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Review

Neovascularisation and its role in the osteoarthritic
process

SUMMARY In osteoarthritis angiogenesis is involved in the reinitiation of cartilage growth and
mineralisation. A number of heparin binding protein growth factors have been proposed as
angiogenic factors, but none of them is specific for microvessel cells. Another factor which is
specific for microvessel cells, is of low molecular weight and noif-protein has been called
endothelial cell stimulating angiogenic factor (ESAF). ESAF has been found in significantly
increased amounts in sera and synovial fluids of osteoarthritic patients and dogs. In addition to its
angiogenic activity ESAF is able to activate neutral prometalloproteinases and to reactivate the
active enzyme-inhibitor complex. The implication of these observations in the pathogenesis of
osteoarthritis is discussed.

The view is now widely held that the osteoarthritic
process is not solely a degenerative one. Rather,
mechanical damage gives rise to some change in the
nature of the articular cartilage, perhaps an altered
cellular activity whose main purpose is regenerative
but whose consequence is destructive. Conversely, it
is arguable that altered cellular activity may also
predispose the tissue to osteoarthritic changes.1-3
Possible contenders for such early change involve
the calcification of cartilage," the formation of new
bone,1 5 and the penetration of new blood vessels.
Indeed it is difficult to separate bone neovascularisa-
tion and calcification as they normally occur
together as linked processes. Implicit in this view of
osteoarthritis (OA) is the idea that the reinitiation
of cartilage growth and mineralisation are pre-
requisites of the osteoarthritic process (PD Byers,
RA Brown, unpublished data).1 4 6 This review
examines the regulation and importance of neo-
vascularisation (angiogenesis) as one component of
that process.

Angiogenic factors

The importance of angiogenesis for tumour growth
has been accepted for mangy years, in fact since the
end of the last century,7 but the concept of its
involvement in OA is new.9 10 The idea that a
diffusible substance may be capable of inducing
uncontrolled angiogenesis in the retina, leading to
blindness, was originally proposed by Michaelson in
1948.1" Judah Folkman coined the term 'tumour'

angiogenesis and isolated a factor in very crude form
from tumours, which he called 'tumour angiogenesis
factor'.12 Evidence that angiogenesis occurred
abnormally in situations where no tumour was
involved, such as the proliferative retinopathy of
diabetes which Michaelson had studied and in the
advancing pannus of the rheumatoid arthritic joint,
could not be ignored, however.

In 1979 a low molecular weight angiogenic factor
was isolated from tumour extracts. This factor,
which is not a protein, was also found in human
synovial fluid.13 Unlike tumour angiogenic factor,
which at that time had a reported molecular weight
of the order of 80 000 daltons, this material was very
small with a molecular mass of less than 600 daltons.
The low molecular weight factor was called 'en-
dothelial cell stimulating angiogenesis factor
(ESAF)'. Other angiogenic factors have been pro-
posed, and the original tumour angiogenesis factor
has been shown to contain a protein of molecular
weight approximately 17 000 daltons, which was
first thought to be a specific enothelial cell growth
factor but which was later shown to be the same as
the previously described fibroblast growth
factor. 14 15 This factor is, as its name implies, not
specific to endothelial cells but is also able to cause
proliferation of mesenchymal cells such as fibro-
blasts and smooth muscle cells. Fibroblast growth
factor therefore cannot be considered as a true
angiogenic factor. ESAF, on the other hand, is only
mitogenic to microvessel endothelial cells and has
no activity towards mesenchymal cells or even to
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large vessel (aortic) endothelial cells.16 Recently,
ESAF has also been shown to stimulate prolifera-
tion of pericytes (A Schor, personal communica-
tion).

In 1980 it was shown that two thirds of all synovial
fluids from patients with OA contained amounts of
ESAF sufficient to produce angiogenesis in an in
vivo test system-namely, the chick chorioallantoic
membrane.9 10 Only about 15% of synovial fluids
from patients with rheumatoid arthritis (RA) gave
similar results.

