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Progressive fibrosis OF organs and tissues, including 
the liver, lungs, kidneys, heart, blood vessels and 
skin, comprises a constellation of mechanistically 
related disorders that are major causes of morbidity 
and mortality [l]. Additionally, keloids and 
hypertrophic dermal scarring can result in dis- 
figurement and disability, whilst scarring in the 
central nervous system following traumatic injury is 
a major obstacle to neural regeneration and the 
successful reconnection of disrupted pathways [2]. 
Each of these disorders shares the common feature 
of a progressive and nnappropriate accumulation of 
connective tissue, dominated by collagen, which 
leads to the disorganization of normal tissue 
architecture and consequent loss of function. 
The currently available pharmacologically based 
treatments are generally unsatisfactory [ 1,3], and, 
in the case of major organ failure, organ replacement 
may be the only alternative. However, the 
uncertainties and high costs associated with organ 
replacement highlight the need for more effective, 
pharmacologically ba.sed treatments. Fortunately, 
recent rapid progress. in our understanding of the 
cellular and biochemical phenomena that underlie 
fibrotic disease reveals some promising opportunities 
for developing novel therapies. 

Primary causes of fibrosis 

These are very diverse: for example, alcohol and 
viral infections are major causes of liver fibrosis. 
Glomerular sclerosis and tubulointerstitial fibrosis 
in the kidney result: from glomerular nephritis, 
diabetes mellitus or hypertension [4]. Hypertension 
is also recognized as a major factor in the 
development of the diffuse cardiac fibrosis associated 
with progressive heart failure [5]. Whilst toxic 
vapours, inorganic dusts and paraquat induce 
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pulmonary fibrosis, the cause of cryptogenic fibrosing 
aveolitis (otherwise known as idiopathic pulmonary 
fibrosis) remains unknown. Similarly, the abnor- 
malities that give rise to keloids, hypertrophic dermal 
scars and scleroderma are obscure [6]. 

Clearly, where the initiating cause of a particular 
fibrosis is recognized, the first course of action must 
be to eliminate or minimize it. Abstention from 
alcohol in the early, fibrogenic phase of alcoholic 
liver disease slows the advance of the fibrosis [7], as 
does the use of interferon-a in liver fibrosis associ- 
ated with viral infections [8,9]. The antiviral activity 
of interferon, which reduces the fibrogenic challenge 
to the liver, may also be accompanied by a useful 
direct anti-fibrogenic action [lo]. Measures to 
prevent the inhalation of harmful dusts and vapours 
dramatically reduced the incidence of industrially 
related pulmonary fibroses. The recognition that the 
left ventricular hypertrophy associated with chronic 
hypertension is an important prognostic indicator 
for heart failure led to a major emphasis on 
pharmacological and life-style measures to reduce 
blood pressure [5]. Antihypertensive treatment with 
inhibitors of ACE? ameliorates left ventricular 
hypertrophy not only by minimizing the mechanical 
stimulus of the pressure afterload but also by a direct 
anti-fibrotic action on cardiac fibroblasts [5]. Finally, 
in kidney disease, adequate antihypertensive therapy 
or careful management of diabetes mellitus may 
retard the slide towards progressive fibrosis and 
renal failure [ll, 121. 

Cellular and biochemical basis of fibrosis 

Despite the undoubted benefits that stem from 
dealing with the initiating causes of fibrotic disease, 
many cases progress inexorably to the impairment 
of organ function, increasing disability, and eventual 
death. A chilling example is provided by cryptogenic 
fibrosing alveolitis, the frequency of which is 
increasing in the United Kingdom [13]. Despite 
all forms of treatment, short of heart-lung 
transplantation, the survival rate 5 years after 
diagnosis is only about 50% [3], and the outlook for 
patients with other forms of major organ fibrosis is 
often little better. Therefore, the opportunities for 
more successful treatments must be sought in the 
accumulating wealth of information concerning the 
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Fig. 1. Summary of the cellular and humoral events leading 
from the primary tissue damage to the initiation of fibrosis. 
The various cytokines and cell types involved are described 

in the text. 

