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REVIEW

Significance of raised plasma concentrations of
tissue-type plasminogen activator and
plasminogen activator inhibitor in patients at risk
from ischaemic heart disease

David de Bono

"That sounds like paradox, Sir. I don't like
paradox"-An Ideal Husband, Oscar Wilde

Tissue-type plasminogen activator (t-PA) is a

familiar thrombolytic agent for myocardial
infarction. It is perhaps natural, therefore, to

think of endogenous t-PA as a "good thing"
in terms of protection against coronary

thrombosis or other consequences of
atheroma. This view is supported by studies
that showed a correlation between high con-

centrations of plasminogen activator inhibitor
(PAI-1) and increased coronary risk.' 2 At first
sight, however, it is more difficult to reconcile
with other studies,35 such as that by Ridker et

al,5 which show an equally convincing corre-

lation between cardiovascular risk and
increased concentrations of immunologically
assayed t-PA.

Division of
Cardiology,
Department of
Medicine, University
of Leicester, Glenfield
Hospital, Leicester
D de Bono
Correspondence to:
Prof D de Bono,
Division of Cardiology,
Department of Medicine,
University of Leicester,
Glenfield General Hospital,
Leicester LE3 9QP.

High t-PA antigen concentrations
usually mean low t-PA activity
The apparent paradox is to some extent
resolved by consideration of the relation
between t-PA and PAI-I concentrations and
t-PA activity. t-PA forms a stochiometric 1:1
molecular complex with PAI-I that is inactive
and is cleared from the circulation, probably
by interacting with hepatic receptors. In
population studies, there is an approximately
linear relation between t-PA and PAI-1
plasma concentrations; the equilibrium of the
reaction is such that high t-PA (and higher
PAI-i) antigen concentrations are associated
with low t-PA activity and vice versa. Thus, to
a first approximation, high plasma t-PA anti-
gen concentration is a marker for high PAI-i
concentrations and low intrinsic thrombolytic
activity. This has now been shown in several
studies in patients with ischaemic heart dis-
ease68 and diabetes.9 One of the most meticu-
lous of these studies, at least from the point
of haemostatic risk factors, was the ECAT
(European concerted action on thrombosis
and disabilities) study that examined these
risk factors in 3000 patients undergoing coro-

nary angiography for angina pectoris. Patients
with one or more coronary stenoses had
higher plasma PAI antigen and PAI activity
levels, higher t-PA antigen before (but not

after) venous occlusion, and longer euglobu-
lin clot lysis times. There was a trend towards
lower t-PA activity in patients with coronary
disease. This finding also accords with the

observation of a significant association
between low fibrinolytic activity (measured by
dilute blood clot lysis time) and long-term
incidence of ischaemic heart disease in the
Northwick Park Heart Study.'0

Control oft-PA and PAI-1 production
Though recognition that high basal t-PA anti-
gen concentrations in plasma are usually
associated with low t-PA activities provides at
least a partial explanation for the epidemio-
logical studies, there is still much we do not
know about the dynamic balance between
t-PA and PAI-1 activity and its control.
The ability of vascular tissues to induce

fibrinolysis has long been recognised, and
both t-PA and its mRNA can be identified in
endothelial cell cultures. However, t-PA
production by such cultures varies consider-
ably with culture conditions, and possibly
also with species. In situ bovine aortic
endothelium produces principally t-PA
mRNA and very small amounts of PAI-1,
PAI-2, and urokinase (u-PA) mRNA. In cul-
ture, the same endothelium produces sub-
stantial amounts of all these mRNA species."
Basal production of t-PA by cultured human
umbilical endothelium is low, though it can
be up regulated by various stimuli; whereas
cultured endothelial cells tend to produce
large quantities of PAI-1. In vitro, cytokines
have a considerable effect on endothelial
production of plasminogen activator and
inhibitors, but at present we have few clues
how these regulate the system in vivo. 12-14
Interestingly, exposure of endothelium to
flowing medium enhances t-PA production,'5
as it also does production of nitric oxide'6 and
inositol triphosphate.'7 Again, this effect is
initially counter-intuitive, as a high-shear
environment should help prevent vascular fib-
rin deposition, but, as discussed below, it
may be more relevant to vascular remodel-
ling. The general principle seems to be that
healthy endothelium exposed to an adequate
blood flow produces t-PA.

