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PREFACE

This book is written to provide in-depth and current information on the
molecular basis of fibrotic diseases in various tissues and organs. Why do we need a
new book on fibrosis? Several currently available books on fibrosis are mostly
devoted to specific tissue or organ systems; in contrast, this book is especially
designed to provide integral and comprehensive information on fibrogenesis. Indi-
vidual chapters of this book present up-to-date information on the cellular and
molecular basis of fibrosis or sclerosis in heart, lung, liver, kidney, and blood vessels.
Chapters present the effects on fibrogenesis of inflammation, oxidative stress, low-
density lipoprotein, ischemia, apoptosis, and aging. The chapter authors who are
actively involved in clinical and basic research have outlined the emerging therapies
that can eventually treat fibrotic diseases. The future therapeutic potentials of
matrix-degrading enzymes on the reversibility of fibrotic disorders are also included.
The wide range of topics that are covered in this book will provide the reader with a
comprehensive and detailed understanding of fibrogenesis. Recent molecular studies
have changed the commonly held view that the extracellular matrix proteins are
biologically passive, i.c., they mostly act as glue between cellular elements. Extensive
research on matrix biology in the last decade or so has identified numerous essential
dynamic functions for the extracellular matrix proteins, ranging from fetal develop-
ment to tissue repair. Extracellular matrix proteins play ctucial roles in determining
the microenvironments and functional activities of the surrounding cells. However,
excessive accumulation of extracellular matrix proteins in chronic inflammatory,
immunologic, or metabolic diseases can lead to functional impairment of the af-
fected tissues and eventual end stage organ failure. Irreversible fibrotic diseases are a
major clinical problem, with high morbidity and mortality. The clinical importance,
and significance of the fibrotic diseases in various tissues and organs have led me to
conceive of this book. Leading experts in the field of matrix biology have contributed
chapters containing essential information required to have an in-depth understanding
of the cellular and molecular basis of fibrogenesis. This book will be important
reading for all those involved in basic and clinical research on matrix biology. My
utmost hope is that, amongst the readers, some will be inspired to take up the challenge
and excitement of research to further enhance our knowledge and understanding of
the complex biomechanistic pathways of fibrotic diseases. Such intellectually
challenging efforts will help in developing new therapeutic strategies to treat fibrotic
discases.

I extend my sincerest thanks and gratitude to each of the contributing authors
for his or her time and efforts. I acknowledge Dr. R. Landes of Landes Bioscience
for his cooperation in publishing this book. Finally, I wish to acknowledge my mentor,
and teacher, Prof. T. Taguchi of Nagasaki University Graduate School of Biomedi-
cal Sciences for his help and guidance. Particularly, I would like to thank the
Razzaque family (Rafi, Yuki, Zahid, Ayesha, Amina, Abida, Muhit, Newaz, Tahid,
Karima, Shahid, Diane, Lisa, and Amma) for their encouragement, support, and
help during my many hours of writing and editing. I hope that scientists and clini-
cians who need a quick update on fibrogenesis in their research and practice will
find this a useful reference book.

Mohammed S. Razzagque
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CHAPTER 1

Tissue Scarring;
Lessons from Wound Healing

Mohammed S. Razzaque, Moussa El-Hallak, Abdallah Azouz
and Takashi Taguchi

Abstract

issue scarring due to abnormal matrix remodeling is an important cause of organ

failure, which is a leading cause of morbidity and mortality. Current studies have fo

cused on determination of the molecular basis of controlled wound healing and un-
controlled tissue scarring. Scarless repair is a unique feature of fetal wounds in early gestation.
Our understanding of the molecular basis of fetal response during wound healing may repre-
sent a paradigm to modulate incomplete and/or excessive healing (tissue scarring) to an ideal
scarless healing. Once the fetal microenvironment that steers scarless wound healing is known,
attempts to create a similar artificial environment to modulate abnormal tissue scarring could
be accomplished. This brief review addresses the pathogenesis of wound healing and its rel-
evance to tissue scarring,

Wound Healing

A wound is a discontinuity of tissue integrity, while healing is the complex and dynamic
process of reconstituting that integrity. Superficial surgical incision causes injury to the lining
epithelial cells, disrupts underneath basement membrane, and damages the surrounding con-
nective tissue cells. Such damage induces inflammatory reactions, matrix deposition, and reso-
lution, which are essential components of wound healing. Immediately after the injury, clotted
blood containing fibrin and blood cells accumulates in the wound area. In addition, locally
generated inflammatory mediators start to recruit neutrophils within 24 hours, with increased
proliferating activity in basal epithelial cells. By day 3, most neutrophils are replaced with
macrophages. Granulation tissue usually consists of proliferating fibroblasts embedded in the
extracellular matrix (ECM) and new blood vessels, and becomes apparent on day 3. The repair
process continues, and matrix components in the granulation tissues begin to bridge the wound,
which is accompanied by re-epitheliazation. The macrophage has an important role in the
healing process. Macrophages are predominant within the injured areas in around 48 to 72
hours after injury. They do not only act as phagocytic cells, but also produce various factors
involved in the proliferation and differentiation of matrix-producing fibroblasts to synthesize
matrix proteins. Altered macrophage population may result in abnormal healing with poor
debridement. A pathogenic role for T cells has also been suggested during the healing process.
Experimental studies have suggested that dendritic epidermal T cells (DETCs) that bear a Y8

Fibrogenesis: Cellular and Molecular Basis, edited by Mohammed S. Razzaque.
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2 Fibrogenesis: Cellular and Molecular Basis

T-cell receptor (TCR) play an important role in wound healing. Compared with wild-type
mice, a delayed wound closure and reduced epithelial hyperthickening has been observed in
TCRS'" mice, which lack Y8 T cells, after a full-thickness skin wound.’

At about one week after the original wound, although the inflammatory features essen-
tially disappear, fibroblast proliferation and matrix deposition continue. At the end of the first
month, the wound is usually healed with scar tissue, covered with a layer of surface
epithelium. Every so often, non-surgical wounds are irregular, and the extent of the injury to
the surrounding cells and tissues is severe, which makes the healing process difficult; in such
cases, healing is accomplished by second intention. Healing by second intention is a complex
dynamic process with intensified inflammatory responses, granulation tissue formation, and
wound contraction. Usually the pre-injury architecture is not recovered, and original struc-
tures are replaced with a scar tissue. The matrix remodeling may continue for a long time with
individual variations, which is often influenced by the aging process.

Complex interactions among various cytokines and growth factors regulate the wound
healing process. EGF (epidermal growth factor) helps in regeneration of epithelial cells and
proliferation of fibroblasts,” while PDGF (platelet-derived growth factor) plays a crucial role in
proliferation, migration and differentiation of fibroblasts during wound healing.® FGF (fibroblast
growth factor) and VEGF (vascular endothelial growth factor) exert angiogenic effects on en-
dothelial cells and subsequent neovascularization.*> TGF-B (transforming growth factor-B)
helps in granulation tssue formation and subsequent matrix remodeling during the healing
process.® The replaced scar tissue is rarely as strong as the original tissue. In addition to the
above-mentioned factors, certain systemic and local factors influence the complex healing pro-
cess. For example, vitamin C deficiency impairs healing, by inhibiting collagen synthesis, while,
steroid therapy, age, presence of local infections, circulatory state, and genetic background
might influence the healing process. Keloid is a scar tissue that is formed as a result of abnormal
healing due to excessive accumulation of ECM proteins. The predominant occurrence of kel-
oid in black population is suggestive of a genetic predisposition.”

Recent studies have identified the signaling cascade involved in wound healing. For in-
stance, Jun kinase (JNK) signaling pathway plays a crucial role in efficient wound healing in
Drosophila.® The expression of alpha v beta 6 integrin has been reported to be induced in
keratinocytes, which is associated with the fusion of the epithelium and initation of granulation
tissue formation during wound healing.>°

Fetal Wound Healing

The wound repair process in adults is characterized by scar tissue formation, often associ-
ated with contracture. Such deformity might be associated with pathological consequences. In
contrast to adult wounds, fetal wounds heal without leaving any histological features of scar-
ring during early gestation. Understanding the fetal microenvironment during scarless wound
healing will provide important information that might help in creating a similar artificial envi-
ronment to modulate abnormal scarring, Although the pathomechanism of scarless fetal wound
healing is not completely understood, studies have documented that inflammatory mediators,
their effects on fetal dermal fibroblasts, subsequent downstream signaling cascade, and composi-
tion of matrix proteins are different than those of adult wound healing. Accelerated healing pro-
cess, and a relative lack of an acute inflammatory response distinguishes fetal wound healing
from adult wound healing. Increased monocytic infiltration with relatively less neutrophilic
activity is associated with fetal wound healing,!! Similarly, relatively less amount of interleukin
(IL)-6, IL-8, TGF-B and FGF have been detected during scarless fetal wound healing, com-
pared with the adult healing.!'"' The exogenous addition of TGF-B1 in fetal wounds resulted

in healing with scar tissue formation.'*> Likewise, lower level of IL-6 expression has been
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detected during fetal wound healing, while exogenous addition of IL-6 resulted in fetal wound
healing with scar formation.'® Furthermore, compared with adult wound healing process, rela-
tively lower levels of bone morphogenetic proteins (BMPs), members of TGF-f superfamily,
and BMP receptors have been detected during fetal wound healing.!” On the other hand, the
fetal wound contains higher amounts of hyaluronic acid, and consists of less tightly cross-linked
ECM components. During the first 3 days, hyaluronic acid was detected at high levels in the
adult wound, but was not detected by day 7. Adult wound healing is mostly achieved by
accumulation of collagen, which is the main component of scar tissue. In contrast, the level of
hyaluronic acid remains elevated for 21 days during fetal wound healing,'® while collagen depo-
sition is rapid and not excessive. Rapid upregulation of epidermal integrin receptors specific for
fibronectin and other matrix proteins during human fetal wound healing might facilitate the
migration of keratinocytes and subsequent re-epithelialization, thereby limiting inflammatory
responses, and fibrogenic activities.'® Fetal fibroblasts do not only have greater migratory abili-
ties, but also have greater ability to induce formation of dermal appendages. Further studies are
needed to determine the molecular mechanisms of relatively less differentiated cells in the fetal
wound bed, and the reasons for less tightly cross-linked ECM accumulation during scarless
fetal wound healing. The understanding of the molecular basis of fetal wound healing might
help in designing therapeutic strategies to help avert tissue scarring in adults.

