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The endothelium: its role in scleroderma

Jeremy D Pearson

Vascular dysfunction, in particular micro-
vascular pathology perhaps most closely associ-
ated with arterioles, is a cardinal sign in the
development ofsystemic sclerosis (scleroderma).
Altered vascular reactivity and structure provide
only one element in a spectrum of pathological
alterations associated with the clinical develop-
ment of the disease. Nonetheless, the almost
invariable pre-existence of Raynaud's pheno-
menon before the development of scleroderma
makes it clear that altered blood vessel respon-
siveness is an early event in the progression of
the disease. These considerations led Campbell
and LeRoy to propose as early as 1975 that the
primary cause of scleroderma involved endo-
thelial cell damage and dysfunction.'

Since then, mainly as a consequence of the
ability to isolate and culture endothelial cells
routinely (first described in 1973), our under-
standing of endothelial cell biology has advanced
rapidly.2 Previously thought of by many as at
best a selective permeability barrier between
blood and tissues, it is now apparent that
endothelium regulates actively many aspects of
vascular homeostasis. It can be regarded realis-
tically as a cell type that responds to molecular
signals generated locally or distantly and hence
controls metabolic and cellular events in the
tissues of the body, in a manner which is at least
as all-pervading as neuronal regulation.

It still remains hypothetical that disturbance
of endothelial cell function is a necessary or
primary event for the development of sclero-
derma, but there is increasing evidence that the
involvement of endothelial cells is an important
element in the pathogenesis of the disease. This
review outlines first our current understanding
of several major aspects of endothelial cell
biology, derangements of which might be ex-
pected to contribute to vascular pathology. In
the light of this the next section summarises the
particular features of scleroderma that may
indicate endothelial pathology and suggests
what the molecular mechanism of damage may
be.
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Endothelial cell biology
CONTROL OF VASCULAR TONE
In 1980 Furchgott and Zawadzki3 first showed
that relaxation of isolated vascular smooth
muscle strips from a variety of vessels in
response to several dilator agonists is dependent
on the presence of intact endothelial cells, and is
due to the production of a highly labile soluble
mediator from endothelium, termed endothe-
lium derived relaxing factor.4 Subsequently, a
series of definitive studies from Moncada,

Palmer, and colleagues led to the identification
of this relaxing factor as nitric oxide and to the
demonstration that it was synthesised by endo-
thelial cells from L-arginine.5 6
The half life of nitric oxide in biological

systems is lengthened in the presence of super-
oxide dismutase because the superoxide radical
anion rapidly destroys nitric oxide.7 Agents
such as methylene blue or haemoglobin block
the action of nitric oxide; the former by
inhibiting its target enzyme (soluble guanylate
cyclase) in smooth muscle cells8; and the latter
by itself binding nitric oxide.9 More recently,
several analogues of arginine-for example, L-
N-monomethylarginine have been shown to
inhibit nitric oxide formation.'0 Use of these
various inhibitors has shown that both venous
and arterial smooth muscle respond to endothe-
lium derived relaxing factor and, more recently,
that agonist induced, endothelium dependent
vasodilatation, and thus control of blood flow
and pressure, also occurs in microvascular
beds. "-`3 In addition, nitric oxide release can
be detected continuously in isolated perfused
organs, suggesting basal synthesis in endothe-
lium,'4 and importantly, this has been confirmed
in vivo by showing that inhibition of nitric oxide
synthesis by infusion of arginine analogues
significantly raises systemic and regional blood
pressure.'5 16 Endothelial nitric oxide synthesis
may therefore have a physiological role in the
local control of blood flow, its release perhaps
being regulated by shear sensitive or stretch
sensitive receptors on the endothelium.'7-'9
More provocatively, Griffith and Edwards have
argued that production of endothelium derived
relaxing factor plays a necessary part in the
efficient development and maintenance of the in
vivo anatomy of microvascular beds.20

In the past three years it has been shown that
endothelial cells also synthesise and secrete a
highly potent vasoconstrictor peptide, endo-
thelin.' 22"The effects of endothelin on smooth
muscle suggest that it acts as a functional
antagonist to endothelium derived relaxing
factor and that disturbances of its release or
action might contribute to pathological vaso-
constriction or spasm. There is as yet no clear
understanding of the regulation of endothelin
synthesis and release, or whether it is involved
in physiological or pathological control of
vascular tone in vivo.