cellular and biochemical pathology of fibrosis. This 
hope is encouraged by the finding that the various 
forms of fibrosis share several common features in 
the sequence of events subsequent to the primary 
cause, which lead to the pathological expansion of 
connective tissue and extracellular matrix (Fig. 1) 
[14,X]. The primary damaging insult to the tissue 
elicits an inflammatory reaction in which substances 
released from dead and dying cells activate 
monocyte/macrophage-type cells that may be acutely 
extravasated from the circulation or be normally 
resident in the organ, as in the case of Kupffer cells 
in the liver [16] and pulmonary macrophages in the 
lungs [ 171. Notable amongst the many cytokines and 
inflammatory mediators that are released from 
activated macrophages are TNF-a and interleukins 
1 and 6 (IL-1 and IL-6), which recruit further 
inflammatory cells into the local environment, acidic 
and basic FGFs, EGF and possibly the two most 
important fibrogenic cytokines that we are currently 
aware of, PDGF and TGF-P [Xl. Other cells 
contribute to this cytokine pool, including platelets, 
lymphocytes and fibroblasts, and, in the case of liver 
fibrosis, modified lipocytes or Ito cells [18,19]. 

In conditions where the primary tissue-damaging 
cause persists, the inflammatory response becomes 
chronic, thus perpetuating the drive to fibrogenesis. 
In these circumstances, it would seem logical to 
apply anti-inflammatory therapy. However, whilst 
there is no evidence to indicate that non-steroidal 
anti-inflammatory drugs exert any worthwhile 
benefits in chronic fibrosis, treatment with steroids 
is beneficial in some cases of liver and pulmonary 
fibrosis [7,20], and topically applied steroids have a 
reasonable record of success in reducing the severity 
of hypertrophic dermal scarring [6]. Because of the 
multifarious effects of steroids, the basis of their 
anti-fibrotic action is unclear, but may depend upon 
a generalized suppression of the activities of many 
cell types including inflammatory cells and fibroblasts. 
The incidence of unacceptable side-effects of systemic 
therapy severely limits the use of steroids in chronic 
disease [21]. 

The inflammatory cascade results in the recruit- 
ment, activation and proliferation of fibroblasts or 
fibroblast-like cells and a marked increase in their 
production of ECM. PDGF is a major mitogen for 
fibroblasts, although EGF and the structurally 
related cytokine TGF-(U may also contribute to this 
activity [22,23]. TGF-/3 appears primarily to en- 
hance the capacity of the fibroblast for the synthesis 
of components of the ECM, including the major 
fibrillar collagens, Types I and III, proteoglycans, 
fibronectin, laminin, and tenascin [24]. TGF-/?J also 
antagonizes the degradation of the ECM by 
repressing the synthesis of collagenases and inducing 
the synthesis of tissue inhibitors of metalloproteases 
(TIMPS) and wZ-macroglobulin [25]. Finally, TGF- 
p creates an autostimulatory loop by inducing both 
its own synthesis and that of TGF-P receptors in 
target cells [4]. 

Antagonism of cytokines as a route to anti-jibrotic 
therapy 

TGF-/3. The involvement of TGF-P in experimen- 
tal and clinical fibroses is now well-established. 
Border and Noble [26] demonstrated increased 
expression of the TGF-fl isoform at both the mRNA 
and protein levels in models of autoimmune 
glomerulonephritis and diabetic nephropathy in rats 
and in patients with diabetic kidney disease. 
Increased TGF-P has also been seen in experimental 
liver fibrosis in rats, in active liver fibrogenesis in 
humans [16], in pulmonary fibrosis in animals and 
humans [3], and in experimental cerebral scarring 
caused by penetrating injury to rat brains [2]. 
Finally, TGF-B is directly fibrogenic when injected 
subcutaneously [27]. 

