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Purpose of review

Animal models have been extremely valuable in contributing
to a better understanding of the pathogenesis of systemic
sclerosis. Discussed here are recent studies that have
examined the molecular pathways and potential therapeutic
approaches for systemic sclerosis using animal models.
Recent findings

Reported evidence further indicates that the immune system
plays a role in modulating the fibrosis observed in the tight
skin-1/4+ mouse model for systemic sclerosis. CD19,
interleukin-6, and interleukin-4 are involved. The injection of
spleen cells into immune-compromised mice resulted in
fibrotic, vascular, and immunologic alterations quite similar to
those of systemic sclerosis. Transforming growth factor-$3 and
its signaling pathway (JAK kinase and STAT-6, Smad2/3, and
Smad?7) appear to play a central role in the development of
fibrosis as well as monocyte chemoattractant protein-1,
CCR-2, platelet-derived growth factor C, and excessive
apoptosis. Viruses were shown to be possible cofactors. The
therapeutic agents hepatocyte growth factor and halofuginone
were shown to prevent fibrosis in animal models of systemic
sclerosis.

Summary

The transforming growth factor-$ signaling pathway is a
common mechanism of tissue fibrosis in animal models of
systemic sclerosis, although numerous additional molecules
modulate this pathway or have a direct effect on fibrosis.
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Abbreviations

BALF  bronchoalveolar lavage fluid
ECM extracellular matrix
HGF hepatocyte growth factor
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IL interleukin

MAGP-2  microfibril-associated glycoprotein 2
MCP monocyte chemoattractant protein
MMP matrix metalloproteinase

PAI plasminogen activator inhibitor
PDGF platelet-derived growth factor

SSc systemic sclerosis

TGF transforming growth factor

TIMP tissue inhibitor of metalloproteinase
Tsk tight skin
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Introduction

Animal models of systemic sclerosis (SSc) have provided
valuable insights into the causative mechanisms and the
pathogenesis of SSc and have furnished the means to
potentially test useful therapeutic interventions [1-3].
Among the numerous animal models for SSc, the most
extensively studied are murine because of the large
number of inbred mouse strains available and the de-
tailed genetic and molecular information available for
this species. Although the animal models described to
date do not reproduce precisely all the clinical and patho-
logic alterations of the human disease, several of them
show some of the typical abnormalities of this disorder,
and prudent interpretation of the results obtained from
their study has provided substantial and valuable infor-
mation about the pathogenesis of SSc. Here we review
recent studies using animal models of SSc¢, emphasizing
their contribution to understanding the pathogenesis
of the human disease and potential approaches for its
treatment.

Insights into pathogenesis and molecular
pathways of systemic sclerosis

Numerous recent studies have examined molecular
pathways that may be of relevance to the pathogenesis
of SSc.

Studies with Tsk1 mice

Saito ez al. [4] reported that the level of the cytokine
CD19 can influence skin fibrosis and autoimmunity in
the tight skin ('T'sk)1/+ mouse. Tsk1/+ mice were hyper-
responsive to CD19 transmembrane signals and had a
decreased expression of IgM expression, enhanced se-
rum Ig levels, and spontaneous autoantibody production.
The reason for this aberrant immune response appeared



to be the constitutive increase in tyrosine phosphorylation
of CD19 in B cells from the T'sk1/+ mouse. In addition,
CD19-mediated [Ca**]; responses, Vav phosphorylation
and Lyn Kinase activity were increased. Furthermore,
Tsk1/+ mice deficient in CD19 had significantly less
skin fibrosis and showed a much higher expression of
surface IgM on their B cells, did not develop the auto-
antibodies characteristic of T'sk1/+ animals, and had re-
duced interleukin (IL)-6 production. The authors con-
cluded that chronic B cell activation resulting from
augmented CD19 signaling could lead to skin sclerosis
and autoantibody production through a mechanism of
IL-6 overproduction.