CONTROL OF VASCULAR PERMEABILITY
Endothelial cells normally provide a selective
permeability barrier to the passage of plasma
constituents from the lumen to tissue spaces. By
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maintaining a pressure gradient across the
vessel wall they contribute to the regulation of
solute flux according to the balance of local
oncotic and hydrostatic forces. In addition,
macromolecules are effectively excluded to
varying degrees, according to size and, perhaps,
charge.23 24The existence of this barrier is more
obviously recognised when it is disturbed-
notably, during the acute inflammatory response
when greatly increased permeability to both
solutes and macromolecules leads to oedema
formation. This process, which primarily affects
the venular side of microvascular beds, has long
been known to occur in response to the release
of soluble mediators, such as histamine and
bradykinin (after local activation of mast cells or
the coagulation cascade respectively).25 These
mediators act directly on endothelial cell recep-
tors to cause intercellular junctional changes by
mechanisms that are still poorly understood.
Williams and colleagues26 showed that the
extent of oedema formation, particularly in the
skin, is substantially potentiated in the con-

comitant presence of vasodilators-for example,
prostanoids (see next subsection), which act
upstream to dilate arterioles and hence increase
blood flow and hydrostatic pressure. The same

group has also investigated extensively the
ability of a variety of neutrophil chemotactic
agents to enhance oedema formation, and has
shown that these agonists do so by causing the
margination and emigration of neutrophils in
postcapillary venules-that is, protein leakage is
dependent, again in a manner not well under-
stood, on neutrophil emigration. 27 Increased
permeability also occurs.when neutrophil bind-
ing to endothelium is induced by alterations in
endothelial surface leucocyte adhesion mole-
cules, or when intravascular or perivascular
neutrophil activation leads to overt damage to
endothelium28 (and see below).

CONTROL OF HAEMOSTASIS AND THROMBOSIS

Endothelium is normally antithrombotic and
anticoagulant. This is due in part to mechanisms
at the cell surface, including the expression of
heparin-like proteoglycans and of thrombo-
modulin, which avidly binds thrombin and
renders it anticoagulant by altering its proteolytic
specificity so that it activates protein C (which
in turn inactivates coagulation factors V and
VIII) rather than cleaving fibrinogen.29

In addition, local control of fibrinolysis is due
to the triggered secretion of tissue plasminogen
activator from endothelium in response to
several agonists, such as thrombin or vasopres-
sin.30 Endothelium also produces the circulat-
ing physiological inhibitor of tissue plasminogen
activator, though the details of how its secretion
is regulated are not well understood.31
The highly multimerised glycoprotein von

Willebrand factor, which in the circulation acts
as a carrier for coagulation factor VIII, is

constitutively secreted by endothelial cells. In
addition, von Willebrand factor is a cofactor for
platelet adhesion to subendothelium, and its
release from granular stores in endothelial cells
is triggered by exposure to agonists similar to
those that induce secretion of tissue plasminogen

activator.32 Thus thrombin, for example, which
initially stimulates platelet aggregation and
coagulation to produce a haemostatic plug at a
site of vessel damage, also induces endothelial
cell responses designed to localise and limit
thrombus formation.
A further way in which this is achieved is due

to the receptor mediated stimulation of prosta-
cyclin release from endothelial cells in response
to agonists, including thrombin, and ATP and
ADP released from aggregating platelets.33
Prostacyclin is a potent inhibitor of platelet
aggregation, and in several vascular beds is also
a potent dilator. Because it is released transiently
in response to a range of agonists, of which
many also induce release of endothelium
derived relaxing factor, prostacycin can also
contribute to endothelium dependent vaso-
dilatation. Conversely, nitric oxide, which can
be released for longer periods, acts synergistically
with prostacyclin to inhibit platelet aggregation,
and (unlike prostacyclin) is an effective inhibitor
of platelet adhesion.34