In that study no consideration was given as to
whether these few patients with RA were also
suffering from OA. Subsequently, radiographic
examination of those patients with RA and in-
creased levels of ESAF suggested that there is an
association with the presence of osteophytes. In
view of the neovascularisation observed in RA the
relative absence ofESAF suggests that inflammatory
angiogenesis may be controlled through a mechanism
distinct from that involved in bone growth. More
recent work has shown that angiogenesis of RA is
stimulated by a population of macrophages which
secrete tumour necrosis factor alpha." 18 This factor
has a molecular weight of 17 500 daltons and has
been characterised and synthesised as a gene product.
Macrophages are rare in OA, however, and even in
inflammatory forms of OA such as crystal arthro-
pathies the number of macrophages is far fewer than
that found in rheumatoid arthritic joints.19
A remarkable property of ESAF is its ability to

activate neutral prometalloproteinases: procollage-
nase, progelatinase, and to a lesser extent pros-
tromelysin (J B Weiss, S C-S Ng, and B McLaughlin,
unpublished data).20 21 All these enzymes have a
key role in the degradation of connective tissue,
including cartilage. Controlling the active forms of
these enzymes is tissue inhibitor of metallo-
proteinase, which interacts with them to form
inactive complexes.22 Reactivation of these enzyme-
inhibitor complexes has until now been considered
to be a non-physiological proposition. Recent work,
however, has shown that ESAF is also able to
dissociate this enzyme-inhibitor complex (T
Cawston and J B Weiss, unpublished data).21 These
findings suggest that the role of ESAF in neo-
vascularisation may be via a limited degradation of
connective tissue, which would allow space for the
new capillaries to penetrate.

Involvement of angiogenesis in OA
How does neovascularisation relate to joint changes
in OA? The relation is identifiable in three
processes-the growth of osteophytes,' 2 5 23 advance
of the subchondral plate,4 6 2 and 'remodelling' of
the joint.2927 Each has been implicated in the

pathogenesis of OA. Classically, marginal osteophytes
form when capillaries penetrate the subchondral
plate and the deep zone of articular cartilage.2
Endochondral ossification follows to produce new
bone over the original cartilage. Clearly, in the early
stages of the growth of peripheral osteophytes the
barrier to neovascularisation presented by articular
cartilage must be breached, at least locally. Cartilage
contains inhibitors of both angiogenesis and
metalloproteinases,2&32 which would need to be
overcome in some way for this breach to occur.
Osteophytes are normally present in osteoarthritic
joints; exceptions such as 'billiard ball hip' are
rare.33 Advance of the subchondral plate by calci-
fication of deep zone articular cartilage has been
equated with the histological landmark termed 'tide
mark reduplication'.' Such encroaching calcification
can give rise to thinning of the articular cartilage4 24
or to growth of the joint (P D Byers and R A Brown,
unpublished data),6 depending on the cartilage
response. In either case vascular invasion is an
inevitable stage. Indeed, a failure of cartilage to
produce the protease inhibitors which prevent neo-
vascularisation has been put forward as a basis for
the initiation of cartilage loss.34 Renewal of cartilage
calcification has been implicated as a change related
to OA, on the basis of increased cartilage alkaline
phosphatase activity24 and accumulation of micro-
crystals and matrix vesicles.35 Encroachment of the
subchondral plate in adult joints has also been
identified, by the presence of unremodelled cartilage
islands, in boney trabeculae beneath this plate (P D
Byers and R A Brown, unpublished data).6 Re-
modelling of the joint to produce an altered
geometry probably involves remodelling of the
subchondral plate region27 as above. This is said to
lead to increased congruency of the joint and
impaired load carrying with eventual cartilage
degeneration by mechanical failure.25 26

Morphological features and in vitro observations

The morphological features of vascular invasion
during endochondral ossification have been ex-
amined by a number of reviewers.1 2 36 37 Neo-
vascularisation in the mammalian growth plate is the
most dramatic example of this as the ordered
synchronous invasion of capillaries into the avascular
cartilage emphasises the degree of regulation.
Clearly, the balance between stimulation and in-
hibition of angiogenesis is stark in this location.
Invasive vessels penetrate the calcified cartilage as
blind ended sproUtS38 consistent with the low oxygen
tension of this region.39 Microvascular invasion is
along the chondrocyte columns, through the un-
mineralised transverse septae which are eroded by
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perivascular cells at the tip of the sprout (R A Brown
et al, unpublished data).'0 41 Invasive perivascular
cells normally degrade the cartilaginous transverse
septae by insertion of numerous cell processes (R A
Brown et al, unpublished data).40 These processes
presumably utilise proteolytic enzyme systems on
their surface to achieve collagenolysis. Locally
active collagenase is essential for this lysis and it is in
activating this enzyme that ESAF is thought to be
critical.4 The nature of the invasive perivascular
cells is uncertain. Although they have been termed
macrophage-like,41 our own observations suggest
that they may be specialised endothelial cells (R A
Brown et al, unpublished data), similar to those
described in experimental angiogenesis.43