PAI-1 is largely released from endothelial
cells in a latent form, which is, however,
readily activated by denaturants.'8 It readily
binds to extracellular matrix produced by endo-
thelial cells but can be released by partial pro-
teolysis. PAI-1 is expressed on the endothelial
cell surface and there is evidence for a nega-
tive feedback mechanism whereby t-PA induces
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Factors that alter plasma t-PA and PAI- 1 concentrations and t-PA activity

Factor t-PA concentration PAI- 1 concentration t-PA activity

Acute exercise T then I T then 4
Chronic exercise T 4 t
Venous occlusion T then I T4 then I
Hypertriglyceridaemia T 4t
Diabetes/hyperinsulinism t tt
Steroids t tt
Surgery or trauma t tt

increased endothelial synthesis of PAI-1.
PAI-1 gene activation is also stimulated by
bacterial lipopolysaccharide and by tumour
necrosis factor (TNF alpha).'9 Besides
endothelium, immunoreactive PAI-1 is pre-

sent in large quantities in platelets. As stored,
more than 95% of this is inactive; but how
and when it might become activated is uncer-

tain.20 21 There is also evidence of production
of PAI-I by hepatocytes and possibly by
smooth muscle cells. It seems likely that
most circulating t-PA antigen is of endothelial
origin, but there is still uncertainty about the
relative importance of endothelium, hepato-
cytes, or platelets as sources of circulating
PAI-1. The table shows some of the factors
believed to control the production of circulat-
ing t-PA and PAI-1.

Diurnal and post exercise fluctuation in

t-PA, PAI-1, and fibrinolytic activity
There is an important diurnal variation in
plasma fibrinolytic activity, which is low in
the early morning and higher later in the
day.2223 This correlates with the known diur-
nal variation in the incidence of myocardial
infarction, but we do not know whether the
link is causative or coincidental. The princi-
pal reason for the variation is a fluctuation in
plasma PAI-1 concentration2425 but the mech-
anism for this is unclear. Physical exercise,
venous occlusion, and stimuli such as

deamino D-arginine vasopressin (DDAVP)
all increase plasma t-PA antigen concentra-
tion, presumably by displacing t-PA from
binding sites on or near endothelium.26 It has
also been suggested that a reduction in
hepatic blood flow during exercise reduces
hepatic clearance of t-PA, and thus reduces
increasing t-PA plasma activity.27 The

increase in antigen concentration after exer-
cise is usually also accompanied by an
increase in plasmin activation as measured by
a reduction in dilute plasma clot lysis time.
Increased thrombolytic activity may, how-
ever, be followed by a period of rebound inhi-
bition of fibrinolysis, with low plasma t-PA
and high PAI-1 concentrations. There is
some evidence that in individuals with a low
risk of coronary events this rebound is absent
or less intense.

Fibrinolytic balance and other cardiac
risk factors
An important link between the fibrinolytic
system and more traditional cardiovascular
risk factors is the positive correlation between

hypertriglyceridaemia, glucose intolerance/
hyperinsulinaemia, and high plasma PAI-1
concentrations. An association between
alimentary hyperlipaemia and impaired fib-
rinolysis was recognised by Grief as long ago
as 1956,28 and subsequent studies have
emphasised the role of increased PAI-I
activity associated with hypertriglyceridaemia
and hyperinsulinaemia.2932 In vitro, very low
density lipoproteins (VIDL) enhance PAI-1
production by cultured endothelial cells33 and
hepatocyte production of PAI-1 can be stim-
ulated with low density lipoprotein or
insulin.34'6 The caveats mentioned above
about extrapolating cell culture results to the
clinical situation also apply here.

Vessel wall fibrinolytic system
It is important to realise that the fibrinolytic
balance in plasma does not necessarily reflect
the fibrinolytic balance in the blood vessel
wall. Underwood and I found high t-PA
activity in human coronary endarterectomy
specimens consisting largely of proliferating
smooth muscle cells.37 The source of this
t-PA is likely to be the smooth muscle
cells themselves and not infiltrating endothe-
hium.38 39 Endarterectomy specimens also
contain substantial urokinase-type (u-PA)
plasminogen activator activity. Independently
of their effect on local fibrin deposition, vessel
wall plasminogen activators probably play a
major part in the remodelling of vessel wall
matrix, either by means of plasmin-mediated
proteolysis or, more probably, by initiating
the activation of a cascade of metallo-
proteinases. The plasminogen activity in the
vessel wall is increased after angioplasty and
after experimental saphenous vein grafting
(More RS, Underwood MJ, unpublished).
The role of PAI-1 and PAI-2 (which is a
more effective inhibitor of u-PA) in modulat-
ing this process is at present unclear40 but is
under intense investigation. Considering the
relative masses of vascular smooth muscle
and endothelium in the whole body, it
remains likely that circulating t-PA is largely
of endothelial origin, but vessel wall t-PA and
urokinase, PAI-1, and PAI-2 may have
important roles in determining the progres-
sion of local vascular pathology.