In another study, Kodera ¢z /. [5] reported that the 1L.-4
gene was crucial for the expression of the Tsk1l pheno-
type. Tsk1/Tskl mice are not viable, and they die
in utero at approximately the same time that expression
of the mutated fibrillin 1 gene is initiated. These authors
reported that elimination of either one copy or both cop-
ies of the IL.-4 gene allowed survival of the homozygous
T'sk1/T'sk1 mouse. Histopathology indicated that these
mice did not show any cutancous hyperplasia but still
displayed pulmonary emphysema. /7 vitro experiments
indicated that I.-4 regulated the levels of transforming
growth factor (TGF)-B, and the authors postulated that
the downregulation of TGF-B levels in these 1L.-4—
deficient T'sk mice prevented the development of cuta-
neous fibrosis. The important conclusion of these studies
is that IL.-4 is crucial in the development of the Tsk
phenotype and is involved in the mortality of Tsk/Tsk
embryos. In a follow-up study, McGaha ez a/. [6] reported
that IL.-4 induced a substantial increase in collagen syn-
thesis in both Tsk1/+ and normal mouse dermal fibro-
blasts, but the effect was greater in T'sk1/+ cells. They
further showed that the IL.-4 signaling cascade was al-
tered in T'sk1/+ fibroblasts compared with control speci-
mens. In Tsk1/+ cells, the phosphorylation of JAK ki-
nases, which in turn phosphorylate the IL-4 receptor,
was constitutive, whereas in cells from normal mice, 1L.-4
was required for JAK phosphorylation. Another signal
transduction molecule, STAT-6, was also involved be-
cause IL.-4 induced higher levels of phosphorylated
STAT-6 in T'sk1/+ cells than in control cells. Transfec-
tion studies with a portion of the a2(I) collagen gene
promoter showed that I11.-4 and STAT-6 could upregu-
late its transcriptional activity and that AP-1 and Sp-1
transcription factors were involved in this effect. The
authors concluded that type I collagen gene expression is
enhanced by IL-4 cither directly or through TGF-p—

mediated mechanisms.

Another study characterized the tissue expression of
elastic fiber-related proteins in T'sk1/+ mouse skin. Le-
maire ¢ al. [7] showed that T'sk mutant fibrillin 1 in-
creases extracellular matrix (ECM) incorporation of mi-
crofibril-associated glycoprotein 2 (MAGP-2) and type I
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collagen. The authors analyzed the effect of the Fbnl
mutation present in the Tsk1/+ mouse on the structure
and composition of the ECM by transfecting the mu-
tated Fbnl gene under the control of a tetracycline-
dependent promoter into a mouse embryonic cell line. It
was found that when the mutated Fbnl was expressed in
the mouse embryonic cell line, the sharply defined fibril-
lin network became smudged and blurred when exam-
ined by immunofluorescence. The fibrillin fibers pro-
duced in the presence of the mutated Fbnl were also
broader and less intensely stained. However, in contrast
with previous studies, Collal mRNA was equally ex-
pressed in the presence or absence of expression of the
mutated Fbnl. This was true even when TGF-B1 was
added to the cultures. However, expression of the mu-
tated Fbn1 had a significant effect on the deposition and
incorporation of type I collagen molecules into the ECM.
There was also an increase in the MAGP-2 fibrillar struc-
tures within the ECM caused by the expression of the
mutated Fbnl. The authors also reported an increase in
MAGP-2 deposits in lesional SSc skin and concluded
that alterations in the microfibril structure or deposition
may contribute to cutaneous fibrosis in SSc.

Studies with the bleomycin-induced

model of cutaneous fibrosis

Murota e al. [8] examined the effects of disruption of the
"TNF-a receptor p55 on collagen turnover in skin fibro-
blasts from mice injected with bleomycin subcutane-
ously. The treatment caused mild sclerosis after 14 days
in normal mice, whereas it resulted in severe sclerosis
after only 3 days in TNF-a receptor p55~~ mutants. The
mutant mice showed thickened and homogeneous colla-
gen bundles and dermal inflammatory infiltrates, where-
as at the same time-points the control mice had severe
inflammatory infiltrates but no cutaneous sclerosis or fi-
brosis. After 3 days of bleomycin injections, the skin in
the mutant mice was significantly thicker than that in the
control mice, and the collagen content at the site of in-
jection was almost threefold higher. At sites distant from
the injection site, there was no increase in dermal thick-
ness, and the expression levels of IL.-4 and platelet-
derived growth factor (PDGF) were also not different.
By contrast, TGF-B mRNA was reduced and TNF-«a
mRNA was induced in a time-dependent and dose-
dependent manner in the mutant and control mice as a
result of the bleomycin injections. Most interestingly,
the expression level of Collal mRNA was not altered in
the mutant mice compared with control mice. However,
bleomycin induced an increased expression of matrix
metalloproteinase (MMP)-1 mRNA in the control mice,
whereas MMP-1 expression was significantly less in the
mutants. MMP-2, MMP-9, and gelatinase were equal in
both sets of mice. These same results were confirmed
when mouse embryonic fibroblasts were treated with
bleomycin 7z vitro. The authors concluded that TNF-«a
receptor p55 is an essential component of the signaling
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pathway for MMP-1 expression leading to the degrada-
tion of collagen.

