risk for atherothrombotic events, has been shown to impair endothelial dependent
vasorelaxation by suppressed production of NO and diminuation of its bioavailability
[182]. Also, TNF-a has been shown to be associated with impaired vasodilation [130].
Moreover, vascular remodeling is stimulated by low-grade inflammation, which in
turn is triggered by vasoconstrictive peptides such as angiotensin Il and endothelin-
1 [183]. Inflammation, and more specifically CRP, has further shown a significant
relationship with increased arterial stiffness [184]. Interestingly, a recent report has
shown that reduced NO availability is directly correlated to impaired capacity for t-
PA release [185]. In addition, CRP has been shown to have a direct effect on t-PA. In
cultured endothelial cells, CRP was observed to suppress t-PA expression, an effect
that was mediated via generation of TNF-a and IL-1f3 [186].

All these mechanisms have the potential to amplify blood pressure and shear stress
exposure of the endothelium and thereby contribute to the suppression of t-PA expres-
sion in the vascular endothelium. Furthermore, it is of note that the expression of the
physiologic inhibitor of t-PA, PAI-1, is induced both by strain, shear stress, and pro-
inflammatory cytokines. Thus, the data presented in this thesis suggest that enhanced
haemodynamic and inflammatory stress may act in concert to put a double burden
on the endothelial fibrinolytic system. In susceptible individuals, this may markedly
reduce the chance of an effective and timely spontaneous thrombolysis of an evolving
arterial thrombus. If so, this mechanism may help to explain the high risk of clinical
atherothrombotic events in subjects with hypertension and inflammation.
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CONCLUSIONS

The impaired capacity for stimulated t-PA release in hypertensive patients can be
restored by antihypertensive therapy and this improvement seems to be related to the
blood pressure reduction per se (Paper I).

Presented in vitro studies indicate that the defect t-PA response could be a conse-
quence of an enhanced tensile stress (Paper 1), shear stress (Paper I1I) and inflamma-
tory stress (Paper IV) of the endothelium.

Prolonged cyclic strain impairs the endothelial fibrinolytic capacity by a dual action,
with suppression of t-PA and induction of PAI-1 expression (Paper II).

Laminar shear stress magnitude dependently suppresses t-PA gene expression while
shear stress as such induces PAI-1 transcript (Paper III).

The proinflammatory cytokine TNF-a suppresses endothelial t-PA expression by a
NF-kB and p38 MAPK dependent mechanism. (Paper 1V)
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POPULARVETENSKAPLIG SAMMANFATTNING

Hjart- och hjarninfarkt uppstar vanligen till foljd av att en blodpropp bildas i nagot
av de kérl som forsorjer dessa livsviktiga organ. Hérigenom forhindras blodflodet
helt eller delvis, ofta med allvarliga konsekvenser. Blodkérlets vagg har ett eget in-
neboende forsvarssystem mot blodproppsbildning. Da en propp bildas aktiveras det-
ta system, vilket bland annat innebér att ett blodproppsupplosande dmne frisétts till
blodbanan. Detta kallas for viavnads-plasminogenaktivator (t-PA). Det ar viktigt att
ha stora depaer av t-PA i kérlviggen eftersom det minskar risken for att blodproppar
skall byggas pa och stoppa blodflodet i kérlet. I blodet finns dven dmnen som kan
blockera t-PAs proppldsande forméga. Det viktigaste av dessa édr plasminogenaktiva-
torinhibitor-1 (PAI-1). t-PA bildas i huvudsak av endotelceller som utgér det innersta
lagret i ett blodkarl. I endotelet upplagras stora miangder t-PA som vid behov snabbt
kan frisdttas till blodet. Var forskningsgrupp har tidigare visat att personer med hogt
blodtryck har en forsimrad formaga att frisétta t-PA, nagot som troligen bidrar till att
denna grupp 16per okad risk for att insjukna i hjart- och hjarninfarkt.

I denna avhandling undersdktes eventuella bakomliggande orsaker till den defekta
t-PA-responsen vid hogt blodtryck. Arbetet har utforts pa flera olika nivéer, dels ge-
nom att studera t-PA-frisdttning hos patienter med hdgt blodtryck, dels genom att
undersoka t-PA-friséttning i odlade endotelceller som stimulerats med faktorer som
kan vara associerade med hogt blodtryck, men dven genom att studera syntesen av
t-PA-proteinet i odlat endotel. Det sistnimnda har syftat till att 6ka forstaelsen kring
de mekanismer som bidrar till en minskad t-PA-produktion och dirmed en tidnkbar
minskad kapacitet for friséttning.

