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Abstract
The rheumatic diseases continue to represent a significant healthcare burden in the
21st century. However, despite the best
standard of care and recent therapeutic
advances it is still not possible to consistently prevent the progressive joint destruction that leads to chronic disability.
In rheumatoid arthritis and osteoarthritis
this progressive cartilage and bone destruction is considered to be driven by an
excess of the matrix metalloproteinase
(MMP) enzymes. Consequently, a great
number of potent small molecule MMP
inhibitors have been examined. Several
MMP inhibitors have entered clinical
trials as a result of impressive data in animal models, although only one MMP
inhibitor, Ro32-3555 (Trocade), a collagenase selective inhibitor, has been fully
tested in the clinic, but it did not prevent
progression of joint damage in patients
with rheumatoid arthritis.
The key stages and challenges associated with the development of an MMP
inhibitor in the rheumatic diseases are
presented below with particular reference
to Trocade. It is concluded that the future
success of MMP inhibitors necessitates a
greater understanding of the joint destructive process and it is hoped that their
development may be accompanied with
clearer, more practical, outcome measures to test these drugs for, what remains,
an unmet medical need.
(Ann Rheum Dis 2001;60:iii62–iii67)
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Impact of joint destruction in the
rheumatic diseases
One of the strongest predictors of long term
outcome in rheumatoid arthritis (RA) and
osteoarthritis (OA) is progressive structural
joint damage. Because these diseases generally
strike in the middle years, the chronicity leads
to a gradual decline in the patients’ ability to
perform everyday functions, a gradual increase
in disability, and, in many patients, major
surgical intervention in an attempt to halt or
partially reverse the process.1 2 The disability
associated with progressive joint damage is
costly, and in 1991 the annual cost of knee
replacements in the USA alone was estimated
to be in excess of a billion dollars.3 The
association between work related disability and
the degree of joint damage, as determined by
radiographic outcome, has shown that patients
with RA who have worse radiographic scores
(stages III and IV) also have greater work
related disability than those who have a lesser
degree of joint damage (stages I and II).4
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Consequently, protecting the patient from a
loss of articular cartilage and erosion of bone at
any point during the disease might be of benefit
by reducing the level of future disability as well
as reducing the overall economic burden to the
healthcare providers. Thus much attention has
now been focused on measuring the contribution of joint destruction in the rheumatic
diseases and on joint destruction as a major
target for therapeutic intervention.5
Traditional treatments for RA and OA
predominantly deal with joint pain and inflammation, and although a number of these have
subsequently been shown to slow joint damage
in RA, there is essentially still no intervention
that achieves the same result in OA. However,
of the disease modifying antirheumatic drugs
(DMARDs) commonly used in RA, van Riel et
al reported that only methotrexate, sulfasalazine, and aurothioglucose significantly slowed
the rate of joint destruction,6 and methotrexate, generally the DMARD of choice, could not
completely prevent continued cartilage and
bone loss.7 More recently, the addition of leflunomide to the rheumatologists’ arsenal has
provided an additional option in slowing joint
destruction,8 9 despite its hepatic limitations. In
addition, the emergence of the anti-tumour
necrosis factor (anti-TNF) agents, etanercept
and infliximab, and the interleukin 1 (IL1)
receptor antagonist, anakinra, have all shown in
pivotal trials that they can slow or even, in some
cases, halt the joint destructive process. However, the safety of these treatments and
eVectiveness in comparison with traditional
DMARDs in the long term are the main
concerns about these innovative treatments for
RA. In addition, low dose oral glucocorticoids
are still one of the mainstays in treating
rheumatic disease and their ability to retard
joint damage has been confirmed,10 but even
the combination of DMARDs and steroids is
neither adequate nor specific in preventing
rheumatic joint damage.
As the joint destructive mechanisms of RA
and OA have become better understood, attention has focused on the development of new
treatments that specifically target and inhibit
this process. These have so far taken the form
of small molecule, oral inhibitors of the matrix
metalloproteinases (MMPs), the enzymes considered to be primarily responsible for cartilage
and bone damage.
Clinical development of MMP inhibitors
MMPS IN THE RHEUMATIC DISEASES