In another study, Takagawa ez a/. [9] examined the ef-
fects of repeated injections of bleomycin into the skin
of mice, which induced inflammation and fibrosis by 1
week. They further characterized the role of cellular
Smad3 expression in the skin using specific antibodies.
Mice injected with bleomycin had abundant Smad3
throughout the dermis, epidermis, hair follicles, and se-
baceous glands. This effect was absent in control mice
injected with phosphate-buffered saline. At 3 days and
1 week, Smad3 was detected mainly in infiltrating mac-
rophages; the inflammation began to resolve in 2 to 3
weeks, and Smad3 expression was confined mainly to
the nuclei of fibroblasts. The authors also examined
Smad 2 and Smad3 phosphorylation as an indicator of the
activation level of the TGF-B/Smad pathway. They
showed that 70% of the lesional fibroblasts in mice in-
jected with bleomycin were positive for phospho-Smad?2/3
and that it was detectable even after 3 weeks of bleo-
mycin injection, primarily in fibroblast nuclei. By contrast,
phospho-Smad2/3 was undetectable in control mice. The
authors concluded that activation of the Smad signaling
pathway is ongoing in resident lesional fibroblasts even
after the inflammation has resolved. In experiments with
dermal fibroblasts, it was shown that bleomycin has no
direct effect on the phosphorylation of Smad2/3 but that
its effect is mediated by TGF-B. To understand the
mechanism by which the resident lesional fibroblasts
continued to produce phospho-Smad2/3 in the absence
of inflammation, the authors postulated that there might
be a defect in Smad7 that downregulates TGF- activa-
tion of the Smad signaling pathway. Iz vivo expression of
Smad7 in the dermis of TGF-B—injected mice was dem-
onstrated after 24 hours. By contrast, in the bleomycin-
injected mice Smad7 was induced in the infiltrating
mononuclear cells but not in the fibroblasts. These re-
sults indicated that the ratio of phospho-Smad2/3 to
Smad7-positive fibroblasts was significantly altered in
bleomycin-injected mouse dermis and that this alteration
was responsible for the cutaneous fibrosis that develops
in these mice.

In a related study, Yamamoto and Nishioka [10] exam-
ined the role of monocyte chemoattractant protein-1
(MCP-1) and its receptor, CCR-2, in the pathogenesis of
bleomycin-induced scleroderma. The authors first exam-
ined the expression of MCP-1 and CCR-2 in the lesional
skin of mice injected subcutancously with bleomycin.
They found that MCP-1 was weakly detectable on scat-
tered mononuclear cells in control mice. In contrast,
MCP-1 and CCR-2 were detectable on infiltrating mono-
nuclear cells in the dermis of bleomycin-injected mice,
and the number of positive cells peaked between 2 and
3 weeks during treatment. Positive fibroblasts were also
detected in the sclerotic dermis at later stages. The au-

thors concluded that there was concurrent upregulation
of MCP-1 and CCR-2 in mononuclear cells at early in-
flammatory stages and in fibroblasts at a later sclerotic
stage in the skin of bleomycin-injected mice. The au-
thors next investigated the effect of antibodies against
MCP-1 on the course of dermal fibrosis. Administration
of the antibody every other day decreased the bleomy-
cin-induced dermal fibrosis and reduced the number of
infiltrating mononuclear cells compared with control ani-
mals injected with bleomycin but receiving no antibody.
The link between MCP-1 and increased expression of
Collal mRNA was examined in cultured fibroblasts.
The addition of MCP-1 to the fibroblast cultures in-
creased collagen mRNA levels by more than fourfold. In
addition, decorin mRNA levels were also increased.
These mRNA increases were MCP-1 dose dependent.
However, the levels of fibronectin and biglycan mRNA
were not significantly altered. The authors concluded
that MCP-1 may induce fibrosis by directly upregulating
Collal mRNA in fibroblasts as well as by exerting an
indirect effect through cytokines released from immuno-
cytes recruited into lesional skin.