Recent studies have focused on the potentials of bone marrow derived stem cells in controlled
tissue repair. In experimental studies, when mouse bone marrow cells from nondiabetic and dia-
betic mice were enriched with putative stem cells and injected under skin wounds of nondia-
betic or type 2 diabetic Lepr®® mice, exogenous nondiabetic bone marrow—derived cells in-
creased vascularization and improved wound healing in Lepr® diabetic mice with little effect
on nondiabetic controls.? In clinical set up, autologous corneal stem cell grafting in patients
with unilateral chemical burns was successful in restoring vision, reducing irritation with re-
generation of regular corneal epithelium replacing the conjunctival overgrowth.?! Similarly, in
patients with partial limbal stem cell deficiency, amniotic membrane transplantation was effec-
tive in restoring a stable corneal epithelium.?? Preliminary studies are projecting a promising role
for stem cells in regeneration and healing process. Ongoing studies will help us understand the
therapeutic potentials of stem cells in modulating tissue scarring.

Tissue Scarring

Irreversible end-stage tissue scarring continues to be a leading cause of morbidity and
mortality, and to date no specific therapeutic agents are available to treat scarring of various
tissues in mostly irreversible progressive diseases. Inflammatory reactions, matrix deposition,
and resolution are important pathological events of the wound healing (Fig. 1). In contrast to
the regular wound healing, no true resolution occurs during tissue scarring. It is the prolonged
activation of the genes encoding for fibrogenic molecules that distinguishes controlled wound
repair from uncontrolled pathologic tissue scarring, where accumulation of matrix proteins
often continues in spite of apparent resolution and/or disappearance of the initial triggering
factors. Activated fibroblasts and myofibroblasts mostly produce increased levels of matrix pro-
teins, which eventually replace the normal tissue with scar tissue, leading to loss of function of
the affected tissues or organs.”

Various factors and/or disorders are associated with tissue scarring. For instance, certain
physical or chemical injuries and immunological disorders are associated with cutaneous fibrosis
such as keloids, hypertrophic scars and scleroderma. Even a simple incision during a routine
surgery may heal with scarring with unanticipated pathologic consequences. Often abdominal
surgeries are associated with fibrous intraperitoneal adhesion with resultant mechanical ob-
struction of the intestine. Post-surgical strictures are encountered in the anastomotic sites like
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Figure 1. Simplified diagram showing various events during controlled wound healing and uncontrolled
tissue scarring.

bowel, blood vessels, trachea, ureter, or bile duct, due to abnormal regulation of matrix me-
tabolism. Similarly, metabolic diseases (diabetes mellitus), systemic diseases (hypertension),
immunological diseases (glomerulonephritis), and even prolonged urinary protein leaking may
lead to the development of renal scarring. 2% The clinical use of a significant number of useful
drugs have been restricted for their tissue scarring effects, which includes bleomycin, cisplatin,
cyclosporin, and gentamicin.2% Prolon§ed alcohol consumption and chronic viral infections
are usually associated with liver fibrosis,”® while, toxic vapors, and certain drugs can induce
pulmonary fibrosis. Although pulmonary fibrosis is triggered by diverse known and unknown
factors including exposure to inorganic dusts or radiation, not ail exposed individuals develop
fibrosis, suggesting a possible genetic predisposition.*"*? Identifying genetically susceptible
population by genetic profiling might allow early detection, and early intervention.

The process and progression of tissue scarring can be broadly divided in to three phases
and/or events: initial triggering events, leading to inflammatory events, which are usually fol-
lowed by fibrotic events. These phases usually overlap, and are regulated by a wide range of
phase-specific cytokines, chemokines, growth factors, and signaling molecules.?® Details of the
molecular and cellular interactions among some of these molecules during the progression of
fibrosis/sclerosis in the lung, liver, heart, blood vessels, and kidney are described in the accom-
panying chapters. In general, there are similarities in tissue scarring in various organs, although
the natures of the initial insults are diverse, and are not always detectable. In most fibrotic
diseases, the initial insults trigger damage to the affected tissues or organs, which is accompa-
nied by inflammatory reactions. Induction of various mitogenic and fibrogenic factors by in-
flammatory cells and activated resident cells results in activation of matrix-producing cells
causing their proliferation, differentiation (to myofibroblasts), and eventual production of ex-
cessive matrix proteins, or scar tissue, in response to the injury.2>*>3* Furthermore, the anti-
oxidant defense system is thought to be impaired during fibrogenesis, and the pathologic role
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of reactive oxygen species (ROS) has been demonstrated in the early stage of various human
and experimental fibrotic diseases. For instance, high levels of myeloperoxidase and low levels
of glutathione, an important antioxidant, have been detected in the alveolar epithelial lining
fluid of patients with idiopathic fulmonary fibrosis, suggesting the role of oxidant-mediated
injury in pulmonary fibrosis.?>>® Similarly, overproduction of ROS, and down-regulation in
the expression of cellular antioxidants enzymes have been suggested in mediating renal injuries;
the protective effects of antioxidants, including vitamin E and o-lipoic acid in modulating
renal injuries provide evidence of oxidant-mediated injuries in the pathogenesis of scarring
renal diseases.”*®

Accumulation of inflammarory cells, including neutrophils, lymphocytes, mast cells,
monocytes, and macrophages is a consistent histological feature of the early stage of tissue
scarring. Of these, macrophages are not only actively involved in the inflammatory events by
producing high levels of IL-8 to facilitate neutrophil trafficking into the affected sites,” but
also exert mitogenic and fibrogenic effects by secreting various cytokines, chemokines, and
growth factors, including PDGF and TGF-B1. These factors in turn can act on fibroblasts and
myofibroblasts to produce excessive amount of matrix proteins. Certain macrophage regulating
molecules, including macrophage colony-stimulating factor (m-CSF) and macrophage migration
inhibitory factor (MIF), by inducing increased accumulation and local proliferation of mac-
rophages determine macrophage population in the injured tissues, which eventually develop
tissue scarring.®*4! Studies have convincingly demonstrated that the release and
activation of certain transcriptional factors [e.g., activating protein (AP-1) and nuclear
factor-kappaB (NF-kB)], chemokines [e.g., monocyte chemoattractant protein-1 (MCP-1),
regulated on activation normal T-cell expression and secreted (RANTES)] cytokines (e.g., IL-1,
IL-4, IL-8), and growth factors [e.g., PDGE TGE-B1, tumor necrosis factor (TNF)-¢t], by
infiltrating inflammatory cells could intensify both the inflammatory and fibrotic events in the
affected organs.*2* Moreover, ECM-derived signals may exert chemotactic effects on a num-
ber of matrix-producing cells, which are involved in transcriptional activation of AP-1 and
NF-kB to produce inflammatory cytokines, such as IL-1 and TNF-o and thereby exacerbate
the fibroproliferative process.> In early stage of tissue scarring, inflammatory infiltration of
lymphocytes and macrophages, with induction of adhesion molecules, such as vascular cell
adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) by resident
cells has been detected.*® Both VCAM-1 and ICAM-1 are ligand for receptors expressed on
memory-activated T cells and monocytes, and thus could create a microenvironment for the
interaction of inflammatory cells and with resident cells. Change in the microenvironments
due to altered composition of matrix proteins during tissue scarring may activate adjacent cells
to produce factors that may influence both inflammatory responses and matrix remodeling.
For instance, a type I collagen-rich microenvironment could activate matrix-producing hepatic
stellate cells,*” and these activated cells express increased levels of collagen receptors 1B1 and
a2B1 integrins.® Some of these collagen receptors of integrins are also involved in the signal
transduction, and may participate in transcriptional regulation of genes that might regulate
proliferation, migration and adhesion of matrix-producing cells, and thus influence and con-
tribute to tissue scarring. Heat shock protein 47 (HSP47) is a collagen-specific molecular chap-
eron, and is involved in the biosynthesis and secretion of procollagens.”” Recent studies have
documented a fibrogenic role for HSP47 in excessive accumulation of collagens during tissue
scarring,’*>

An imbalance in the level of production and rate of degradation of matrix proteins could
determine the extent of tissue scarring, in the involved tissues and organs. Accumulation of
ECM is mostly achieved through the production collagenous and non-collagenous proteins.
The degradation of ECM is mostly regulated by proteolytic enzymes, including MMPs (matrix
metalloproteinases) and ADAMs (a disintegrin and metalloproteinase domain).”®*” In addition,
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tissue inhibitors of metalloproteinases (TIMPs) also play an active role in matrix remodeling by
neutralizing activities of MMPs. For instance, high expression levels of MMP-1, -2, and -9
have been detected during pulmonary ﬁbrogenesis,58 which was associated with increased lev-
els of their inhibitory enzymes, TIMPs -1 and -2.% It is likely that the expression of TIMPs
could neutralize the collagenolytic effects of MMPs, and thereby could facilitate matrix accu-
mulation. Recent studies have suggested that TGF-B1 could induce a number of matrix re-
modeling molecules, including MMPs and plasminogen activator inhibitor-1 (PAI-1) during
tissue scarring.%*®! The reversibility of scarring in affected organs may be partly determined by
the proteolytic activities of the relevant enzymes.