The MMPs are a collective of over 20
zinc-containing endopeptidases that include
the gelatinases, stromelysins, and collagenases,
released as inactive zymogens and becoming
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Normal

Pathological

Development
Wound healing
Joint remodelling
Tissue homoeostasis
Ovulation
Trophoblast implantation
Postpartum uterus involution

Rheumatoid arthritis
Osteoarthritis
Metastases
Periodontal disease
Angiogenesis
Emphysema
Multiple sclerosis
Left ventricular remodelling
Aortic aneurysm

integrity of this structure provides resistance to
loading compressibility and tensile strength
and can be maintained with a constant
turnover of proteoglycan, whereas this is not
the case with collagen fibres, which once damaged may lead to the permanent and progressive joint damage seen in RA and OA.21
Consequently, selectively inhibiting the collagenases, in particular with a new synthetic
MMP inhibitor, would seem to be an attractive
therapeutic objective.22
SELECTING AN MMP INHIBITOR FOR A RHEUMATIC

active only when the propeptide is cleaved.
They have a key role in normal connective tissue remodelling and, therefore, their release,
activation, and inhibition by their natural
inhibitors—namely, á2-macroglobulin and the
tissue
inhibitors
of
metalloproteinases
(TIMPs), are usually tightly regulated. The
MMPs are constitutively expressed and between them can degrade all components of the
extracellular matrix.11 They have been implicated in a number of pathological conditions
(table 1),12 can be produced in response to the
proinflammatory cytokines TNF and IL1,13
and are found in excess in the arthritic joint.14
It is considered that an imbalance between
excessive levels of many of the MMPs, coupled
with inadequate TIMP levels, facilitates the
joint destructive process, and this has been
demonstrated in both RA and OA cartilage
extracts.15
One of the key requirements in developing
an MMP inhibitor is determining the in vivo
relevance of specific MMPs in a specific disease
(table 2).16 Increased MMP-3 (stromelysin)
has been reported to correlate with radiographic scores in RA.17 18 In the MMP-3
knockout mouse, the cartilage and bone
damage induced by collagen arthritis is comparable with that of the wild-type mouse,19
suggesting that specific inhibitors of this
enzyme would be of no benefit; other stromelysin inhibitors have also failed to provide joint
protection in animal models (Roche internal
communication). In contrast, under normal
physiological conditions, the collagenases
(MMP-1, MMP-8, and MMP-13) are the only
MMPs that can cleave collagen and may hold
the key to pathological cartilage destruction.
Indeed, MMP-1 has been shown to be present
at the site of RA erosions.20 Articular cartilage
is constructed of fibrils of collagen triple helix
(mainly collagen II) that form a fibrillar
network supporting additional macromolecular structures such as the proteoglycans. The
Table 2

DISEASE

Many inhibitors of the MMPs have been
synthesised over the past 15 years and have
been extensively reviewed elsewhere.23–25 In
addition to the rheumatic diseases, the main
therapeutic focus of these inhibitors has been
directed at preventing metastatic growth and
related angiogenesis where MMPs are considered crucial.
Development of MMP inhibitors has been
based on known interactions between the
enzyme and their substrates/inhibitors in order
to design molecules that specifically chelate
the zinc ion and block the active site. These
new inhibitors can be divided into carboxylates and amino-carboxylates, phosphinates,
sulphydryl derivatives, and hydroxamates, of
which the hydroxamates are considered to
possess the most potent zinc binding group.
One problem has been the necessary subtlety
of the MMP inhibition profile of these
compounds. Because many of the MMPs
related to disease are also expressed constitutively the key questions are:
+ To what degree should they be inhibited to
maintain an appropriate safety margin and
would such a molecule be more eYcacious if
it possessed a broad spectrum of MMP
inhibition?
+ Alternatively, would this be best served by
specifically targeting enzymes such as the
collagenases that seem to facilitate the key
irreversible step to joint destruction?
Both approaches have been used, although
despite the variety of inhibitors so far produced, very few of these drugs have progressed
into the clinic or to a stage at which these questions might be answered.
PRECLINICAL MODELS OF ARTHRITIS AND MMP
INHIBITORS

For many of the MMP inhibitors developed for
a number of indications, the animal model data
have been extremely impressive. Not least of