Another study by Yamamoto and Nishioka [11] exam-
ined the possible role of apoptosis in the pathogenesis of
bleomycin-induced scleroderma. These authors showed
that murine skin treated with bleomycin showed strong
apoptotic signals indicative of cell death in the infiltrat-
ing mononuclear cells, hair follicles, and sebaceous
glands in the dermis. The signals were present as early as
1 week and increased markedly after 3 weeks of bleo-
mycin treatment. The molecular mechanism of the in-
duced apoptosis involved Fas and FasL.. Fas was de-
tected in the cell membrane of some mononuclear cells
after 1 week of bleomycin treatment and increased to a
maximum after 2 weeks of treatment. Fas was also ex-
pressed constitutively in fibroblasts from 1 to 4 weeks of
bleomycin treatment. Fasl. was detectable after 1 week
of treatment in inflammatory cells and in fibroblastic
cells at 3 to 4 weeks. Reverse transcription polymerase
chain reaction showed that Fas mRNA was clearly de-
tectable throughout all layers of skin during 1 to 4 weeks
of bleomycin treatment, whereas Fasl. mRNA expres-
sion was upregulated and peaked at 7.5 times the control
values at 3 weeks after the beginning of bleomycin treat-
ment. The authors next investigated the role of caspase-
3, a downstream regulator of Fas/Fasl.. Immunohisto-
chemistry showed that caspase-3 expression was
detected in epidermis, hair follicles, and sebaceous
glands but not in cellular infiltrates in control mice. In
bleomycin-treated skin, caspase-3 was detected in both
the nucleus and the cytoplasm of infiltrating mono-
nuclear cells and a small portion of the fibroblasts. Re-
verse transcription polymerase chain reaction showed
that both caspase-1 and caspase-3 mRNA expression was
upregulated in lesional skin and peaked at 3 weeks of
bleomycin treatment. The upregulation of caspase-3 fol-



lowed the same time course as Fasl. upregulation. An
anti-FasL. antibody partially prevented the development
of dermal fibrosis after bleomycin treatment, and colla-
gen content was reduced 50% compared with skin from
controls treated with bleomycin and normal IgG. The
number of apoptotic mononuclear cells in the sclerotic
skin was also decreased. The authors conclude that there
is a relation between the Fas/Fasl. system and caspase-3
activation that mediates apoptosis and that the continu-
ous and extensive expression of Fasl. may participate in
the development of cutaneous fibrosis/sclerosis by induc-
ing excessive apoptosis or by modulating inflammatory
mediators.

Zhuo et al. [12] examined the modulation of PDGF-C
and PDGF-D in bleomycin-induced pulmonary fibrosis
in mice. PDGFs induce fibroblast proliferation and che-
motaxis through cell surface receptor signaling. The au-
thors reported that during bleomycin-induced lung fibro-
sis in mice, the levels of PDGF-C mRNA increased
significantly, whereas the level of PDGF-D mRNA de-
creased. The increased levels of PDGF-C mRNA were
localized by 7 situ hybridization to areas of lung fibrosis
and were not observed in the lungs of bleomycin-resis-
tant BALB/c mice. The authors suggested that PDGF-C
is involved in the development of bleomycin-induced
pulmonary fibrosis through binding to its receptor.

Systemic sclerosis model induced by spleen cell
injections in immunodeficient mice