Conclusion

The basic science is meaningful, consequential and far-reaching when the hard, and often
the difficult work of scientists is applied to minimize patient’s sufferings, by clinical control of
disease progression. The detailed understanding of the molecular mechanisms of scarless fetal
wound healing might allow basic scientists and clinicians to influence the outcome of the
scatring process, by preventing and/or delaying the progression of excessive tissue scarring, In
this respect, it has been convincingly demonstrated that a similar type of injury elicits different
responses by adult and fetal dermal fibroblasts, resulting in healing with scar formation in
adults and healing without scar in fetus.®? In this book, individual chapters do nor only de-
scribe in detail the up-to-date information on fibrogenesis in various tissues and organs, but
also discuss the implications of this information in developing new therapeutic strategies to
treat progressive fibrotic diseases.
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Pathological Significance of Renal Expression
of Proinflammatory Molecules
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Abstract

ecent studies of cytokines, chemokines, adhesion molecules and growth factors have
Renhanced our understanding of molecular mechanisms of leukocyte trafficking and

their activation in the inflammarory phase of various renal diseases. Interactions be-
tween infiltrated inflammatory cells and resident renal cells are actively involved in the patho-
genesis of phase-specific renal disorders. Furthermore, a number of proinflammatory and
fibrogenic cytokines, chemokines and growth factors exert their biological activities through
their receptors expressed on resident renal cells, to induce inflammatory responses that eventu-
ally lead ro the development of fibrosis in various renal diseases. Thus, measuring the levels of
certain proinflammarory molecules might provide useful information about the inflammatory
state of the diseased kidney and could have clinical importance and significance. The selective
intervention of some of these molecules might have the therapeutic potential to modulate renal
inflammatory responses, and thereby could alter disease progression. Despite the apparent re-
dundancy, accumulating evidence supports this possibility. In this chapter, we will briefly sum-
marize the specific roles of certain proinflammatory molecules in the pathogenesis of various
human and experimental renal diseases.

Introduction

The interactions of activated infiltrated cells and resident renal cells are actively involved
in the pathogenesis of renal inflammation. The trafficking of leukocytes from peripheral blood
into the kidneys is an important inflammatory event that is encountered in the early phases of
most renal diseases.! Proinflammatory molecules, through their interactions with receptors
expressed on leukocytes and resident renal cells, can induce a number of cytokines, chemokines,
adhesion molecules and growth factors, both by autocrine and/or paracrine loops, during acute
and chronic phases of various renal diseases.” Some of these secreted molecules are not only
involved in the inflammarory phase of the disease, but also contribute to the development of
subsequent renal fibrosis.
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Participants in Renal Inflammation

Inflammatory Infiltrates

The main inflammarory cells actively involved in the early phase of various renal diseases
are neutrophils, macrophages, and lymphocytes. One of the mechanisms of neutrophil and
macrophage infiltration into diseased kidneys is via activation of adhesion molecules to induce
the release of lysosomal enzymes and §eneration of superoxide anions to initiate inflammatory
events and subsequent tissue damage.” In contrast, macrophages also have a scavenging role in
the clearance of nonself and/or altered-self materials, including glycated proteins and oxidized
lipoproteins. Macrophages exert dual effects in renal injury, i.e., damaging and protective
effects. Therefore, infiltrated and activated macrophages play a crucial role in the pathogenesis
of both inflammatory and fibrotic phases of the disease process. Certain chemokines, includ-
ing monocyte chemoattractant protein (MCP-1), are involved in the recruitment of macroph-
ages in diseased kidneys. In addidon, macrophage colony-stimulating factor (m-CSF) is ac-
tively involved in monocyte and macrophage survival, proliferation, and chemoraxis.’
Overexpression of m-CSF by tubular epithelial cells is closely associated with the interstitial
accumulation and proliferation of macrophages, as demonstrated in experimental ann-glomerular
basement membrane (GBM) nephritis and unilateral ureteral obstruction models.® A correla-
tion between overexpression of m-CSF and accumulation of macrophages has also been dem-
onstrated in various human and experimental diseases, including glomerulonephritis.”® Simi-
larly, increased expression of macrophage migration inhibitory factor (MIF) has been shown to
be involved in human and experimental models of tubulointerstitial injury, possibly by facili-
tating the interstitial accumulation of macrophages and lymphocytes.!° Infiltration of in-
flammatory cells, including lymphocytes, into diseased kidneys, exerts inflammartory responses
by secreting certain proinflammarory cytokines and chemokines.!" In kidneys of autoimmune
MRL-Fas?" mice, a dynamic interaction of macrophages and lymphocytes has been shown to
be the result of nephritogenic cytokines.!!

Resident Renal Cells

In addition to inflammatory infiltrates, there are at least two groups of resident renal cells
that actively participate in the inflammarory phase of various renal diseases; these are glomeru-
lar cells (mesangial cells, endothelial cells and epithelial cells), and tubulointerstitial cells (ru-
bular epithelial cells, interstitial cells and peritubular capillary endothelial cells). These intrarenal
cells are capable of proliferation, differentiation, and synthesis of various proinflammatory
cytokines, chemokines, and growth factors in response to various stimuli, which in turn aug-
ment inflammatory responses. In addition, activated and transformed resident renal cells regu-
late extracellular martrix (ECM) remodeling by inducing the synthesis of fibrogenic molecules.
Recently, it has been suggested that injury to the renal microvasculature contributes to the
progression of a number of renal diseases. For instance, Ohashi et al demonstrated that early
angiogenic responses, such as peritubular capillary regression, were followed by progressive
deletion of endothelial cells by apoptosis in experimental obstructive nephropathy.’?

Using a bone marrow transplantation model, Imasawa et al'® recently reported the poten-
tial of bone marrow-derived cells to differentiate into glomerular mesangial cells. In an experi-
mental model of anti-Thyl nephritis, Ito et al' reported an increased number of bone
marrow-derived Thy1(+) cells constituting about 7 to 8% of glomerular cells. These reports are
interesting, and suggestive of the presence of bone marrow-derived mesangial cells in nephritis.
Further studies are needed to determine the pathogenic role of these marrow-derived mesangial
cells in various renal diseases.
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Major Mediators Involved in Renal Inflammation

Chemokines

The chemokine family is divided into four groups depending on conserved cysteine resi-
dues that form disulfide bonds in the chemokine tertiary structure.'>'¢ The CXC subfamily
contains a single nonconserved amino acid separating the first two cysteine residues. The CC
and CXXXC subfamilies have either none or exactly three nonconserved amino acids between
the cysteines, respectively. The C chemokine subfamily, is unique in that only two of the four
cysteine residues (i.e., the first and third) are present. More than 44 chemokines and 18
chemokine receptors have been identified. Recent studies have documented that chemokines,
through the binding of their cognate receptors, play an important role in the pathogenesis of
various renal diseases by regulating leukocyte trafficking at inflammatory sites.

Interferon-inducible protein (IP)-10/CXCL10 is a mitogenic factor for mesangial cells
and possibly acts via the cognate receptor, CXCR3.!” The constitutive glomerular expression
of CCR7 and its ligand, secondary lymphoid tissue chemokine (SLC/CCL21), by adjacent
renal cells suggests the involvement of this specific chemokine/chemokine receptor interaction
in regulating glomerular homeostasis and regeneration.'® In addition, the regulation of
interleukin (IL)-8/CXCL8 and MCP-1 (also known as monocyte chemotactic and activating
factor [MCAF])/CCL2 are closely related to the urinary excretion of protein in experimental
models'®? and human nephrotic syndrome;?! the glomerular protein leakage is possibly due
to increased permeability of the glomerular capillaries. A recent report described the expression
of CCR4, CCR8, CCR9, CCR10, CXCR1, CXCR3, CXCR4, and CXCRS5 in cultured
podocytes; the expression of CXCR1, CXCR3, and CXCRS5 was also detected in podocytes of
human kidney sections.? It is likely that the release of oxygen radicals that accompanies the
activation of CCRs and CXCRs may contribute to podocyte injury and the development of
proteinuria.”

Recent studies have documented a direct link between locally and systemically produced
chemokines and the infiltration and activation of leukocytes in the kidneys. The infiltration of
Th1 T cells in the interstitium in human renal diseases is partly regulated upon activation of
normal T cells that express and secrete (RANTES)/CCLS, through its interaction with its
cognate receptors, CCR1 and CCR5.22> RANTES was also upregulated in the kidneys of a
murine lupus nephritis model, MRL-Fas#?” mice, prior to renal injury, and increased with pro-
gression of the injury.2! When tubular epithelial cells genetically modified to secrete RANTES
were infused under the renal capsule, features of interstitial nephritis developed in MRL-Fas?"
mice.2* RANTES fostered the accumulation of CD4" cells. In addition, circulating compo-
nents, including CD4* cells, were required to incite renal injury in MRL-Fas?” mice via both
cellular and humoral immune responses.!! Therefore, the manipulation of lymphocyte traf-
ficking by blocking the bioactivities of certain chemokines could have a potential therapeutic
effect in renal diseases.