In short, there can be little doubt that TGF-P is 
a significant mediator of fibrogenesis and that 
inhibition of its activity is a valid therapeutic target. 
Antibodies to TGF-0 have already been shown to 
reduce scarring in incisional dermal injury in rats 
without impairing normal wound healing [28], to 
depress the accumulation of ECM in experimental 
acute glomerulonephritis [29], and to suppress 
intimal hyperplasia in a rat model of arterial 
restenosis following balloon injury [30]. However, 
whilst it might be possible to use antibodies to TGF- 
p to counter acute fibrosis in humans, as, for 
example, in paraquat-induced pulmonary fibrosis, it 
is difficult to see how antibodies could be given over 
extended periods in the more common, slowly 
progressive forms of fibrosis unless the antibodies 
could be “humanized” extensively to minimize their 
immunogenicity. Decorin, a proteoglycan that binds 
to and inactivates TGF-0, protects against TGF- 
@l-mediated renal scarring and dysfunction in 
experimental glomerulonephritis [31], raising the 
possibility that a recombinant form of human decorin 
could be used in chronic fibrotic disease. 

However, the prospect of treating patients on a 
long-term basis with injectable proteins is not ideal. 
Chronic oral therapy with a low molecular weight 
antagonist or inhibitor of TGF-P is more attractive, 
both in terms of cost and convenience to the patient. 
Such a drug could emerge from various approaches 
including: (1) blockade of the interaction of TGF-B 
with its receptor(s), and (2) inhibition of the 
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signal transduction mechanism for TGF-p. After 
considerable initial uncertainty, much progress has 
been achieved recently towards defining the receptors 
for TGF-/3. Three types of receptor have been 
identified. Types I and II are believed to mediate 
the biological actions ‘of the cytokine, although which 
of these determines the fibrogenic activity of the 
cytokine is unknown [32,33]. Type III receptors, on 
the other hand, are apparently not directly involved 
in signal transduction but may sequester TGF-B on 
the cell surface for presentation to the other 
receptors. Types I and II have much higher affinity 
for the TGF-fl and $2 isoforms than for TGF-/?3. 
There are also subclasses of the Type II receptor 
with much higher affinities for the /3.2 isoform. The 
affinity of Type III receptors for the three isoforms 
varies in different cell lines, suggesting that there 
may also be more than one class of this receptor 
type. Numerous other proteins that bind TGF-/? 
have been identified, but their physiological 
significance is uncertain [32]. 

The uncertainty as to which class of receptor 
determines fibrogenic activity, and also whether one 
of the cytokine isoforms has a dominant role in this 
activity or whether al.1 three are involved depending 
upon the local circumstances, hinders a rational 
approach to the discovery of an antagonist to 
the ligand-receptor interaction. Nevertheless, the 
recently described three-dimensional X-ray structure 
for TGF-@ and its implications for the structures of 
the other two isoforms [33,34], together with the 
anticipated definition of the ligand binding domains 
in the receptors, should provide a major impetus for 
the design of TGF-P antagonists. 

Progress towards defining the signal transduction 
mechanism that mediates the biological actions of 
the TGF-P family h;as been much slower than for 
some other cytokines. Recent cDNA cloning studies 
indicate that although there is little sequence 
homology between the extracellular domains of the 
Type I and Type II receptors, the cytoplasmic 
domainsofboth have sequences that are characteristic 
of serine/threonine kinases [35]. The cytoplasmic 
domain of the Type III receptor has no such region 
but, intriguingly, overall has a high content (42%) 
of serine and threonine residues [33]. Since the Type 
I and II receptors clearly do not belong to the 
tyrosine kinase receptor family, it seems quite likely 
that the serinelthreonine kinase domains may 
participate in signal transduction, although there is 
no experimental evidence for this at present. 
Confirmation of the involvement of serine/threonine 
kinase activity in Type I and II receptor function 
would no doubt provoke a search for specific 
inhibitors of these kinases. Recent reports of cytokine 
receptor-specific inhibitors of tyrosine kinases [36] 
provide encouragement that a similar success might 
be achieved for the TGF-P receptor system for 
fibrogenesis. 