Ruzek ez al. [13] described a modified model of induced
SSc that demonstrates all major aspects of the human
disease. The authors transferred donor B10.D2 spleen
cells into RAG-2 knockout mice to induce a graft-versus-
host response. RAG-2 knockout mice are genetically de-
ficient in mature T and B cells and therefore cannot
generate an antigen-specific immune response. The re-
sults were similar to a graft-versus-host model using ir-
radiated mice. In the treated mice, dermal thickening
developed, primarily of the extremities, with less pro-
nounced dermal thickening in dorsal or abdominal skin.
The dermal thickening peaked at 3 to 5 weeks and be-
gan to decline by 6 weeks but did not completely dis-
appear even by 22 weeks. Fibrosis of internal organs
including the kidneys, the intestinal tract, and the liver
was also observed, and, in contrast to the dermis, the
visceral fibrosis continued to increase over time. Over-
expression of both type VII and type III collagens in the
skin and type III collagen in the kidneys was also ob-
served. The authors also reported a significant decrease
in the luminal ratio of blood vessels in both skin and
kidney, indicating vasoconstriction and occlusion, which
was progressive over the course of the disease. In addi-
tion, the expression of the potent vasoconstrictor ET-1
was increased. The smooth muscle marker aSMA
showed that the cells surrounding vessels bearing this
marker had morphologic changes that likely contributed
to occlusion of the vessel lumen. The mice also showed
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a prominent early immune response up to 3 weeks,
which resolved by 6 weeks. CD4+, CD8+ T cells and
macrophages were shown to participate: they increased
tenfold, sixfold, and eightfold, respectively, in the ear
dermis. CD4+ and CD8+ cells also increased in the kid-
ney. Of remarkable importance was the observation that
ANAs with a speckled pattern developed in the mice and
that Scl-70 antibodies were present in more than 90% of
these mice. The authors concluded that this modified
model of graft-versus-host—induced SSc shows all the
major components of the human disease and can be used
to test effective therapeutic agents.

Models of pulmonary fibrosis

Kuroki ez a/. [14] investigated the role of TNF-« in pul-
monary inflammation and fibrosis induced by intratra-
cheal injection of bleomycin. They used TNF-a knock-
out ('NF-a-/-) mice in this study. They demonstrated
that the number of inflammatory cells in the bronchoal-
veolar lavage fluid (BALF) peaked at 7 days in TNF-
a+/+ mice and then decreased. By contrast, in TNF-a-/-
mice the number of inflammatory cells in BALF was
persistently increased to 35 days after the instillation of
bleomycin. The predominant cells present in the BALF
of TNF-a+/+ mice were macrophages, whereas in TNF-
a—/- mice they were lymphocytes. When cells from lung
tissue were taken 21 days after bleomycin instillation,
the total cell and lymphocyte numbers were higher in
the TNF-a—/- mice than in the TNF-a+/+ mice. His-
tologic examination of TNF-a+/+ and TNF-a-/- mouse
lungs revealed lymphocytic and neutrophilic infiltration,
thickening of the alveolar septa, and proliferation of fi-
broblasts in both mouse strains 14 days after bleomycin
instillation. At day 21 no difference in hydroxyproline
content of the lungs between either strain was observed.
However, in the TNF-a+/+ mice the inflammatory re-
sponse gradually subsided, whereas in the TNF-a-/-
mice massive infiltration of lymphocytes persisted, and a
fibrotic and honeycomb tissue morphology was observed
75 days after bleomycin instillation. TNF-a production
was measured in the TNF-a+/+ mice in response to
bleomycin instillation and was shown to be biphasic
reaching an initial peak after 12 hours, declining until
7 days and then rising again and remaining persistently
elevated up to 50 days after instillation. Flow cytometry
revealed that markers for the TNFa receptor were up-
regulated on inflammatory cells in BALF from TNF-
a+/+ and TNF-a-/- mice 14 days after bleomycin instil-
lation. Further flow cytometric analysis revealed that
significant numbers of the inflammatory cells in BALF
from the TNF-a+/+ mice were apoptotic, whereas fewer
apoptotic cells were observed in the BALF from 'T'NF-
a—/— mice. When TNF-a—/- mice were treated with mu-
rine 'I'NF-a, the levels of apoptotic inflammatory cells
increased, and two weekly treatments with the protein
effectively diminished the pulmonary inflammatory re-
sponse. The authors concluded that TNF-«a is essential
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for repressing pulmonary inflammation and fibrosis in
bleomycin-induced pneumopathy and that this effect is
mediated through induction of apoptosis of inflammatory
cells.

A very interesting study examined the role of viruses as
a cofactor in the development of pulmonary fibrosis in
bleomycin-resistant mice. Lok ¢z a/. [15] studied the de-
velopment of fibrosis in BALLB/c mice injected intraper-
itoneally with bleomycin. This mouse strain is normally
resistant to bleomycin-induced fibrosis. The mice re-
ceived, in addition to the intraperitoneal injections of
bleomycin, transnasal dosing with murine gammaherpes
virus 68. Control mice received no virus and only phos-
phate-buffered saline injections. In mice that received
both the virus and bleomycin, significantly more severe
lung inflammation developed than in mice that received
virus alone, bleomycin alone, or saline. In addition, the
collagen content of the lung followed a similar pattern.
The authors concluded that the virus does not cause
pulmonary fibrosis by itself but can act as a cofactor in
the development of lung fibrosis or in its progression.