Cytokines

The renal inflammatory response is a multistep and multifactorial process, mainly orches-
trated by the cross-talk of cytokines. Among the cytokines, IL-1 and tumor necrosis factor
(TNE)-0. are the most extensively studied molecules, and have been found to play an impor-
tant role in the inflammatory phase of various renal diseases. These two cytokines are capable
of, (1) regulating proliferation of resident renal cells {mesangial cells, endothelial cells), (2)
augmenting production of inflammatory mediators (cytokines, chemokines, prostaglandins,
free radical oxygen and superoxide anions), and (3) facilitating recruitment of inflammatory
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cells into the injured kidneys via the expression of chemokines.?” In addition, the upregulation
of these proinflammatory cytokines is closely related to the degree of apoptosis during inflam-
mation.

The two different subsets of CD4* lymphocytes (Th1 and Th2 subsets) produce different
groups of cytokines.?® Th1 cytokines include IL-2, IL-12, IL-18 and interferon (IFN)-y, while
IL-4, IL-5, IL-10, and IL-13 represent Th2 cytokines. Th1 cytokines are capable of activating
monocytes, lymphocytes and resident renal cells, which augment immunoinflammatory responses via
cellular immunity. In contrast, Th2 cytokines directly activate B cells to switch on humoral
immunity and induce human endothelial cell adhesiveness for T cells via generation of adhe-
sion molecules.?” In particular, Th1-predominant nephritogenic immune responses are associ-
ated with severe proliferative and crescentic glomerulonephritis. In contrast, Th2 predomi-
nance is presumed to contribute to minimal change nephrotic syndrome and membranous
nephropathy. Interestingly, lupus nephritis and IgA nephropathy have aspects of both Th1 and
Th2 predominance in a phase-specific manner.

The transition from neutrophil infiltration to mononuclear cell infiltration is an impor-
tant feature of inflammation. Recently, a role for IL-6 and its soluble receptor has been sug-
gested in the transition from neutrophil to monocyte recruitment during inflammation.?® During
acute inflammation, IL-6 might help in the resolution of the neutrophilic infiltrates. In con-
trast, during chronic inflammation, IL-6 might contribute to increased infiltration of mono-
nuclear cells. These findings are suggestive of a new role for IL-6 in the inflammatory process.

Leukocyte Trafficking During Renal Inflammation

Cell-cell interaction has an enormous impact on renal inflammation. Leukocyte traffick-
ing at the inflammatory site comprises two major events: first, the activation and firm adhesion
of leukocytes on endothelial surfaces and, secondly, the diapedesis and transmigration through
the endothelial cells into the inflammatory sites of the renal tissue (Fig. 1). Leukocyte adhesion
molecules are responsible for these steps and/or events. Major molecules involved in leukocyte
trafficking include the selectin family of molecules and their glycoprotein ligands, integrins
and immunoglobulin-like leukocyte adhesion molecules.”® Selectin-mediated rolling and
integrin-mediated firm adhesion is involved in the binding of leukocytes to the endothelium.
In addition, recent studies have shown that chemokines, through their cognate receptors, play
an important role in these steps. Chemokines expressed on the surface of endothelial cells
interact with their cognate receptors on specific leukocytes, a process that triggers activation of
adhesion molecules and result in firm adhesion of leukocytes to the surface of endothelial cells.
Once leukocytes migrate into the interstitium, chemokines and proinflammatory cytokines
produced by both resident cells and infiltrated inflammatory cells exert a wide range of biologi-
cal activities at the inflammatory sites. Selective expression of chemokine receptors and adhe-
sion molecules on specific cell populations determines the specific types of infiltrating cells in
inflamed kidneys. Thus, the interaction of infiltrating cells and endothelial cells orchestrated
by chemokines and adhesion molecules regulates sequential migratory patterns of specific types
of leukocytes in a multistep manner.

Chemokine Systems in the Kidney from Acute Injury to Renal
Scarring: The Chemokine Cascade
In renal inflammation, the type of leukocytes that infiltrate into the kidneys depends on

the type of insult and phase of the disease; neutrophils are the predominant cells in acute
inflammation, while macrophages, lymphocytes and plasma cells comprise the dominant cell
populations in chronic inflammation. Fibrogenic factors released by some of these chronic
inflammatory cells are involved in subsequent renal fibrogenesis (Fig. 2). Given the presence of
a biologically active chemokine amplification cascade in the kidney,*® a switch from acute
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Figure 1. Proinflammatory molecules and kidney.

inflammation to chronic inflammation in various renal diseases may depend on the expression
and bioactivity of specific chemokines. In human renal diseases, the presence of IL-8 in dis-
eased kidneys reflects an acute disease stage, associated with neutrophil infiltration and hema-
turia’ (Fig. 2). In contrast, the presence of elevated MCP-1 expression is suggestive of a chronic
stage of disease, especially in tubulointerstitial lesions through the recruitment and activation
of macrophages. Moreover, the measurement of urinary MCP-1 levels is a useful clinical tool
for monitoring the disease activity of inflammarory renal disorders.” In addition, MCP-1 has
been shown to mediate collagen deposition in an experimental model of nephritis, through its
interaction with TGF-B?' It is therefore likely that increased expression of MCP-1 in the chronic
inflammatory stage of a particular disease may contribute to subsequent renal fibrosis, by regu-
lating the synthesis of collagens. In support of this notion, the administration of anti-MCP-1
antibodies prevented the infiltration of leukocytes and development of renal fibrosis in a rat
model of crescentic glomerulonephritis.?’ Thus, the positive amplification loop from CXC
chemokines to CC chemokines (the “chemokine cascade”) plays a crucial role, not only in early
inflammatory events, but also in late fibrotic events of various renal diseases (Fig. 3).

The MCP-1/CCL2-TGF-f} Axis: A Common Regulatory Pathway of

Chronic Renal Inflammation Resulting in Renal Scarring

MCP-1 does not only regulate inflammatory events, but is also involved in progressive
glomerular and interstitial damage resulting in renal scarring in various renal diseases. Recent
studies suggest that MCP-1 plays an important role in the pathogenesis of metabolic renal
disorders, such as diabetic nephropathy and noninflammatory nephrotic syndrome. Locally
produced MCP-1, via recruiting and activating macrophages, contributes to the development
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Figure 2. Relevance of the “chemokine cascade” in explaining the particular clinical symptoms and patho-
logical changes in human renal diseases (modified from ref. 99).

of interstitial lesions in human diabetic nephropathy.> In diabetic nephropathy, urinary MCP-1
levels were significantly elevated in patients with advanced tubulointerstitial lesions. Moreover,
urinary levels of MCP-1 showed a positive correlation with the increased infiltration of
CD68-positive macrophages in the renal interstitium. Furthermore, studies using immunohis-
tochemistry and in situ hybridization techniques showed increased number of MCP-1-expressing
cells in the interstitium of kidneys affected by diabetes. These observations suggest that locally
produced MCP-1 is involved in the development of tubulointerstitial lesions in diabetic neph-
ropathy, possibly by regulating recruitment and activation of macrophages. Overexpression of
MCP-1 and certain fibrogenic molecules, including platelet-derived growth factor (PDGF)
and transforming growth factor beta (TGF-B), has been shown to be associated with interstitial
accumulation of mononuclear cells and myofibroblastic transformation of resident cells in
patients with membranous nephropathy.?> Recently, an intrinsic regulatory loop, in which
MCP-1 stimulates TGF-f production by resident glomerular cells, has been suggested in the
absence of infiltrating immune competent cells.>¥ Increased renal expression of TGF-B both at
the mRNA and protein levels, was detected in isolated rat kidneys that were perfused with a
polyclonal anti-thymocyte-1 antiserum and rat serum; this effect was attenuated by coperfusion
with a neutralizing anti-MCP-1 antibody but was partly mimicked by perfusion with recombi-
nant MCP-1 protein.** These results suggest an additional role for MCP-1 in fibrotic renal
diseases, possibly by interacting with TGF-B.

Molecular Basis of Inflammation in Various Renal Diseases

Ischemia-Reperfusion Injury

Renal ischemia-reperfusion is usually encountered in renal transplantation, in patients
with shock and circulatory collapse, or in renal artery stenosis. Ischemia-reperfusion injury in
the kidney is pathologically characterized by tubular epithelial cell necrosis and/or apoptosis
with marked inflammatory cell infiltration. Resident renal cell- and infilerated inflammatory
cell-secreted cytokines and chemokines, such as TNF-a, IL-1, IL-8, MCP-1 and RANTES
play important roles in the induction and propagation of renal injury. Recently, a more specific
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Figure 3. Schematic diagram of molecules involved in the multistep and multifactorial renal diseases that
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role for chemokines in distinct steps of leukocyte extravasation has been demonstrated.
Growth-related oncogene (GRO)/CXCLI1 and fractalkine/CX3CL1 are thought to mediate
the initial firm adhesion, whereas the chemokine MCP-1 is required for the later steps of
leukocyte spreading and diapedesis.®>2® Thus, these studies emphasize the significance of the
interaction of endothelial cells with leukocytes in ischemia-reperfusion injury.