Inhibition of RSTKs. Although a great deal of 
interest has focused on the role of TGF-/3 in fibrosis, 
other cytokines released at sites of fibrogenesis also 
contribute to this process. PDGF appears to be a 
major player since it is released by a variety of cells 
found at sites of tissue damage, including platelets, 
activated macrophages, fibroblasts, smooth muscle 

cells and endothelial cells. PDGF provides perhaps 
the crucial stimulus for the mitosis of fibroblasts and 
vascular smooth muscle cells. EGF and the related 
cytokine, TGF-m, may also contribute to fibrosis 
since both are mitogenic for fibroblasts, and 
exogenously administered EGF is a potent stimulant 
of fibrogenesis in a model of tendon injury repair in 
rats [37]. 

The signal transduction mechanisms of PDGF and 
EGF/TGF-n both involve activation of specific 
receptor-associated tyrosine kinases following the 
dimerization of neighbouring ligand-receptor com- 
plexes [38]. There is ample evidence that cytokine- 
induced activation of RSTKs is essential for the 
mitogenic action of both PDGF and EGF [38]. Since 
RSTKs participate in the biological activities of a 
wide range of cytokines and hormones, the prospects 
of designing agents targetted against the kinases 
associated with specific receptors initially seemed 
remote. However, the pioneering studies of Levitzki 
[36] have shown that such inhibitors can indeed be 
devised. Collectively known as “tyrphostins”, 
several of these low molecular weight compounds 
preferentially inhibit either PDGF-receptor- or 
EGF-receptor-associated tyrosine kinases. The 
compounds also have antimitotic effects on cultured 
cells stimulated by PDGF or EGF. Very recently, a 
novel series of 4-anilinoquinazolines has been 
described, which include highly potent inhibitors of 
the EGF-receptor tyrosine kinase (ICKY: -2OnM) 
and which inhibit EGF-stimulated proliferation of 
cultured KB cells [39]. These compounds do not 
inhibit IGF-stimulated growth of the same cell line. 
There is a wide range of potential therapeutic 
applications for receptor-specific inhibitors of 
tyrosine kinases including fibrotic disorders, although 
there is still some way to go before the interesting 
in vitro activities of the tyrphostins and 4- 
anilinoquinazolines are translated into safe and 
effective long-term treatments for chronic diseases. 

Angiotensin II and endothelins in myocardial 
fibrosis. In recent years, it has been recognized that 
an important contributor to the pathology of left 
ventricular hypertrophy, which is associated with 
chronic hypertension and the resulting progressive 
heart failure, is an extensive interstitial fibrosis that 
adversely affects the elasticity and contractility of 
the myocardium [5]. Weber and his colleagues [5] 
identified an abnormal, diffuse accumulation of 
fibrillar collagen (mainly Type I) in hypertrophied 
hearts obtained at post mortem from hypertensive 
animals and human subjects. In addition, localized 
scarring is found in regions of the myocardium 
damaged by ischaemic events. The myocardial 
fibrosis associated with hypertension differs from 
fibrogenesis triggered by acute tissue injury in that 
the inflammatory components of the initiating 
cascade are absent and the humoral stimuli to 
fibrogenesis may not be the same. Studies in 
spontaneously hypertensive rats with left ventricular 
hypertrophy have shown that the diffuse fibrosis is 
prevented by continuous treatment with lisinopril or 
captopril, antihypertensive ACE inhibitors that block 
the formation of angiotensin II [5]. Antihypertensive 
treatment with a non-ACE inhibitor, hydralazine, 
failed to prevent interstitial fibrosis and consequent 
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diastolic stiffness, although it did prevent gross 
hypertrophy [5]. These results suggest that, in 
addition to its hypertensive effects, angiotensin II is 
directly fibrogenic in the myocardium, and there is 
some preliminary evidence that angiotensin II 
stimulates collagen synthesis in cultured human 
myocardial fibroblasts [40]. Angiotensin II has 
cytokine-like activity in the kidney where it stimulates 
mitogenesis and collagen synthesis in proximal 
tubular cells, apparently by enhancing the synthesis 
and release of TGF-/l [41]. ACE inhibitors 
substantially reduce renal fibrosis in various models 
of kidney disease [41]. There may, therefore, be a 
case for a wider exploration of the potential 
usefulness of ACE inhibitors and angiotensin II- 
receptor antagonists in human fibrotic diseases. 