Studies in transgenic mice

In a very interesting study, Denton ez 4/. [16] examined
"TGF-B signaling pathways involved in tissue fibrosis,
using transgenic mice. The authors reported the devel-
opment of transgenic mice that express a kinase-defi-
cient human type II TGF-B receptor (TBRIIAk) in fi-
broblasts. In previous work, TBRIIAk was shown to act
as a dominant negative inhibitor of TGF-B signaling.
However, in the present study, the authors demonstrated
that in adult mice that expressed this receptor, pulmo-
nary and dermal fibrosis developed. Neonatal dermal fi-
broblasts cultured from the transgenic mice proliferated
more rapidly than control cells and produced more ECM.
Several markers of TGF-B signaling were upregulated,
including plasmogen activator inhibitor-1, CTGF, and
Smads 3, 4, and 7. Microarray experiments showed that
the transgenic fibroblasts had a similar gene expression
profile to that of littermate control fibroblasts that had
been treated with TGF-B1. TGF-B was not able to fur-
ther stimulate the transgenic fibroblasts. However, over-
expression of type II TGF-B receptors partially restored
the responsiveness of these transgenic fibroblasts to
"TGF-B stimulation. Additional studies of the mitogen-
activated protein kinase pathways (another TGF-B
signaling pathway separate from the Smad signaling
pathway) showed that they were less perturbed by re-
combinant T'GF-B, and the authors concluded that this
pathway is less affected in the transgenic mice than the
Smad pathways. Therefore, this mouse appears to be a
model for the study of TGF-B overexpression and sig-
naling and the molecular pathways leading to tissue fi-
brosis.

Potential therapeutic approaches

Animal models have also been used in numerous studies
to examine putative therapeutic interventions that may
be effective to modulate or improve the pathologic al-
terations typically present in patients with SSc.

McGaha e al. [17] examined the effects of halofuginone,
a drug with antifibrotic properties, in preventing the ap-
pearance of dermal fibrosis in the Tsk1/+ mouse. They
reported that 1 pg of halofuginone injected intraperito-
neally every other day for 60 days prevented the devel-
opment of dermal fibrosis in both neonates and adult
Tsk1/+ mice, as demonstrated by histologic analysis.
The thickness of the skin of T'sk1/+ mice that had been
treated with halofuginone was less than 70% of the un-
treated animal skin thickness. Dermal fibroblasts de-
rived from these mice were also sensitive to the drug,
which caused reduced type I collagen synthesis. The
drug appeared to cause this effect by affecting the pro-
moter activity of type I collagen genes. The site of action
of halofuginone on the Colla2 promoter was localized to
a region between -3200 and +54 bp. The mechanism by
which halofuginone exerted this inhibitory effect on col-
lagen synthesis appeared to be through the TGF-B sig-
naling pathways by blocking the phosphorylation of
Smad3.

In a parallel paper, McGaha e a/. [18] examined the
effect of halofuginone on the development of the T'sk1/+
phenotype. The authors administered halofuginone in-
traperitoneally to newborn (1-day-old) and 1-month-old
T'sk1/+ mice every other day for 60 days. They con-
firmed their earlier work, which showed that this drug
significantly reduces collagenous material in Sirus-red
stained skin sections. The collagen content of skin was
decreased by 20 to 25% when drug treatment was begun
in 1-month-old mice and by almost 50% when neonates
were treated. /7 situ hybridization studies indicated that
halofuginone-treated neonate mice had a significantly
lower number of cells expressing type I collagen mRNA
and that this number was indistinguishable from the
number detected in C57BL./6 pa/pa normal control mice.
T'he authors concluded that the decreased collagen con-
tent observed in halofuginone-treated T'sk1/+ mice is
due to decreased numbers of cells expressing collagen in
the dermis. The authors also presented data showing
that halofuginone had no effect on the emphysema that
develops in Tsk1/+ mice. An interesting observation was
that when adult T'sk1/+ mice were treated with the drug,
the level of anti—topoisomerase-1 and anti—fibrillin-1 an-
tibodies typically present in these animals decreased to
control levels in adult T'sk1/+ mice but not in neonates.