Various experimental models of ischemia-reperfusion injury have been reported (Table 1).
Using a renal ischemia-reperfusion model, it was recently demonstrated that p38
mitogen-activated protein kinase (MAPK) plays a key role in cell infiltration and tubular ne-
crosis by regulating the expression of IL-1, TNF-0,, MCP-1 and RANTES.” In addition,
glucocorticoids reduced ischemia-reperfusion injury in the kidneys by inhibiting the expres-
sion of JE/MCP-1.%8 Osteopontin not only promoted the accumulation of macrophages, but
also exerted renoprotective effects in renal ischemia-reperfusion injury. Osteopontin inhibited
the induction of inducible nitric oxide synthase and suppressed the synthesis of nitric oxide,
resulting reduced peroxide levels in the cells, thus promoting the survival of cells exposed to
hypoxia.?® It has been demonstrated that the inhibition of neutrophil infiltration into ischemic
kidneys during reperfusion by neutralizing the effects of chemokines (GRO and MIP-2)
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Table 1. Chemokines/chemokine receptors as molecular targets in therapy

Targets Models Tools Effects Refs.
Chemokines
1) MCP-1
Ischemia-reperfusion 7ND Prevention 50
Crescentic glomerulonephritis Neutralizing antibodies Prevention 20, 54-56
Gene targeting mice Prevention 58
Cyclooxygenase inhibitor ~ Worse 69
Immune complex Angiotensin converting Prevention 73
glomerulonephritis enzyme inhibitor
Anti-Thy-1 nephritis Neutralizing antibodies Prevention 66
Angiotensin receptor 1 Prevention 94
antagonist
Prostaglandin E1 Prevention 93
Pentoxifylline Prevention 68
Cyclooxygenase inhibitor ~ Worse 69
Lupus nephritis Gene targeting mice Prevention 75
Bindarit Prevention 79
Unilateral ureteral obstruction Angiotensin receptor 1 Prevention 86
antagonist

Angiotensin converting
enzyme inhibitor

Y-27632 Prevention 87
Diabetic nephropathy Angiotensin converting Prevention 81
enzyme inhibitor

2) MIP-1a

Crescentic glomerulonephritis Neutralizing antibodies Prevention 57
3) RANTES

Transplantation Met-RANTES Prevention 43, 48

Anti-Thy-1 nephritis AOP-RANTES Prevention 67
4) I1L-8

Immune complex Neutralizing antibodies Prevention 19

glomerulonephritis
5} MIP-2

Ischemia-reperfusion Neutralizing antibodies Prevention 40

Crescentic glomerulonephritis Neutralizing antibodies Prevention 60
6) GRO

Ischemia-reperfusion Neutralizing antibodies Prevention 40
7) CINC

Crescentic glomeruionephritis Neutralizing antibodies Prevention 57

Chemokine receptor

1) CCR1
Transplantation BX471 Prevention 49
FTY720 Prevention 50
Crescentic glomerulonephritis Gene targeting mice Worse 59

Unilateral ureteral obstruction BX471 Prevention 88
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resulted in attenuation of the renal injuries.* Importantly, disruption of MCP-1/CCR2 sig-
naling in CCR2 null mice could effectively attenuate renal ischemia reperfusion injury. Ongo-
ing studies, using propagermanium, a selective inhibitor of MCP-1/CCR2 signaling, have
shown relatively less inflammatory cell infiltration, and tubular necrosis in kidneys in the
ischemia-reperfusion model (unpublished data). Using a gene therapy approach, expression of
an amino-terminal deletion mutant of MCP-1 to inhibit MCP-1/CCR2 signaling resulted in
decreased acute tubular necrosis and less infiltration of macrophages.*!

Transplant Nephropathy

Renal transplantation is one of the most important clinical situations with exposure to
ischemia-reperfusion injury. Recently, early nonspecific ischemic injury has been related to
subsequent immunologic injuries in renal transplant rejection.*? Rat models of transplantation
have facilitated a functional study of the role of cytokines/chemokines in acute and chronic
renal rejection.®* In a rat model of acute renal transplant rejection, the expression of RANTES
was upregulated, at the mRNA level, by as early as 6 hours, and this upregulation was again
noted on day 3 to day 6.% Increased expression of RANTES in the early hours of engraftment
may be related to ischemic injury, and could, in part, induce subsequent immunologic re-
sponses. In addition, macrophages and their secreted products play important roles in the
eventual immune-mediated rejection process. Moreover, increased production of certain
cytokines (IL-8, -10, -15), chemokines (RANTES, MIP-1, MCP-1) and hepatocyte growth
factor (HGF) by infiltrating leukocytes, tubular epithelial cells, and endothelium may have a
determinant role in renal transplant rejection. #4647

Recent studies have documented beneficial effects of blocking the bioactivities of certain
chemokines in renal transplant rejection. For example, Met-RANTES, a chemokine receptor
antagonist, not only reduced vascular and tubular damage in acute renal transplant rejection,*?
but also protected renal allografts from long-term deterioration.*® In addition, a CCR1-specific
nonpeptide antagonist, BX471, exhibited efficacy in a rabbit allograft rejection model.® FTY720
is a novel immunomodulator that acts by chemokine-dependent lymphocyte homing into sec-
ondary lymphoid organs leading to profound lymphocyte depletion in the blood.*® Oral ad-
ministration of FT'Y720 to cynomolgus monkeys with renal allotransplantation has been shown
to prevent acute allograft rejection, with resultant rejection-free allograft survival.> The ex-
pression of MCP-1 in acute renal transplant rejection correlated with the number of infiltrat-
ing macrophages,>® and elevated urinary MCP-1 excretion during rejection episodes, which
diminished after successful treatment. However, the inhibitory impacts of MCP-1/CCR2 on
allograft rejection need further comprehensive studies.

Crescentic Glomerulonephritis

Rapidly progressive crescentic glomerulonephritis is usually associated with clinical fea-
tures of anemia and morphological features of tubulointerstitial nephritis that eventually lead
to renal insufficiency. To monitor clinical symptoms, and to understand the disease activity of
crescentic glomerulonephritis, it is essential to determine specific molecule(s) involved in the
disease process. Increased urinary levels of MIP-10t have been selectively detected in patients
with crescentic glomerulonephritis; MIP-10t was mostly undetectable in urine samples col-
lected from healthy control subjects and in patients with renal diseases lacking crescent forma-
tion.>? Urinary MIP-1ct levels in patients with crescentic glomerulonephritis correlated well
with the percentage of cellular crescents and the number of CD68-positive infiltrating cells,
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and CCR1- and CCR5-positive cells in the glomeruli.?> Moreover, elevated urinary levels of
MIP-10 and the number of CCR5-positive cells dramatically decreased during glucocorticoid
therapy-induced convalescence. MIP-1t-positive cells were mainly detected in crescentic le-
sions. CCR1, and CCR5-positive cells, preferentially expressed on Th1 T cells,> were detected
in diseased glomeruli and interstitium.?? It is likely that MIP-1t plays a significant role in
crescentic glomerulonephritis, by recruiting and activating macrophages and T cells. Measure-
ment of urinary levels of MIP-1at appears to be clinically useful as its level correlates with
disease activity of human crescentic glomerulonephritis.

Recent studies have documented the beneficial effects of neutralizing antibodies and spe-
cific chemokine/chemokine receptor antagonists in crescentic glomerulonephritis. Anti-MCP-1
or anti- MIP-1et antibodies or MCP-1 deficiency resulted in less glomerular accumulation of
macrophages, reduced crescent formation, decreased interstitial damage, and most importantly,
less proteinuria. %58 In contrast, aggravated renal dysfunction and increased proteinuria have
been detected in CCR1-disrupted mice, compared to wild-type mice.”

The beneficial effects of blocking the bioactivities of CXC chemokines have been re-
ported in crescentic glomerulonephritis. Neutralizing antibodies against cytokine-induced neu-
trophil chemoattractant (CINC) ameliorated the cell infiltration, including neutrophils, and
reduced urinary protein excretion.”’ Similarly, a single dose of anti-MIP-2 antibody resulted in
reduced neutrophil influx (40% at 4 hours) and periodic acid-Schiff-containing fibrin deposi-
tion (54% at 24 hours). These results sugégest the crucial role of MIP-2 in recruiting neutro-
phils during glomerular inflammation.®° However, the combination of anti-CINC and
anti-MIP-1a antibodies did not show any additional beneficial effects.’”

The viral macrophage inflammatory protein-I1I (vMIP-II) encoded by Kaposi’s
sarcoma-associated herpes virus is unique among all known chemokines in that vMIP-II shows
a broad-spectrum interaction with both CC and CXC chemokine receptors, induding CCR5 and
CXCR4. vMIP-1I patenty inhibited MCP-1-, MIP-10-, RANTES-, and fractalkine-induced chemot-
axis of activated leukocytes isolated from nephritic glomeruli; it also reduced glomerular infil-
tration 601f leukocytes, and markedly attenuated proteinuria in the rat model of glomerulone-
phritis.

Recently, modulation of the p38 MAPK pathway by using specific inhibitors was shown
to have beneficial effects on the progression of crescentic glomerulonephritis. The MAPK sig-
nal transduction pathway is thought to be involved in the regulation of cell proliferation and
apoptotic cell deletion in inflammatory diseases.5? The activation of MAPK isoform p38, de-
tected in mesangial cells, is closely associated with apoptosis, stress responses and acute and/or
chronic inflammation.®* Moreover, phosphorylation of p38 MAPK contributes to the activa-
tion of nuclear factor (NF)-xB and activating protein (AP)-1, which are essentially involved in
inflammatory processes. FR167653 is a specific p38 MAPK pathway inhibitor. FR167653
markedly decreased IL-18-induced phosphorylation of p38 MAPK in cultured rat mesangial
cells.%? In vivo administration of FR167653 reduced glomerular damage, including crescentic
formation, proteinuria, and glomerulosclerosis in an experimental model of crescentic glom-
erulonephritis.*%* In addition, FR167653 markedly decreased renal expression of certain
cytokines and chemokines. Hence, p38 MAPK might be a potential target for developing
future therapeutic strategies against crescentic glomerulonephritis.