Endothelins may also play a role in fibrosis. Thus, 
endothelins (ETs) 1 and 3 are reported to enhance 
the synthesis of collagens I and III in cultured rat 
cardiac fibroblasts [42]. ET 1 also inhibited 
collagenase production by these cells. The use of 
receptor-specific endothelin receptor antagonists 
indicated that the stimulation of collagen synthesis 
was effected at both ET(A) and ET(B) receptor 
subtypes, whilst the inhibition of collagenase 
synthesis by ET 1 was mediated via the ET(A) 
receptors. Other workers have implicated endo- 
thelins in an enhancement of collagen synthesis by 
fibroblasts isolated from the rat pulmonary artery 
[43], possibly suggesting a wider role for endothelins 
in fibrogenesis. The eventual availability of endo- 
thelin antagonists with in uiuo activity should permit 
the investigation of the contribution of endothelins 
to a range of experimental fibroses. 

Inhibition of collagen biosynthesis and processing 

Histological examination of fibrotic tissue, using 
a collagen-specific stain such as Picrosirius Red, 
shows that the predominant component of the ECM 
is collagen. As we have seen, much attention is 
currently directed at modulating the cytokine 
activities that drive the accumulation of connective 
tissue, including the over-production of collagen. 
There is also considerable interest in more direct 
approaches to preventing the deposition of mature, 
cross-linked collagen into the ECM. Whilst the 
predominant collagens of fibrotic tissue are Types I 
and III, it should be remembered that there are least 
thirteen other members of the collagen family in 
addition to a number of other proteins with triple 
helical domains, including complement Clq, the 
acetylcholinesterase associated with nerve muscle 
endplates and lung surfactant protein [l]. All of 
these proteins share some common steps in the post- 
translational modifications that are characteristic of 
collagenous proteins. Therefore, specificity of attack 
on newly synthesized collagens Types I and III 
should optimally be at the level of gene transcription 
and translation. The application of the emerging 
technology of antisense oligonucleotides offers a 
reasonable hope of blocking the translation of 
specific mRNAs [44], whereas gene-specific control 
of transcription seems a more distant prospect. 

Attempts to control the deposition of collagen 
into the ECM at the post-translational level have 
concentrated largely on the design of inhibitors of 

two key enzymes involved in the post-translational 
processing of collagen: prolyl4-hydroxylase and lysyl 
oxidase 

Prolyl 4-hydroxylase (EC 1.14.11.2). The 4- 
hydroxylation of prolyl residues in the sequence 
context . . X-pro-gly in collagen chains is 
essential to the thermal stability of the triple helix 
that is characteristic of mature collagen. Even a 
small reduction (19%) in the 4-hydroxyproline 
content of Type I collagen is sufficient to depress 
the “melting” temperature of the triple helix below 
normal body temperature [45]. Suppression of 
collagen hydroxylation in cultured cells leads to 
a visible accumulation of procollagen in the 
endoplasmic reticulum [46,47], indicating that the 
triple helical conformation is essential for the 
secretion of collagen into the external medium. The 
proposed use of inhibitors of prolyl 4-hydroxylase 
in fibrotic diseases rests on the assumption that the 
underhydroxylated procollagen chains are subject to 
rapid intracellular degradation. However, the 
accumulation of non-helical procollagen within 
cultured cells in which prolyl 4-hydroxylase is 
inactivated, either by the depletion of ascorbate (an 
essential co-factor) or by inhibitors of the enzyme, 
indicates that collagen synthesis outstrips its 
intracellular proteolysis. Indeed, there is evidence 
from other systems that rapid intracellular degra- 
dation of misfolded proteins is by no means a general 
phenomenon [48]. Furthermore, the accumulated 
pro-collagen is rapidly hydroxylated and secreted 
from cells when the activity of prolyl 4-hydroxylase 
is restored [46]. 