In vitro experiments using calcifying cultures of
growth plate chondrocytes suggested to us that
ESAF is produced in the zones of hypertrophy and
provisional mineralisation.42 As chondrocytes in
such high density cultures begin to mineralise their
cartilage matrix and become surrounded by calcific
deposits they also release ESAF such that it appears
in the medium between 24 and 48 hours after
initiation of calcification. Suppression of mineralisa-
tion by inhibition of alkaline phosphatase reduces
ESAF production, though stimulation of production
is not directly dependent on alkaline phosphatase
activity.44 Production of ESAF in culture, then,
suggested that ESAF from calcifying chondrocytes
in vivo forms a diffusion gradient towards the
capillary bed. Inactive collagenase produced by
invasive endothelial cells45 46 (presumably around
their cell processes, which lie within the cartilage
septae) would be activated locally, resulting in
controlled collagen degradation. Subsequently, both
elements of the invading capillary sprout pass
through the transverse septum, along the gradient of
ESAF. Connective tissue breakdown may also occur
around mature hypertrophic chondrocytes during
hypertrophy,28 47 though recent work suggests that
this is related more to connective tissue reorgnisa-
tion than to resorption and cell degeneration.' 49In
this context it is interesting that collagenolytic
enzymes are present in osteoarthritic cartilage.5 51

The role of ESAF

ESAF activity, induced by sectioning the cruciate
ligament, has been demonstrated in the synovial
fluids of dogs with OA.52 The appearance of ESAF
in the fluids was cyclical over a given time period-
that is, its concentration rose and fell. Levels of
ESAF did not correlate with the fluid volume or the
numbers or types of cells present in the effusions.
The cyclical rhythm of ESAF release may also occur

in humans, and probably reflects the observation

that not all patients' fluids aspirated on different
occasions gave the same result.10 Subsequent work
with ESAF has shown that it is not only present in
excess in the synovial fluid of patients with OA but
also in the serum of patients with active OA.53 In
dogs, after sectioning of the cruciate ligaments, an
increase in serum ESAF levels similar to that seen in
their synovial fluid also occurs (D Bennett et al,
unpublished data).52
The consequence of ESAF accumulation in joint

effusions is uncertain at present. Preliminary work
using intra-articular injections of purified ESAF
indicates that ESAF produces no gross macroscopic
changes and no loss of joint function. This is perhaps
not surprising as such a regulator must itself be
controlled and inactivated, particularly in the body
fluids. Indeed, most of the ESAF in serum is
reversibly bound to macromolecular carriers in
adults, though there is an excess of ESAF to carrier
in fetal serum. Accumulation of ESAF in the
synovial fluid and serum probably represents a stage
in its clearance from the joint. Consequently, its
accumulation would indicate past activity in the
cartilage rather than a stimulus to new activity, or
changes with pathological consequences.

If ESAF does indeed work through its ability to
activate procollagenase and progelatinase, and thus
to create a space for new blood vessels to move into
the matrix, then it is not improbable that some
inhibitors of collagenase and gelatinase could also
be acting as inhibitors of ESAF. The tissue inhibitor
of metalloproteinase, which is the major inhibitor so
far described, is not capable of inhibiting the
angiogenic activity of ESAF either in in vivo or in
vitro tests (unpublished observations). Specific in-
hibitors of angiogenesis are, however, present in
cartilage and vitreous,31 32 and one of these (in
vitreous) also inhibits collagenase. Platelet factor 4
is another example of an inhibitor of collagenase
and angiogenesis.54 55 The presence in OA cartilage
of a low molecular weight activator of collagenolytic
enzymes, in transit diffusion from bone to synovial
fluid, may be seen as a possible and indeed likely
contributor to the degradative process in that
condition. When the structure of ESAF is known it
is not unlikely that analogues may have a therapeutic
role.

In conclusion, the role of neovascularisation in
the pathogenesis of OA is inevitably bound up with
cartilage calcification and ossification. As evidence
from other sources has implicated calcific changes
and bone growth with joint degeneration it is
perhaps not surprising that ESAF is also present. It
is exciting that by analogy with growth plate
neovascularisation it is possible to propose a mech-
anism by which cartilage lysis and capillary invasion
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(and by implication calification) are regulated
through chondrocyte production of ESAF. There
still remains the question of at which stage in the
process of osteoarthritic joint degeneration neo-
vascularisation is important-early, as a precipitating
factor, or, later, during the extensive growth of new
bone.
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