I delarbete I ville vi undersdka huruvida den forsdmrade formagan att frisitta t-PA
gar att forbdttra genom att med blodtrycksbehandling sidnka det férhdjda blodtrycket.
I studien inkluderades patienter med hogt blodtryck, och t-PA-frisdttningsformagan
hos dessa undersoktes med hjilp av den s.k. perfunderade underarmsmodellen. Denna
modell dr utvecklad pa vart laboratorium och mojliggor studier av stimulerad t-PA-
frisdttning Gver ett isolerat organ, i detta fall underarmen. Patienterna undersoktes vid
tva tillfallen, dels innan och dels efter blodtrycksbehandling. Resultaten visade pa
kraftigt forbattrad formaga att frisétta t-PA efter behandling. Behandlingen resulterade
i bade 6kad méngd frisatt t-PA samt en snabbare frisdttning. D& behandling med tva
olika blodtryckssidnkande preparat gav likartade effekter, indikerade detta att den for-
battrade t-PA-frisdttningen var en direkt f6ljd av det sdnkta blodtrycket.

I delarbete II ville vi undersdka mekanismen bakom den defekta t-PA-frisittningen.
Vi spekulerade kring om den skulle kunna bero pa en dkad biomekanisk belastning
av kédrlvdggen och ddrmed av endotelet. En direkt f6ljd av ett forhojt blodtryck ar
en okad tensionskraft som stricker ut kérlviggen. Vi undersdkte med hjilp av ett
kommersiellt biomekaniskt modellsystem effekten av denna isolerade kraft pa odlade
endotelceller. Studien visade minskat genuttryck (syntes) och minskad frisittning av
t-PA vid langvarig cyklisk strackstimulering. Intressant nog visade sig regleringen och
frisdttningen av PAI-1 gé at motsatt hall. Dessa fynd indikerar att tensil belastning av
kérlets endotel kan bidra till en forsdmrad forméga att 16sa upp blodproppar.
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I delarbete III ville vi undersoka effekten av den andra huvudsakliga biomekanis-
ka kraften shear stress. Shear stress dr den friktionskraft som blodflodet utdvar pa
kirlviggen och framfor allt endotelet. Aven dkad shear stress dr en tinkbar effekt av
langvarigt forhojt blodtryck, dé detta tillstdnd i ménga fall resulterar i 6kad karlstyvhet
och kdrlombildning. Effekten av denna kraft undersoktes pa liknande sétt i ett biome-
kaniskt modellsystem designat for flddesstimulering av odlade endotelceller. Studien
visade en magnitudberoende minskning av genuttrycket for t-PA vid stimulering med
shear stress. | likhet med tensil stimulering inducerade dven shear stress syntesen av
PAI-1, men denna var inte lika tydligt kopplad till magnituden av shear stress.

I delarbete IV utvérderades effekten av den inflammatoriska molekylen TNF-o pa
produktionen och frisdttningen av t-PA i odlade endotelceller. Detta gjordes mot
bakgrunden att en laggradig inflammation med forhojda cirkulerande nivaer av in-
flammatoriska cytokiner, sdsom TNF-a, ofta sammanfaller med risktillstdnd for hjért-
och karlsjukdom. Hogt blodtryck &r ett av dessa risktillstdnd. Denna studie visade
bade minskat genuttryck och minskad frisittning av t-PA vid l&ngvarig stimulering
med moderata doser av TNF-a. Vidare kartlade vi de intracelluldra signaleringsvégar
genom vilka TNF-o reducerar t-PA-produktionen. Detta gjordes genom att med hjilp
av inhibitoriska substanser himma kénda signaleringsvégar som aktiveras av TNF-a.
Forsoken visade att reduktionen av t-PA vid stimulering med TNF-a ér en {0ljd av
aktivering av signaleringsvdgarna NF-kB och p38 MAPK.

Sammanfattningsvis visar resultaten av denna avhandling att den forsdmrade kapac-
iteten for frisattning av det blodproppsupplosande dmnet t-PA vid hogt blodtryck gar
att motverka genom att aktivt sinka blodtrycket. Vidare visar de experimentella studi-
erna att de bakomliggande orsakerna till den defekta t-PA-responsen kan vara en hog
biomekanisk belastning av kérlviaggen, i form av tensil stress och shear stress, samt att
ett inflammatoriskt inslag ytterligare kan forsdmra proppupplosningsformagan.
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