MMP association with rheumatic disease. Adapted with permission from ref 16

MMP group
Collagenases
MMP-1
MMP-8
MMP-13
Stromelysins
MMP-3
MMP-10
MMP-11
MMP-7
Gelatinases
MMP-2
MMP-9

Common nomenclature

Substrate

Rheumatic disease

Fibroblast collagenase
Neutrophil collagenase
Collagenase 3

Collagens I, II, III, VII, X
Collagens I, II, III
Collagens I, II, III

RA fibroblasts and erosion sites
RA fibroblasts/OA cartilage
RA synovium/cartilage

Stromelysin 1
Stromelysin 2
Stromelysin 3
Matrilysin

Proteoglycan, proMMP-1, 8, 9
Aggracan, gelatin
Weak stromelysin activity
Aggracan, gelatin, fibronectin

RA, OA sera, and synovial fluid

Gelatinase A
Gelatinase B

Gelatin, minor collagens, elastin
Gelatin, minor collagens

Synovium, femoral head lesions.
Raised in RA sera and synovial fluid
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Table 1 Examples of MMP involvement in tissue
remodelling in normal and pathological conditions. Adapted
with permission from ref 12.
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these MMP inhibitors is Trocade (Ro32–
3555)—a hydroxamic acid that selectively
inhibits the collagenases (MMP-1 Ki=3.0 nM,
MMP-8 Ki=4.4 nM, MMP-13 Ki=3.4 nM)
and has relatively low activity against other
MMPs (MMP-3 Ki=527 nM, MMP-2 Ki=154
nM, MMP-9 Ki=95 nM, MMP-7 Ki=42 nM).
Trocade has been shown to prevent IL1 mediated degradation of bovine cartilage in vitro,
while in vivo it provides significant cartilage
protection in the rat sponge/cartilage mycobacterium adjuvant model. Perhaps the most
impressive preclinical data are the eVect of
Trocade in a P acnes induced model of RA in
both the rat and rabbit.26 In this model, sensitisation is performed by intra-articlular injection
of P acnes, followed by rechallenge four weeks
later, and over the following two weeks an acute
destructive synovitis develops.
Figure 1 shows the magnetic resonance
imaging (MRI) scan of a rabbit knee of a normal control; the P acnes control, illustrating
synovitis, cartilage, and bone erosions; and the
ability of 50 mg/kg/day of Trocade to prevent
both articular cartilage and bone destruction
despite the continuing synovitis. These data
provide strong evidence of the potential for
MMP inhibitors to treat continuing rheumatic
tissue destruction but also highlight the fact
that they would not be expected to aVect the
inflammatory process (seen in figs 1B and C as
the opaque background), which would have to
be controlled by additional treatments.
The eYcacy of Trocade has also been shown
in the ST/ORT mouse model of OA.27 In this
model oral dosing with Trocade prevented the
characteristic cartilage and bone changes, as
shown by histological analysis and radiographic imaging.
Ro113-0830 is another MMP inhibitor that
when given orally has shown preclinical eYcacy,
this time by the prevention of cartilage damage
in the rabbit menisectomy OA model.28 The
inhibition profile of this compound diVers from
Trocade as it does not inhibit MMP-1 but is
eVective against MMP-8, MMP-13 and several
additional MMPs, including MMP-2 and
MMP-9.
If one considers that these preclinical models
reflect the human pathological mechanism,
then it provides strong evidence that the collagenases at least play a significant part in joint
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destruction, which would benefit from such an
MMP inhibitor.
Clinical development of MMP inhibitors
in rheumatic disease
PHARMAKOKINETICS

The early development of MMP inhibitors was
greatly restricted by a lack of oral bioavailability. An example of this was the broad spectrum
inhibitor, batimastat (BB94), developed for
oncology, which owing to its poor solubility
had to be given by intraperitoneal injection.25
Consequently, this compound was replaced by
marimastat (BB2516), also a broad spectrum
inhibitor with improved oral bioavailability, but
still at a low 10%. In contrast, the more recent
Bay-12-9566, another relatively broad spectrum inhibitor with activity against gelatinase
and stromelysin, developed in both oncology
and OA, has an oral bioavailability in excess of
80%. Moreover, this compound has been
shown to be present in synovial fluid on daily
dosing of 10 and 25 mg.29 The progress in
designing MMP inhibitors with good pharmacokinetics is reflected in the study by Hemmings et al, detailing the multiple ascending
dose study with Trocade in patients with RA.30
This was a four week study with doses of
between 25 and 150 mg given once daily. Trocade maximal absorption was achieved within
three hours of dosing and demonstrated a terminal half life of 24–28 hours, with no
accumulation. The free trough levels of once
daily Trocade at all doses indicated that the
IC50 for collagenase would be met throughout a
24 hour period, suggesting that eYcacy would
be achieved at these exposures.
RADIOGRAPHIC OUTCOME ASSESSMENT