INTERACTIONS WITH LEUCOCYTES
Under physiological conditions endothelial cell
interactions with leucocytes are transient and
limited to specific vascular sites. Thus freely
circulating neutrophils are in dynamic equili-
brium with a marginated pool, primarily located
in postcapillary venules, though also in capil-
laries in the pulmonary circulation,28 35 of cells
that are temporarily attached to or moving on
the surface of endothelium. Recirculating
lymphocytes, in contrast, are efficiently extracted
from the circulation in specific 'high' endothelial
venules in lymphoid tissue, where lymphocytes
bearing site selective homing receptors recognise
complementary endothelial ligands ('addressins')
and emigrate to reach areas where cell inter-
actions involving antigen presentation can occur
to generate the immune response.36 Similar
'high' endothelial venules develop at the sites of
lymphocyte traffic in chronic inflammatory
reactions, suggesting that lymphokines-for
example, interferon y (see below), are involved
in the development and maintenance of these
phenotypically altered endothelial cells.

After early in vitro studies seeking to under-
stand the modulation of leucocyte adhesion to
endothelial cells37 38 it was discovered that
exposure of endothelial cells to specific acute
inflammatory cytokines, or to supernatants
containing lymphokines from leucocyte cultures,
caused increased leucocyte adhesion.39A1
Subsequently, there has been a proliferation of
data showing how the pathophysiological inter-
actions of leucocytes and endothelial cells are
modulated by the upregulation of a series of
leucocyte adhesion molecules on endothelium in
response to defined cytokines.4' Some of these
glycoproteins can be expressed rapidly and
transiently, such as GMP-140, which binds
neutrophils and is translocated to the surface of
endothelium in response to thrombin or hista-
mine.42 43 In general, however, they require
protein synthesis and are expressed, after a lag
period, for several hours in distinct but over-
lapping patterns in response to different cyto-
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kines. Thus treatment of endothelium with
interleukin 1, tumour necrosis factor a, or
bacterial lipopolysaccharide induces greatly
augmented neutrophil adhesion, which in vitro
peaks at about four to six hours and has
returned to near basal levels within 24 hours.
This is due, at least in part, to the induction of
endothelial-leucocyte adhesion molecule 1 on
endothelium, which specifically binds to an as
yet unidentified neutrophil surface ligand,
though adhesion mechanisms independent of
this adhesion molecule are also evident." 4
Enhancement of lymphocyte adhesion, which
occurs over a longer time course (peak at 24
hours in vitro), is correlated with the increased
expression of intercellular adhesion molecule 1
on endothelium, which forms a ligand pair with
the leucocyte surface molecule lymphocyte
function associated antigen 1L.' More recently,
pretreatment with interleukin 4 (a T cell
derived cytokine) was found to enhance
lymphocyte adhesion to endothelium,47 and this
may be related to the expression of another
endothelial surface molecule, vascular cell
adhesion molecule 1, known to be a lymphocyte
adhesion receptor.48

Interferon y uniquely increases the expres-
sion of Ia (major histocompatibility complex
class II) molecules on endothelial cells, in
addition to upregulating lymphocyte adhesion.49
The potential role of endothelium as an antigen-
presenting cell type has been confirmed in vitro,
where interferon treated endothelial cells were
shown to present antigen specifically to sensitised
lymphocytes and to induce lymphocyte pro-
liferation with a comparable efficiency to
macrophages.50 Endothelial cells may do this by
lymphokine (interferon y or interleukin 1)
stimulation of endothelial interleukin 6 produc-
tion,51 which in turn stimulates lymphocyte
interleukin 2 production to drive proliferation.
Smooth muscle cells also secrete interleukin 6,
however, in response to lymphokines, and
present Ia antigens, but are poor stimulators of
lymphocyte proliferation. Recently, an endo-
thelial cell-specific mechanism, requiring cell
contact with lymphocytes to induce prolifera-
tion, was described.52

Endotheial celi pathology in scieroderma
ALTERED VASCULAR TONE AND PERMEABILITY
One of the most consistent features of sclero-
derma is the pre-existence of Raynaud's pheno-
menon, though only a minority of patients with
Raynaud's phenomenon go on to develop
scleroderma. The excessive vasoconstriction in
response to stimuli, such as cold exposure, often
followed by excessive reactive hyperaemia on
rewarming, is most obvious in peripheral tissue
but also occurs in visceral organs.53 Direct
observation of nailfold capillaries in patients
shows a characteristic set of pathological
changes, which in patients with Raynaud's
phenomenon can be subclassified with predic-
tive value for the subsequent development of
scleroderma.54 Capillary loops become enlarged
or distended, more tortuous, and their density
decreases dramatically. In addition, their per-
meability to tracer molecules is abnormally high