The implications of these observations for the 
proposed clinical application of inhibitors of prolyl 
4-hydroxylase in fibrotic diseases are considerable. 
The apparently low rate of proteolysis of under- 
hydroxylated collagen and its rapid hydroxylation 
upon the restoration of prolyl 4-hydroxylase activity 
suggest that the clinical efficacy of an inhibitor in 
slowing the rate of collagen deposition into the 
ECM may depend upon maintaining inhibition of 
hydroxylase activity to avert the escape into 
hydroxylation that could result from falling tissue 
drug levels. The need to sustain inhibition of 
hydroxylation for effective therapy raises concerns 
of the possible consequences on the processing and 
function of collagens not involved in pathological 
fibrosis and of other proteins with collagenous 
domains. Despite these concerns, several labora- 
tories, including our own, have pursued the goal of 
finding novel, potent inhibitors of prolyl 4- 
hydroxylase as potential antifibrotic agents. 

HOE 077 [Lutironil, pyridine-2,4-dicarboxylic- 
di(2-methoxyamide)] is a prodrug of the known 
inhibitor of prolyl 4-hydroxylase, 2,4-pyridyl- 
dicarboxylic acid (PDCA), and has been in Phase 
II clinical development as a potential treatment for 
various forms of liver fibrosis [49]. The compound 
is believed to be converted rapidly to PDCA within 
hepatocytes, although there is no experimental 
evidence for this [50]. There is also no evidence that 
prolyl 4-hydroxylase is inhibited in viva following 
administration of HOE 077. Nevertheless, HOE 077 
does protect against the development of carbon 
tetrachloride-induced liver fibrosis in rats [51], 
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although the mechanism involved is uncertain and 
may not depend upon inhibition of prolyl 4- 
hydroxylase. The outcome of the clinical studies in 
patients with HOE @77 is awaited with interest. 

In our laboratory, we concentrated upon the 
discovery of inhibitors with proven activity against 
prolyl 4-hydroxylase in uiuo. The seminal paper of 
Hanauske-Abel and Gunzler [52] on the probable 
catalytic mechanism of prolyl4-hydroxylase provided 
a number of guiding principles for the design of 
potent inhibitors of the enzyme based upon the 
competitive antagonism of the co-substrate 2- 
oxoglutarate: 

prolyl I-hydroxylase, Fe2+, ascorbate 
. . . X-pro-gly . . . + 2-oxoglutarate + -+ 

. . . X-Chydroxypro-gly . . + succinate 

We previously described a novel series of heterocyclic 
carbonyl glycines, which were the first compounds 
with demonstrable inhibitory activity against prolyl 
4-hydroxylase in uioo [53]. Unfortunately, the 
toxicological profile ol‘ this series prevented a detailed 
investigation of the consequences of the inhibition 
of prolyl 4-hydroxylase on the turnover and 
accumulation of collagen in uiuo. However, a 
chemically distinct serj es of polycyclic heteroaromatic 
carboxylic acids (PHACs), which are also effective 
inhibitors of the enzyme in vitro and in uivo, proved 
sufficiently benign to enable us to carry out this 
evaluation. * We found that newly synthesized 
collagen in the uteri of sexually immature rats treated 
with estradiol was substantially underhydroxylated 
(25% 4-hydroxyproline content compared with 42% 
in untreated animals) for a minimum of 6 hr following 
a single oral dose of a PHCA. The underhydroxylated 
collagen was turned cmver more rapidly than normal 
collagen, as indicated by the rate of loss of radiolabel 
associated with prolyl and 4-hydroxyprolyl residues 
in uterine collagen from animals given [‘“Cl- 
proline. Subsequently, the underhydroxylation was 
progressively reversed as the tissue concentration of 
the inhibitor declined. The increasing hydroxylation 
was accompanied by a reduced rate of loss of 
radioactivity from the uterine collagen. It appears, 
therefore, that the prospect of a clinically useful 
reduction in the deposition of collagen in fibrosing 
tissues may depend on achieving sustained inhibition 
of prolyl 4-hydroxylase so as to maintain the 
accumulated procollagen in the non-helical state, 
which is vulnerable to progressive intracellular 
degradation. The possible long-term toxicological 
consequences of sustained inhibition of prolyl 4- 
hydroxylase remain to be established. 