Genetic variations in t-PA and PAI-I
expression
Genetic manipulation of animal models is a
helpful way of establishing the biological rele-
vance of potential components of the coagu-
lation system. Transgenic animals which do
not express t-PA have deficient clot lysis, but
the condition is compatible with a normal
lifespan. Mice which express an excess of
plasminogen activator inhibitor tend to
develop venous occlusions.41 A few patients
have been described with a bleeding diathesis
caused by either an absence of PAI-1 or by
production of a functionally deficient vari-
ant.42A4 Several more subtle genetic variations
at the PAI-1 locus are not associated with
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overt haemostatic problems, but may lead to
different responses to, for example, hyperlipi-
daemia.45

Clinical significance oft-PA and PAI-I
concentrations
So what is the present significance of plasma
PAI-I and t-PA antigen measurements for
the clinician? Raised concentrations can cer-
tainly be accepted as markers of increased
risk (as can raised fibrinogen and factor VII
concentrations and a prolonged clot lysis
time), but the main aim of identifying risk
must be to correct it. At present, the only
practical ways of doing this are the conven-
tional, though no less valuable, steps of
encouraging weight loss, more exercise, and
control of hypertriglyceridaemia. Recognition
of the close interactions between plasminogen
activators/inhibitors and the cytokine system
may given us a lead to interactions between
coronary events and infections or neoplasia;
and an understanding of the vessel wall pro-
teolytic enzyme system may ultimately help
us to counter restenosis after angioplasty or
vein graft failure. We urgently need more
information about the control of PAI-I and
t-PA release and clearance in vivo, and the
effects on these of commonly used medica-
tions: for example, does propranolol increase
t-PA activity by reducing hepatic bloodflow?
New technologies are making t-PA and PAI-I
measurements easier and more reliable, but
one off estimations are unlikely to help the
management of the individual patient. A
possible exception to this may be throm-
bolytic therapy, where knowledge of a high
PAI-concentration might lead to a larger dose
of thrombolytic agent.
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A letterfrom Europe

Cardiovascular pathology in Europe: a new school

COLLEAGUES-There is growing concern among patholo-
gists with an interest in cardiovascular diseases.
Pathology, which deals with all aspects of disease, but
particularly with the essential nature, the causes, and the
development of abnormal conditions, encompasses both
the basic and clinical sciences. The general lack of inter-
est of pathologists in cardiovascular diseases and the cur-
rent explosion of interest in molecular biology have led to
an undesirable drifting apart of basic and clinical sciences
in the crucial arena of cardiovascular diseases. Cardio-
vascular pathologists, who by virtue of their training,
could bridge this gap are struggling to keep their identity
as specialists. The present situation in Europe is alarm-
ing. The European Society of Cardiology by creating
working groups has stimulated research in and integra-
tion of basic and clinical sciences. Nonetheless, there is
excessive overlap and potential rivalry between groups
that share similar basic interests. How, from the view-
point of pathologists, is interest to be divided between
the working groups on developmental anatomy and
pathology, cellular biology of the heart, pathogenesis of
atherosclerosis, thrombosis and platelets, coronary circu-
lation, myocardial function, and so on?
A group of pathologists who are involved in specialist

cardiovascular pathology every day have reconsidered
cardiovascular pathology in Europe. They discussed the
need to bring together those in Europe with a common
interest in cardiovascular pathology and reached a con-
sensus to inaugurate a European School for
Cardiovascular Pathology.

The main objective of the school is to identify those
with an active interest in cardiovascular pathology and to
promote mutual education. The school will provide a
platform for liaison between cardiovascular pathologists
and adult and paediatric cardiologists and cardiac
surgeons. It will promote postgraduate teaching in basic
science and clinical medicine, promote and provide
support in the implementation of multi-centre studies in
cardiovascular pathology, and will coordinate quality
control studies of aspects of diagnosis in cardiovascular
pathology. Its headquarters are in the Academic Medical
Centre, Amsterdam, The Netherlands, and I am its first
chairperson.
At a meeting, planned for the spring of 1995, in

Amsterdam, there will be state of the art lectures, clinical
case presentations, poster sessions, and an open forum to
discuss the future of the European School for
Cardiovascular Pathology.

If you are interested in registering with the European
School for Cardiovascular Pathology-there is no regis-
tration fee-write to me for further information. I sign
this letter on behalf of Prof Robert H Anderson, Prof
Michael J Davies, Dr Patrick J Gallagher, Prof C James
Kirkpatrick, and Prof Gaetano Thiene, founders of the
European School for Cardiovascular Pathology.

ANTON E BECKER
Department of Cardiovascular Pathology,
Academic Medical Centre, Meibergdreef 9,
1105AZ Amsterdam-ZO, The Netherlands
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