A third study by McGaha ez /. [19] examined the mecha-
nisms of the inhibitory effects of halofuginone on fibro-
sis. They showed that the inhibition of collagen gene
promoter activity caused by the drug is mediated



through transcription factors that regulate type I collagen
gene expression. Using mouse-cultured fibroblasts, the
authors found that TGF-B1, PDGF, and PMA induced
rapid phosphorylation of ¢c-Jun, a component of a dimeric
transcription factor that binds with highest affinity to the
AP-1 regulatory element. In the presence of halofugi-
none, the induced phosphorylation of c-Jun was higher
than in its absence, indicating that the mechanism that
suppresses collagen synthesis may involve c-Jun. Further
experiments showed that TGF-B1-induced AP-1 bind-
ing activity was greatly increased in intensity, and the
time over which the increase occurred was lengthened in
the presence of halofuginone. Transfection assays also
showed that there was a synergistic effect of TGF-B1
and halofuginone on the activation of AP-1 activity and
that this AP-1 complex induced by T'GF-B1 in the pres-
ence of halofuginone is a potential antagonist of type |
collagen gene activity. Halofuginone abrogated the
TGF-Bl-induced upregulation of the CollaZ promoter
and the reduction of Colla2 mRNA levels through a
c-Jun dependent mechanism. In additional tests on
T'sk1/+ mice, the authors showed that the topical appli-
cation of halofuginone led to increased amounts of phos-
pho-c-Jun in the stratum and granular basal layer of the
epidermis.

Another potential therapeutic agent was studied by
Gong ez al. [20]. The authors showed that the recently
described hepatocyte growth factor (HGF) modulates
matrix metalloproteinases and plasminogen activator/plas-
min proteolytic pathways in progressive renal interstitial
fibrosis. HGF increased collagen catabolism in human
proximal tubular epithelial cells (HKC) treated with
TGF-B1 associated with increased MMP activity and
plasminogen activator/plasmin proteolytic pathway en-
hancement. HGF also induced the production of MMP-9
and prevented T'GF-B1-induced production of tissue in-
hibitor of metalloproteinase (TIMP)-2 and plasminogen
activator inhibitor (PAI)-1. Continuous infusion of HGF
in the rat remnant kidney model ameliorated renal fibro-
sis and tubulo-interstitial collagen deposition. In this
model the authors also reported increased tubular ex-
pression of MMP-9, enhanced 7 situ gelatinolytic activ-
ity, restoration of plasmin activity, and decreased expres-
sion of TIMP-2 and PAI-1. There was an overall increase
in TIMP-3 expression. Anti-HGF antibodies caused in-
creased renal fibrosis and exaggerated accumulation of
interstitial collagen deposition. Accompanying these
changes were decreased tubular expression of MMP-9
and elevated TIMP-2 and PAI-1 expression. The au-
thors concluded that HGF ameliorates renal fibrosis by
enhancing ECM catabolism through the MMP and
PA/plasmin proteolytic pathways.

An additional study examined the possibility that HGF
may have antifibrotic effects. Wu ez a/. [21] showed that
HGF both prevents and ameliorates bleomycin-induced

Animal models of systemic sclerosis Christner and Jimenez 751

dermal sclerosis. These authors transfected a construct
encoding human HGF into mouse skeletal muscle and
showed that expression of HGF had a marked effect
on preventing dermal sclerosis in mice injected with
bleomycin. The HGF was effective even when injected
4 weeks after bleomycin treatment. Levels of HGF
mRNA and protein were higher in skin, lung, muscle,
and serum after two transfections. It appears that the
effect of HGF in this model involves TGF-B, because
levels of TGF-B were reduced. Transfections of HGF
also ameliorated lung fibrosis. The authors suggest that
gene therapy with HGF may be useful to prevent even
established tissue fibrosis.

Conclusion

Most of the work published over the past 2 years indi-
cates that the TGF-B signaling pathway is a common
mechanism by which fibrosis occurs. However, there are
numerous other molecules that can either modulate this
pathway or have a direct effect on fibrosis. T'wo com-
pounds, HGF and halofuginone, have been shown to be
effective in preventing or ameliorating fibrosis, and it
appears that perturbation of TGF-B pathways was in-
volved in the mechanism of action of these drugs.
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