and the pattern of blood flow is altered, with an
average slowing of flow and increased periods of
stasis. It is still not clear whether these micro-
vascular changes are primary, coexistent with,
or a consequence of, arteriolar intimal hyper-
plasia with fibrosis and abnormal reactivity.
Several small clinical trials in the 1970s and
1980s attempted to use vasodilator drugs, or
antagonists of constrictors, to alleviate Ray-
naud's phenomenon, with limited success and
possible indications of longer term protection.
For example, based on the premise that altered
platelet reactivity (perhaps a consequence of
endothelial damage) may lead to increased
serotonin secretion, antagonists such as ketan-
serin were used.55 Similarly, a small study with
the dilator prostaglandin El reported improved
capillary blood flow and increased transcapillary
pressure in patients with scleroderma.56
More recently, after a reappraisal of earlier

histological evidence, Claman"7 included mast
cells in a synthesis of potential factors in the
pathogenesis of scleroderma. In addition to
possible effects of mast cell products on fibro-
blast growth and collagen synthesis, he suggested
that histamine released from mast cells would
contribute to the leakiness of microvessels in
scleroderma. Mast cells have been implicated in
neo-angiogenesis,58 and there is evidence of
excess endothelial replication in scleroderma
lesions,59 which, as new vessels are generally
more permeable, might also contribute to the
tendency to oedema.

In the light of the likely importance of basal
and agonist stimulated release of endothelium
derived relaxing factor (nitric oxide) for the
control of blood pressure and flow it is reason-
able to speculate that a failure of this mechanism
is involved in the microvascular pathology of
scleroderma. Although I am not aware of
studies that have considered directly whether
endothelium dependent vasodilator responses
are selectively impaired in patients with sclero-
derma, this hypothesis is consistent with the
observations that diseased vessels relax to endo-
thelium independent dilators. In addition, in
the absence of endothelium derived relaxing
factor production several endothelium depen-
dent vasodilators-for example, serotonin, ATP,
acetylcholine-cause direct vasoconstriction
and have been implicated in the generation of
vessel spasm in atherosclerosis.' Furthermore,
the changes in capillary morphology in sclero-
derma might be a consequence of arteriolar
dysfunction, leading to altered flow patterns.20

EVIDENCE OF ENDOTHELIAL CELL DYSFUNCTION
OR DAMAGE
The indirect lines of evidence discussed above,
which suggest that endothelial pathology is a
major feature of scleroderma, are strengthened
by considering other data relating to circulating
markers of endothelial cell function. First noted
by Kahaleh et al61 and subsequently confirmed
by others,62 63 plasma concentrations of von
Willebrand factor are significantly raised in a
proportion (though not all) of patients with
scleroderma. Raised von Willebrand factor is
found in a variety of conditions where endothe-
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lial cell injury is likely, particularly in auto-
immune vasculitides and systemic lupus erythe-
matosus.62 In contrast, release of tissue plas-
minogen activator activity has been reported to
be deficient in patients with Raynaud's pheno-
menon and scleroderma.M These reciprocal
changes, which alter endothelial cell properties
in a prothrombotic or procoagulant direction,
are elicited in vitro by treatment of endothelial
cells with cytokines such as interleukin 1 and
tumour necrosis factor,31 65 which also induce
procoagulant tissue factor activity on endothelial
cells in vitro,' in addition to their effects (noted
above) on expression of leucocyte adhesion
molecules. A separate putative indicator of
endothelial cell alteration or damage in sclero-
derma is the presence in a fraction of patients of
autoantibodies that bind to endothelial cells in
vitro.67 68 These autoantibodies are distinct
from the other circulating antibodies character-
istic of scleroderma, but they also recognise
fibroblasts.

MECHANISMS OF ENDOTHELIAL DAMAGE
The autoantibodies described above, like those
found in patients with systemic lupus erythe-
matosus, are not directly cytotoxic to human
endothelial cells cultured in vitro.67 6970 In the
particular case of Kawasaki disease (an auto-
immune arteritis with extensive endothelial cell

destruction) autoantibodies are present that are

directly cytotoxic to cultured endothelium, but
only when the endothelial cells have been
pretreated with cytokines.71 Similar experi-
ments with serum samples from patients with
scleroderma have not been reported.