Acute/Experimental Nephritis

The acute phase of glomerulonephritis is morphologically characterized by infiltration of
inflammatory cells into glomeruli and proliferation of mesangial cells. Renal parenchymal cells
express chemokine receprors as well as their ligands in such conditions.” In vitro studies have
demonstrated that proinflammatory stimuli, such as IL-1B, TNF-0, and IFN-Y, immune
complexes, and certain growth factors, including PDGF and basic fibroblast growth factor
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(bFGF), are able to induce IL-8, MCP-1, IP-10, MIP-1¢t and RANTES from resident renal
cells.? In turn, these stimuli induce the expression of CCR1 and CXCR3 on resident renal
cells, especially mesangial cells.'®® These observations are suggestive of a positive feedback
loop through cytokines/chemokines, which results in renal inflammation. Indeed, the CXC
chemokines, MIP-2 and keratinocyte-derived cytokine (KC) are able to induce MCP-1 and
RANTES expression in mesangial cells.*® Autoinduction of MIP-2 and KC mRNA was also
detected. This chemokine amplification mechanism is thought to contribute to the mainte-
nance and chronic course of glomerular inflammation.

Anti-Thyl antibody-induced nephritis is a well-studied rat model of mesangial prolifera-
tive glomerulonephritis, characterized by complement-dependent mesangiolysis, inflamma-
tory reactions, and subsequent glomerulosclerosis. MCP-1 mediated infiltration of monocytes
is suggested to play an important role in the progression of glomerular lesions in Thy-1 nephri-
tis, and blocking the bioactivity of MCP-1 has been shown to reduce renal injury in this model
of nephritis.% Similarly, a CCR5 chemokine receptor antagonist, AOP-RANTES, ameliorated
monocyte/macrophage infiltration and improved glomerular pathology in an experimental model
of nephritis.*” It was concluded that the use of chemokine receptor antagonists might offer a
new therapeutic option in treating inflammartory renal diseases. In addition, treatment with a
clinically available nonselective inhibitor of cyclic 3',5"-nucleotide phosphodiesterase,
pentoxifylline, resulted in reduced accumulation and proliferation of glomerular macrophages,
suppression of activation and proliferation of mesangial cells, and proteinuria; all the
above-mentioned changes were associated with decreased glomerular expression of MCP-1
and intercellular adhesion molecule-1 (ICAM-1) in the experimental model of nephritis at 2
hours and on day 1 of the study.®® In contrast, the effect of cyclooxygenase (COX) inhibitors
was evaluated in an anti-thymocyte antibody model and an anti-GBM model of glomerulone-
phritis.% These studies have suggested that COX products might serve as endogenous repres-
sots of MCP-1 formation in the studied models of experimental nephritis. COX-1 and COX-2
products may regulate differently as selective COX-2 inhibitors exert less influence on chemokine
expression.

It has been well documented that angiotensin II regulates the synthesis of certain
proinflammatory cytokines and chemokines in the kidney. Angiotensin II plays an active role
in inflammartory responses in renal diseases in concert with chemokine/cytokine expression,
possibly by activating NF-kB.”® Rats with experimental immune complex nephritis, treated
with the angiotensin converting enzyme (ACE) inhibitor quinapril,”! exhibited reduced ex-
pression of MCP-1.

NF-xB stays inactive in the cytoplasm, however upon activation by a wide range of fac-
tors, it translocates into the nucleus and regulates the expression of genes encoding cytokines,
growth factors, oncogenes, transcription factors, and receptors involved in various pathological
processes, including immunoinflammatory disorders. Activation of NF-xB leads to transcrip-
tion of such genes as IL-1 and TNF-o, ICAM-1 and vascular cell adhesion molecule-1
(VCAM-1), MCP-1, m-CSE, inducible nitric oxide synthase (iNOS) and tissue factor. All
these above-mentioned molecules have been shown to play important roles in the induction
and propagation of various renal discases.”>’>

Lupus Nephritis

MCP-1 promotes autoimmune renal disease through the recruitment of macrophages
and T cells, and the recruitment process is augmented by locally produced cytokines and/or
chemokines in New Zealand Black x New Zealand White (NZB/W) F1 mice’* and MRL-Fas?"
mice.”> In addition, modulation of the biological activities of MCP-1 dramatically reduced the
recruitment of macrophages and T cells that not only reduced pathological alterations in the
kidney, lung, skin, and lymph node, but also diminished proteinuria, and prolonged survival.””
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Mononuclear cell infiltration has been demonstrated in the kidneys of MRL-Fas?" mice, by
weeks 10 to 12. At week 12, the expression of certain chemokines, including CCR1, CCR2,
and CCRS5 was upregulated in the mice kidneys, associated with morphological features of
renal injuries and proteinuria. These results are in accord with the notion that
chemokine-mediated leukocyte infiltration precedes proteinuria and renal damage in MRL-Fas?”
mice.”® From the perspective of Th1/Th2 balance, CCR4*, but not CCR5* T lymphocytes in
peripheral blood, which represent Th2 cells, preferentially migrate into the kidneys of patients
with lupus nephritis. It is likely that the disproportionate distribution of CCR4" T lympho-
cytes might play an important role in the development of subsequent renal injuries that are
found in patients with lupus nephritis.”” In addition, markedly enhanced expression of the B
lymphocyte chemokine (BLC/CXCL13) has been detected in the thymus and kidneys of aged
(NZB/W) F1 mice developing lupus nephritis. These observations suggest that myeloid den-
dritic cells in the target organs in aged (NZB/W) F1 mice may play a pivotal role in disrupting
immune tolerance in the thymus and in recruiting autoantibody-producing B cells in the de-
velopment of murine lupus.”®

Recent studies have documented the beneficial effects of modulating cytokines/chemokines
in lupus nephritis. Mice [(NZB/W) F1] treated with Bindarit (50 mg/kg/day, p.o.), a novel
molecule devoid of immunosuppressive effects, resulted in a delayed onset of proteinuria and
reduced impairment of renal function, and prolonged survival.”? Similarly, daily oral adminis-
tration of FR167653 (a selective inhibitor of p38 MAPK) decreased p38 MAPK phosphoryla-
tion in the kidneys, which resulted in reduced renal accumulation of macrophages and lym-
phocytes and an improvement of overall renal pathology, with prolonged survival; FR167653
treatment also reduced expression of MCP-1 and IgG production in MRL-Fas?" mice.®

Diabetic Nephropathy

In addition to the merabolic and hemodynamic abnormalities, infiltration of inflamma-
tory cells, including macrophages, into diseased kidneys is an important histological feature
that is associated with the progression of diabetic nephropathy.®”> Angiotensin II-dependent
up-regulation of MCP-1 has been demonstrated to play a role in the genesis of glomerular and
bulointerstitial damage.3! The glomerular recruitment of macrophages in streptozotocin-treated dia-
betic rats is regulated by angiotensin-stimulated MCP-1.8" Therefore, activation of the
renin-angiotensin system is an important determinant of the macrophage population in dia-
betic nephropathy, possibly by regulating certain chemokines. It is well accepted that in addi-
tion to their blood-pressurelowering effects, AT1 receptor antagonists are renoprotective in
patients with type 2 diabetes mellitus with microalbuminuria.38> More recently, combination
treatment with an angiotensin-II receptor blocker and ACE inhibitor was found to be more
effective in retarding the progression of nondiabetic renal diseases, in comparison with
monotherapy.3 Similarly, Utimura et al®® reported the renoprotective effect of mycophenolate
mofetil, which could have derived from its well-known anti-inflammatory properties that in-
clude restriction of lymphocyte and macrophage proliferation and modulation of the expres-
sion of adhesion molecules. These findings are consistent with the notion that inflammarory
events are central to the pathogenesis of diabetic nephropathy.

Unilateral Ureteral Obstruction Model

A unilateral ureteral obstruction model is characterized by the interstitial infiltration of
inflammatory cells, including macrophages, which gradually leads to the development of
tubulointerstitial fibrosis, resulting in decreased renal function. Increased interstitial expression of
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IL-1, TNF-a,, MCP-1, TGF-B and type I collagen has been documented in this model.®
Recently, the beneficial effects of Y-27632, a specific Rho-associated coiled-coil forming pro-
tein kinase (ROCK) inhibitor, were studied using the unilateral ureteral obstruction model.®”
In vivo studies have shown that Y-27632 treatment resulted in less alpha smooth muscle
actin-positive cells, reduced numbers and expression of macrophages, MCP-1, TGF-f} and o
(I) collagen, and resulted in less interstitial fibrotic changes, in the unilateral ureteral obstruc-
tion model. It is therefore likely that the Rho-ROCK system may play an important role in
fibrogenesis.®” Similarly, blocking the chemokine receptor CCR1 using the nonpeptide an-
tagonist BX471 resulted in reduced leukocyte infiltration, and subsequent improvement of
renal fibrosis in unilateral ureteral obstruction.®® Interestingly, BX471 was shown to be effec-
tive, even when it was used in the late stages of the disease, suggesting that CCR1 blockade may
be useful in reducing early cellular infiltration and may modulate subsequent renal fibrosis,
which is a major cause of end-stage renal failure.3

Effectiveness of Anti-Chemokine/Cytokine Therapy and Its Possible

Therapeutic Implications in Renal Diseases

Agents that influence cAMP® or NF-kB, such as antioxidants, glucocorticoids and aspi-
rin, can modulate the expression of chemokines/cytokines and improve renal pathology.”® Clini-
cally, during spontaneous or glucocorticoid therapy-induced convalescence in patients with
inflammatory renal diseases, including acute glomerulonephritis, IgA nephropathy, lupus ne-
phritis and crescentic glomerulonephritis, a reduced expression level of certain chemokines
(IL-8, MCP-1, MIP-1aq, fractalkine) and cytokines was detected.>’" In a separate study, Narori
et al’? assessed the pulse methylprednisolone (MP) dose required to exert these beneficial ef-
fects and its effect on the expression of cytokines/chemokines in an experimental model of
crescentic glomerulonephritis. Numbers of glomerular and interstitial macrophages and T cells,
as well as crescents, were reduced significantly by 5 mg/kg of MP, but a maximal effect was
obtained by 30 mg/kg of MP. Urinary protein was reduced significantly in a 30 mg/kg group
but not in other groups. The expression of chemokines was significantly inhibited by 5 mg/kg
of MP. These results indicate that MP reduces the number of infiltrating mononuclear cells and
formation of crescents in the rat model of crescentic nephritis in a dose-dependent fashion,
despite the strong inhibition of chemokine expression at a lower dose. Therefore, the optimal
dose of glucocorticoid remains to be determined clinically, although the expression of
chemokines/chemokine receptors might be suppressed.