Lysyl oxidase (EC 1.4.3.13). Following the 
secretion of triple helical collagen into the 
extracellular environment, the protein is subject to 
two final steps of post-translational processing. First, 
specific amino- and c,arboxypeptidases remove the 
non-helical “extension” peptides from the amino 
and carboxyl termini [.54]. The collagen molecules 
formed by the cleavage process then spontaneously 
assemble into fibrils that act as substrate for 
the extracellular enzyme lysyl oxidase [55] that 
oxidatively deaminates the E-amino groups of certain 

* Franklin et al., Manuscript in preparation. 

lysyl and hydroxylysyl residues in the collagen chains. 
The resulting aldehyde groups react spontaneously 
with neighbouring aldehyde and E-amino groups to 
form intra- and interchain covalent cross-links that 
impart to the collagen fibers high tensile strength 
and also resistance to collagenolytic degradation. 

The association of enhanced lysyl oxidase activity 
with the progressive deposition of tough, non- 
degradable collagen in fibrotic conditions [56-581 
has highlighted lysyl oxidase as a valid target for 
drug therapy. The naturally occurring compound, @- 
aminoproprionitrile, is an effective, irreversible 
inhibitor of lysyl oxidase [59] and has been 
reported to reduce the accumulation of collagen in 
experimental fibrotic states [57]. However, its toxicity 
precludes its application in chronic fibrotic disease 
in humans [60]. Vicinal diamines, such as c&-1,2- 
diaminocyclohexane and ethylenediamine, are also 
potent, irreversible inhibitors of lysyl oxidase 
[55,61]. Representatives of this series of compounds 
are apparently showing encouraging activity against 
experimental fibrotic states in animals [62]. The 
recent successful cloning and sequencing of the 
cDNA for lysyl oxidase [63] may provide an 
opportunity to control the activity of the enzyme by 
the use of antisense oligonucleotides to block 
translation of its mRNA. As with prolyl 4- 
hydroxylase, it will probably be necessary to maintain 
constant suppression of lysyl oxidase to minimize 
cross-linking of the accumulated extracellular 
collagen fibrils so as to enhance their susceptibility 
to proteolytic attack. 

Conclusion 

Fibrotic diseases are major causes of human 
morbidity and mortality, and their chronic nature 
places considerable financial burdens on both 
individual patients and society. The current treat- 
ments, with the exception of organ replacement, are 
largely unsatisfactory, and there is, therefore, 
a considerable opportunity for effective new 
pharmacologically based treatments. It has been 
suggested that there is a potential market of more 
than $6 billion for antifibrotic drugs in the U.S.A. 
alone [62]. Research interest at the present time is 
centered largely around the antagonism of the major 
fibrogenic cytokines, including TGF-/3, PDGF and 
EGF/TGF+. The recently discovered fibrogenic 
activities of angiotensin II and the endothelins 
may offer additional opportunities for developing 
antifibrotic agents. Finally, inhibitors of two key 
enzymes involved in the post-translational processing 
of collagen, prolyl 4-hydroxylase and lysyl oxidase, 
continue to attract interest for their largely 
unexplored potential for controlling human fibrotic 
diseases. 
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