In view of the autoimmune nature of sclero-
derma, and the presence of mononuclear cell
infiltrates in lesions,72 two groups studied cell
mediated immune cytotoxicity to endothelium
in vitro.697073 Both found that peripheral
blood mononuclear cells could kill endothelial
cells when cocultivated in the presence of serum
samples from about 200/o of patients with
scleroderma, and that cytotoxicity was due to
the immunoglobulin fraction. The mechanisms
here are likely to include those described above
in other in vitro studies-that is, interferon
derived from the leucocytes enhances class II

expression on endothelium and hence antigen
presentation; the endothelial cells in turn
induce lymphocyte interleukin 2 production
and proliferation. Furthermore, interleukin 2
treatment specifically increases the binding of
cytotoxic lymphocytes to endothelium in vitro.74
The likelihood that such events occur in vivo in
scleroderma is enhanced by the evidence for
increased interleukin 2 production in patients
with scleroderma.75 76

Damage to endothelium by non-immune
mechanisms has also been described. Kahaleh,
LeRoy, and colleagues first found the direct
cytotoxic effects of several scleroderma senum
samples on endothelial cells in vitro and proposed
that they were due to a functional failure of
plasma antiproteinase activity.77 78 A similar
factor, cytotoxic to a variety of cell types, was

reported by two further groups,79 80 though
several others have failed to detect any cytotoxic

activity.67-708- Blake et al noted that cytotoxicity
in disease serum samples could develop on
storage and was associated with an increase in
peroxidation.82 Drenk and Deicher purified a
relatively low molecular mass (s5 kD) fraction
from scleroderma serum samples that possessed
the cytotoxic activity in vitro,63 and, in addition,
when serially injected into rabbits led to raised
plasma von Willebrand factor concentrations,
capillary dilatation, and arterial and arteriolar
intimal hyperplasia. These conflicting reports
make it difficult to assess the significance of
directly acting circulating cytotoxic factors in
scleroderma. Even if the molecular nature of
such a factor is defined, it remains unclear how
the effects ofa systemically acting toxic principle
would be restricted, or directed to the sites of
scleroderma lesions, unless its action were
potentiated by a second factor in the local
environment.

Conclusions
Scleroderma is a complex disease, with an
autoimmune component that is more obviously
directed towards the pathogenesis of fibrotic
lesions, which may suggest that this facet of the
disease process initiates further progression. In
addition, scleroderma must be multifactorial as
the presence of Raynaud's phenomenon is
strongly predictive but not of itself sufficient to
cause development ofscleroderma. Nonetheless,
small vessel pathology is intimately concerned
with the disease process. This review is restricted
to a consideration of the role of the endothelium,
and has attempted to link the current knowledge
of endothelial cell regulatory functions, con-
cerned with specific aspects of vascular physio-
logy and pathophysiology, to pathogenic mech-
anisms in scleroderma.
Two main areas have been identified where

specific endothelial cell dysfunction may be
involved. Firstly, failure of endothelial cell
control may play a significant part in the
abnormal regulation of vascular tone and per-
meability in scleroderma. Secondly, the ability
of endothelial cells to take part in the initiation
and development of immune cell mediated
reactions in small vessels (which may addition-
ally lead to endothelial cell damage or destruc-
tion), coupled with evidence that there is
increased production of a variety of cytokines in
scleroderma, make it very likely that these
processes take place during the evolution of
sclerotic lesions. Several circulating markers
testify to significant disturbance of endothelial
cell function, including the presence of anti-
bodies to endothelial cells, though it is not clear
whether these have any pathogenic role. Future
studies to determine whether there are distur-
bances of either control of vascular tone or
interactions with circulating lymphocytes
attributable specifically to alterations in endo-
thelial cell function in patients with scleroderma
could lead to the adoption of new therapeutic
measures in this complex and intractable disease.

Note added in proof
Several recent reports83 84 have indicated
increased plasma concentrations of endothelin- I
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in patients with Raynaud's phenomenon,
though it is not yet clear whether this is
pathologically relevant or merely another
marker of endothelial dysfunction.
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