There are a number of challenges in the clinical
evaluation of these compounds. Essentially, the
task is to measure structural damage, and
whether or not the chosen MMP inhibitor can
significantly prevent it. Radiographic imaging
is currently the only validated method for
assessing structural damage. For RA, these
radiographs tend to be of the hands and feet
and scored using the Sharp or Larsen scales.
For OA, radiographic outcome may be measured using the 1995 OARS atlas for joint space
narrowing as a measure of cartilage loss and
osteophytes of the knees, and joint space
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Figure 1 Prevention of joint damage by the MMP inhibitor, Trocade: magnetic resonance imaging of the rabbit knee P acnes model. (A) Normal control;
(B) arthritic control, illustrating cartilage/bone damage and synovitis; (C) arthritic knee + Trocade, illustrating protection of cartilage/bone despite
synovitis.

iii65

Matrix metalloproteinase inhibitors in rheumatic diseases

BIOCHEMICAL MARKERS OF STRUCTURAL DAMAGE

Much work has also been carried out in
attempting to define specific and sensitive surrogate biochemical markers of disease progression.18 31 Ultimately, these may help predict
which patients have continuing joint disease,
and reduce the need to obtain radiographs or
be a more cost eVective method of determining
whether treatment is eVective. Many biochemical entities, including the MMPs themselves,
have been suggested to fulfil this role. However,
clearly, much work still needs to be done before
this objective is achieved.

in a long term trial, which is needed for an
MMP inhibitor development.
Further to this, MMP inhibitors, as with
some traditional RA treatments such as methotrexate, are likely to be teratogenic. Thus counselling is required and reliable contraceptive
use in female patients and male patients with
partners of child bearing potential.
REGULATORY ISSUES

Although preventing structural joint damage is
now a recognised goal of rheumatic disease
treatment, there is still a great deal of debate
over how this translates into clinical benefit for
the patient. The long term objective is evident,
in that the structural integrity of the joints, and
therefore the function of the aVected joints, will
be maintained in the patient treated eVectively.
This is especially the case in later stage disease,
and particularly in RA where the disability
becomes more related to the degree of joint
damage rather than synovitis, as in early
disease. Essentially, this means that radiographic scores and the eVect that an MMP
inhibitor may have in retarding their progression is considered to be a surrogate for long
term benefit. Consequently, if an MMP inhibitor is approved based on radiographic data,
then trials would be expected to continue to
prove that the prevention of joint damage
shown by the radiograph prevents disability.
This may require a study duration of five or
more years. If the study is a comparator trial it
may be diYcult to retain patient numbers
should the drug be approved and become
available during the lifetime of these trials. This
in turn may compromise the chances of
achieving the primary endpoint owing to too
few patient numbers.
TRIAL FINDINGS WITH MMP INHIBITORS: EFFICACY

Despite the amount of activity in this therapeutic approach, few MMP inhibitors have entered
clinical trials and none of these have been successful. Trocade is the only MMP inhibitor to
have completed clinical trials designed to assess
its eYcacy. However, despite the preclinical
data and favourable pharmacokinetics the
radiographic scores of the patients with RA
were not improved. These observations led to
the termination of Ro113-0830 studies in OA.