Furthermore, prostaglandin E1%? and an AT1 receptor antagonist,* hydroxymethylglutaryl
CoA reductase inhibitor’” and ACE inhibitor®! have been shown to inhibit the expression of
certain chemokines/cytokines and to reduce the infiltration of inflammatory cells in experi-
mental models of renal diseases.

Concluding Remarks

In this chapter, we have briefly summarized the current concept of renal inflammation
that has resulted in a better conceptual understanding of the cellular and molecular basis of
certain fibrotic renal diseases.”®*® Based on in vitro and in vivo studies, it is likely that selective
intervention of cytokines/chemokines, at the appropriate phase of a certain disease, may have
the therapeutic potential for site- and phase-specific intervention into the progtession of in-
flammarory renal diseases’® (Tables 1, 2). Moreover, the development of humanized mono-
clonal antibodies, particular antagonists against cytokines/chemokines, or specific signal trans-
duction pathways that can provide selective intrarenal blockage of bioactivities of involved
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Table 2. Therapeutic strategy against cytokines/chemokines in renal diseases

1. Inhibition of gene expression of cytokines/chemokines
Interferon
Cyclosporin
Steroid
FK506
Mycophenclate mofetil
Vitamin D
Aspirin
HMG-CoA reductase inhibitors
Angiotensin converting enzyme inhibitors
Angiotensin receptor antagonists
All-trans-retinoic acid
Cannabinoid receptor agonists
Bindarit

2. Neutralization of cytokines/chemokines
Neutralizing antibodies

3. Inhibition of interaction between receptors and their ligands
Analogues (7ND)
Receptor antagonists

4. Inhibition of signal transduction
Kinase inhibitors

cytokines/chemokines, should have beneficial effects on modulation of renal inflammarory
responses and subsequent progression of the disease process. It is apparent that various
immunoinflammarory cytokines, chemokines, and adhesion molecules mediate the cell-cell
and cell-matrix interactions to initiate and propagate various fibrotic renal diseases. Indeed,
our understanding of the proinflammatory molecules involved in the pathogenesis of various
renal diseases has provided new therapeutic choices, and led to the discovery of gene-based
therapeutic options.
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CHAPTER 3

Oxidative Stress, Lipoproteins
and Angjotensin II:
The Unholy Triad in the Pathogenesis of Renal Fibrosis

Jan Galle, Thomas Quaschning and Stefan Seibold

Abstract
enal fibrosis usually indicates irreversible tissue damage, irrespective of the initial cause.
Rl‘hus, it is most relevant to understand mechanisms leading to renal fibrosis. Oxidative
tress has emerged as an important factor contributing to tissue damage, and oxidative
stress is enhanced in a variety of inflammatory disease states relevant for the kidney. It is there-
fore the purpose of this chapter to discuss the role of oxidative stress in the development of
renal fibrosis. Inflammation is generally associated with enhanced oxidative stress, and since
multiple factors contribute to inflammation [such as cytokines (e.g., interleukin-6, tumor ne-
crosis factor 0t), infection, ischemia reperfusion injury, homocysteine, advanced glycation end
products, atherogenic lipoproteins, or angiotensin II], multiple factors can cause enhanced
oxidative stress. Here we will focus on the role of atherogenic lipoproteins, particularly oxi-
dized low density lipoproteins, and the activated renin angiotensin system, for several reasons:
firstly, these factors are well characterized as proinflammatory and as stimulators of
superoxide-generating enzymes; secondly, the contribution of these factors to tubulointerstitial
fibrosis has frequently been described; and thirdly, we already possess pharmacological tools to
efficiently lower their activity. Thus, this chapter highlights the interplay of oxidative stress,
atherogenic lipoproteins, and the renin angiotensin system in the pathophysiology of renal
fibrosis and discusses potential treatment options.

Introduction

Reactive oxygen species (ROS) and antioxidative defense mechanisms are antagonists in
oxidative homeostasis. An imbalance between formation of ROS and antioxidative defense
mechanisms defines oxidative stress. In view of the profound biological effects of ROS, in
recent years numerous clinical and experimental studies focused on detection of signs of oxida-
tive stress in renal patients. There is good evidence indicating that uremia in general is associ-
ated with enhanced oxidative stress, " and treatment of uremic patients with hemodialysis or
peritoneal dialysis has been suggested to particularly contribute to oxidative stress and reduced
antioxidant levels in these patients.* The latter may result from hemodialysis membrane-induced
activation of macrophages on the surface of dialysis membranes during the dialysis session.
Loss or deficiency of antioxidant activity, e.g., vitamin E deficiency, could also contribute to
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enhanced oxidative stress in uremia. However, specific pathological processes involve enhanced
formation of oxygen radicals, long before end stage renal disease is reached. Thus, many of the
renal patients have to deal with enhanced oxidative stress early from the onset of their disease
until renal replacement therapy. The development of renal fibrosis is one such example.

What Generates Oxidative Stress?

It is generally accepted that ROS such as hydrogen peroxide (H;04) or hypochloride
(HOCI), and free radicals such as superoxide (O5), hydroxyl radical (OH-), and nitric oxide
(NO-), are continuously formed in vivo.’> Thus, detection of ROS per se does not yet define
oxidative stress; however, in a situation where antioxidative defense mechanisms are attenu-
ated, it is the imbalance between formation of ROS and defense mechanisms that creates oxi-
dative stress. The balance berween formation of ROS and antioxidative defense mechanisms
depends on the activity of enzymes such as superoxide dismutases (SODs), catalase, NO-synthase,
and glutathione peroxidase. This balance, however, is rather fragile, difficult to predict, and
strongly depending on environmental conditions,’ as illustrated by the example shown in Fig-
ure 1: once e.g., O, is formed, the activity of SOD will transform it to HO,. HyO», in case of
sufficient catalase activity, will react to harmless H,O and O,. However, too much SOD, in
relation to H,O;-removing catalase, can be deleterious, giving rise to the formation of the
highly reactive hydroxyl radical in the presence of metal ions such as Fe?* or Cu®* (Fenton
reaction).” On the other hand, when there is too little SOD activity, OH. also can be produced
from O, via the Haber Weiss reaction. Different cellular enzymes, including mitochondrial
oxidases, lipoxygenase, cyclooxygenase, myeloperoxidase, NADPH oxidase, xanthin oxidase,
and, in case of L-arginine or tetrahydrobiopterin depletion, NO-synthase have been identified
as cellular sources of ROS formation.5!°

Biological Effects of Oxidative Stress

Formation of ROS is part of the unspecific defense system of an organism against e.g.,
bacteria and other microbes. However, ROS may also affect cells of the host organism, in
particular at sites of inflammation. The latter plays a role in a variety of human diseases and the
following paragraph shall shed some light especially on the impact of ROS formation on devel-
opment of progressive renal disease.

Biological Effects of Oxidative Stress on Renal Fibrosis

Renal interstitial fibrosis is a common histopathological end point in progressive renal
disease of different etiology, characterized by an increased deposition of extracellular matrix
and fibroblasts in the renal interstitium.!! The accumulation of ECM thereby results from
increased matrix synthesis as well as reduced matrix degradation. However, these late changes
in renal disease are preceded by changes in cell number due to an imbalance of cellular prolif-
eration and apoptosis and by changes in cell size due to cellular hypertrophy.'>!> Although
proliferation and hypertrophy of renal cells can be initially considered as a process to compen-
sate for chronic destruction of surrounding nephrons, there is some evidence that they may
also contribute to further injury of renal tissue leading to interstitial fibrosis.'# Oxidative stress
contributes substantially to the diverse processes leading to progressive renal fibrosis."'>17
ROS can be formed in a variety of renal cell types including vascular cells, juxtaglomeruiar
cells, tubular cells, podocytes, mesangial cells, and also invading PMNs."*®" It may be sur-
mised that an altered oxidant/antioxidant balance probably precedes severe tissue damage and
that a more or less constant level of oxidant stress can maintain ongoing destruction.'®
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Figure 1. In the vascular system, main sources for superoxide anion (O;,’) formation are xanthine oxidase,
NAD(P)H oxidase, or NO-synthase.”” O, may react with NO to yield peroxynitrite (ONOO") which is

rather stable but can rearrange to form nitrate and the highly reactive OH-. OH: can also result from the

Haber Weiss and the Fenton reaction, and may cause cellular damage and contribute to inflammation.’