CONCURRENT RA TREATMENT DURING MMP
INHIBITOR TRIALS

TRIAL FINDINGS WITH MMP INHIBITORS: SAFETY

Because MMP inhibitors do not influence the
inflammatory or pain components of these diseases (TACE, the closely related metalloproteinase TNF convertase inhibitor, is not included
here), trials have to be conducted in patients
who still require their normal background drug
treatment, which in the case of RA, in particular, may also aVect the radiographic outcome of
the trial. Consequently, these trials require that
patients continue to receive stable DMARD
treatment, with prescribing guidelines and even
stratification and covariate analysis for clinically required oral steroids during the study.
Realistically, a drug that the patient feels has no
short term benefit may not only aVect compliance during the trial but also may heavily influence whether the patient is willing to continue

Bay-12-9566 was being developed for use in
oncology and OA, but all studies were stopped
as a result of safety data from the oncology trials.32
Clinical trials with an earlier broad spectrum
inhibitor MMP inhibitor, Ro31–9790, were
stopped once preclinical evidence of tendinitis
was found. Interestingly marimastat, also a
broad spectrum MMP inhibitor, has been
associated with dose dependent musculoskeletal toxicity in oncology patients as shown by
stiVness and pain of the joints, particularly the
shoulders and hands.33 34 It has been suggested
that specific MMPs are responsible for these
events, though no musculoskeletal problems
were reported during clinical development
with either Trocade or Bay-12-9566, MMP
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narrowing, osteophytes, and erosions for affected joints of the hands. Rates of progression
vary greatly between patients, which means
that large patient numbers are needed, possibly
in excess of 200 for each arm of the trial. In
addition, to evaluate the eVectiveness of an
MMP inhibitor over time, the expected rate of
progression has to be estimated in order to
assess the sample size as well as the target profile for the inhibitor to prevent progression.
A realistic study length is also needed, over
which significant radiographic progression is
expected to occur. Currently, the minimum
required duration of pivotal trials for a label
claim of prevention of structural damage is one
year for RA and two for OA. Logistically, these
studies require a large number of trial centres
and, crucially for the assessment of radiographic outcome, the equipment and techniques for obtaining them must be standardised. EYcacy of the MMP inhibitor depends
on comparing the follow up and baseline
radiographs in a blinded manner. This is best
achieved by using a single central facility with a
team of validated readers to ensure consistency
of radiographic scoring and minimal variability, especially as the expected progression of
joint damage over one or two years may be
minimal. At this point it would be pertinent to
mention MRI as a promising replacement for
radiographs. The prospect is that MRI may be
more sensitive over time to continuing joint
damage and may reduce the duration of trials
and the patient numbers required. However,
MRI facilities are not always readily available
and the technique is not, as yet, validated.
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Future of MMP inhibitors in the
rheumatic diseases
A more complete understanding of the joint
destructive process and the identity of the
relevant MMPs and non-MMPs that are
directly responsible holds the key to the future
development of MMP inhibitors in the rheumatic diseases. This may yet require a more
subtle approach, in that additional enzymes
such as the cathepsins, and any feedback
mechanisms involving the MMPs, their inhibitors and, possibly, non-MMPs, may need to be
considered as a whole before we can find an
MMP inhibitor that proves clinically eVective
in each of the target diseases.
Moreover, we should also continue to question the validity of the animal models used to
test these compounds, as highlighted by the
failure of Trocade to replicate the preclinical
eYcacy in patients with RA, and use histological techniques to establish that the chosen
inhibitor can reach and inhibit its target at the
pathological interface.
The complex issues of clinical development
of MMP inhibitors in rheumatic diseases and
assessing outcome bring their own challenges.
These would be helped significantly if measurement of joint damage could be made by
more sensitive methods, such as MRI, which
may reduce study duration, sample size, and
interpatient variability. However, the absolute
relevance of prevention of structural joint
damage as a surrogate marker of functional
benefit to the patient remains, though considerable eVorts are being made to interpret fully
the value of such outcome measures, which
will hopefully resolve some of the concerns of
rheumatologists and the regulatory authorities.
As we progress through the decade of bone
and joint, we should perhaps take a new look at
the possibilities for an MMP inhibitor to treat
rheumatic diseases because we are still faced
with a significant gap in the rheumatologists’
therapeutic armamentarium.
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inhibitors of diVering profiles, and the mechanism responsible remains unclear.
To date the only available drug considered to
have inhibitory activity against the MMPs is
tetracycline, licensed as periostat for periodontal disease. However, clinical trials in RA failed
to show a significant diVerence between minocycline and placebo on the progression of joint
damage, though some positive trends were
identified.35
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