Oxidative Stress and Accumulation of Extracellular Matrix

Transforming growth factor-beta (TGF-B) is a potent pro-fibrogenic factor in progressive
renal disease, activated by oxidative stress.?>?' TGF-P is not only a potent stimulus for the
synthesis of ECM proteins such as fibronectin, laminin, collagens and proteoglycans. TGF-B
also decreases ECM degradation by increasing the activity of tissue inhibitors of
metalloproteinases (TIMPs) and by decreasing the activity of metalloproteinase.!! TGF-B fur-
ther stimulates the synthesis of matrix protein receptors such as integrins and osteopontin.'!
"TGF-B also stimulates endothelin production, which in turn is also a potent stimulus for glom-
erulosclerosis and fibrinogenesis.!! Furthermore TGF-B is a chemoattractant for fibroblasts
and stimulates fibroblast proliferation.!’ A vicious circle results from stimulation of ROS pro-
duction induced by TGF-B.? Since pro-fibrogenic factors involved in the development of
progressive renal fibrosis such as basic fibroblast growth factor (bFGF), platelet-derived growth
factor (PDGF) and connective tissue growth factor (CTGF) can either directly or indirectly be
activated by ROS,'?? these molecules are closely linked to fibrogenesis in multiple ways.

ROS may also activate transcription factors such as NF-xB and AP-1.'> NF-xB is located
in the cytoplasm in an inactive form complexed to an inhibitor. The activated form of NF-xB
is translocated to the nucleus and binds to DNA motifs present in the promoter of various
genes regions that are directly involved in the pathogenesis of renal fibrosis.'""'> NF-xB for
example activates TGF-B1 via activation of transglutaminase,!! and many of the chemoattractants
for leucocytes and adhesion molecules are also regulated by NF-xB.!!
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Oxidative Stress and Changes in Cell Number and Cell Size

Modification of 4Proteins and lipids by oxidative stress is believed to play a central role in
cell proliferation,>2* apoptosis, >4 and induction of cellular hypertrophy.'* Growth factors
such as TGF-B, PDGF and CTGF activated by ROS not only stimulate tissue fibrosis via
accumulation of ECM proteins, but also by induction of cellular hypertrophy and prolifera-
tion. ROS can also directly stimulate cellular proliferation in renal cells, without activation of
growth factors.'> Aggravation of tubulointerstitial damage is accompanied by a dramatic in-
crease in the number of myofibroblasts which are involved in the pathogenetic sequence lead-
ing to tubular atrophy and fibrosis e.g., by a significant upregulation of TGF-B1.16%

The cell number in kidney disease is also increased by invasion of cells such as mono-
nuclear cells due to chemotaxis.'® Oxygen radicals were identified as messengers for the expres-
sion of chemokines such as monocyte chemoattractant protein-1 (MCP-1) and colony-stimu-
lating factor-1 (CSF-1).1¢ The invaded macrophages are then a major source of TNF-a release,
but it has to be noted that tumor necrosis factor-alpha (TNF-) is also produced by resident
renal cells.!" TNF-a itself again activates transcription factors, cytokines, growth factors, cell
surface receptors, cell adhesion molecules and other mediators of inflammatory processes.!!
Binding of TNF-t to cell surface receptors also results in apoptotic and necrotic cell death,!!
but ROS are also known to induce cellular apoptosis through other pathways in various cell

types.”®

Hypertrophy of renal cells emerges from chronic destruction of surrounding nephrons is
a compensatory effect. ROS can also stimulate cellular hypertrophy directly or via activation of
various growth factors.’

Oxidative Stress and Proteinuria

Proteinuria can result from inflammatory renal disease, which is additionally enforced by
ROS, due to increased susceptibility to proteolytic damage and by inactivation of proteinase
inhibitors."”> Studies in vitro and in vivo have also shown that ROS can induce proteinuria
without inflammatory renal disease either by degradation of glomerular basement membranes
or even without apparent ultrastructural abnormalities.!® Proteinuria has been linked to pro-
gressive tubulointerstitial disease in human and experimental renal diseases.!® A high protein/
albumin load additionally induces growth facror/cytokine expression such as CSF-1, MCP-1,
TGFB1 and PDGF and also stimulates the release of endothelin and fibronectin in tubular
epithelia.’®

Angiotensin II (Ang II) and Oxidative Stress

Mechanism of Ang II-Induced O, Formation

In experiments with rat smooth muscle cell membranes, Ang Il-induced stimulation of
O, formation could be inhibited by diphenylene iodinium, suggesting that O, was produced
by membrane bound NADH/NADPH oxidases.”’” The involvement of the NADH/NADPH
oxidases was also detected in rabbit aortic adventitia preparations,”® in cultured mesangial
cells,” and in mouse tubular cells.'* The Ang II stimulation was transmitted via the AT} recep-
tor,'*?3 and involved the NADPH subunits p22(phox) (the alpha subunit of cytochrome
b588) and part of the electron transfer component of the phagocytic NADPH oxidase) and
p67(phox).
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Functional Consequence of Ang II-Induced Oxidative Stress in Renal
Tissue

A number of kidney diseases and their progression to end stage renal failure are enforced
by the intercrine, autocrine, paracrine, and endocrine effects of Ang I1.!* All the compounds of
the renin-angiotensin-aldosterone system, including substrate {angiotensinogen), enzymes in-
volved in synthesis and degradation, as well as the receptors are present in the kidney.'! The
intrarenal concentration of Ang II is about one thousand fold greater than the circulating levels
of Ang I1."" Signaling of Ang II through the AT receptor results in vasoconstriction, stimula-
tion of growth and activation of fibroblasts and myocytes.!! In contrast, activation of the AT,
receptor can result in vasodilation, antiproliferative responses and apoptosis.!! It appears that
most of the damaging effects of Ang II are mediated by the AT recepror.!! In renal tubular
cells (LLC-PK1 and mouse proximal tubule cells), Ang II-induced O, formation was demon-
strated. This intracellular accumulation of reactive oxygen species subsequently leads to phos-
phorylation and activation of p44/42 MAP kinases finally resulting in an increase in p27<!
expression, G1 phase arrest, and cell hypertrophy.'® Increasing levels of Ang II can also upregulate
the expression of other factors such as PDGE bFGE TGF-B1, TNF-q, osteopontin, vascular
cell adhesion molecule-1 (VCAM-1), and NF-kB.!! NF-kB is activated by Ang II in the kid-
ney through the AT}, as well as the AT, receptor.!’ Conversely, NF-kB stimulates the
angiotensinogen gene expression.!! This provides an autocrine reinforcing loop that upregulates
Ang II production.!! Inhibition of Ang II formation by angiotensin converting enzyme (ACE)
inhibitors markedly decreases NF-KB activation in the kidney in the setting of renal discase.!!
Administration of an ACE inhibitor in an animal model of urethral obstruction also decreased
the expression of TGF-P and collagen and ameliorated the degree of interstitial fibrosis, by
downregulation of TGF- synthesis.'! Ang II also induces expression of the lectin-like OxLDL
receptor-1 (LOX-1) receptor in vitro and in vivo, thereby stimulating cellular uptake of oxi-
dized low density lipoproteins (OxLDL).%!

Table 1 summarizes some nonhemodynamic, pleiotropic effects of Ang II which include
increased expression of various growth factors, protooncogenes, and vasopeptides, aberrant
growth responses and elaboration of inflammatory and fibrogenic cytokines. In consequence,
these alterations contribute to changes in renal structure and function.

Lipoproteins and Oxidative Stress

OxLDL share many features with Ang II. Animal studies with cholesterol fed rabbits
provided first indirect evidence for a role of LDL in the induction of oxidative stress. Aortas
from hypercholesterolemic rabbits produced significantly more O, than control aortas.*>%?
Later, our group could show directly that incubation of cultured HUVEC and of isolated
arteries with oxidized LDL or Lp(a) stimulated O~ formation (Fig. 2).34% Induction of free
radical formation has also been demonstrated directly in macrophages after stimulation with

Lp(a),38 and indirectly in mesangial cells after stimulation wich OxLDL.>®

Mechanism of OxLDL-Induced O, Formation

It is a general observation that oxidation of LDL enhances or is even a prerequisite for its
capacity to stimulate O, formation. This observation hints to metabolites of the lipid
peroxidation process itself, and/or to the specific receptors for OxLDL which are distinct from
the ApoB100 receptor for native LDL. During the lipoprotein oxidation, various more or less
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Table 1. Renal effects of angiotensin Il (Ang 11)

Hemodynamic Effects Pleiotropic Effects

Modulation of Renal Function Modulation of Renal Structure
Renal Increase in glomerular capillary induction of renal hypertrophy”’72
vasoconstriction®® permeability®!
Aldosterone release®®  Mesangial cell contraction®? induction of cell proliferation”
Increase of glomerular Modification of tubular Stimulation of extracellular
capillary pressure®®  transport®® matrix synthesis”>

Stimulation of mesangial uptake Inhibition of extracellular

and processing of macromolecules®®  matrix degradation”
Modulation of nitric oxide release?®65

Stimulation of endothelin production®®

Stimulation of cytokine production

(VEGF, TGF-p)6'67

Stimulation of superoxide

production!327:68

Immunomodulatory effects®®7°

stable products are formed, including lysophosphatidylcholine, aldehydic lipid peroxidation
products, and farty acids produced by phospholipase A,.44? Lysophosphatidylcholine, a
by-product of cholesterol esterification, increases O;” formation in human endothelial cells*
and in vascular smooth muscle cells via stimulation of protein kinase C.** A similar mechanism
may take place also in renal cells. Recent data indicate that OxLDL stimulates O~ formation
through its lectin-like receptor LOX-1.% Finally, OxLDL as well as its constituent LPC are
strong stimulators of the NADPH-oxidase subunits p22phox and gp91phox. %4

Functional Consequence of OxLDL-Induced Oxidative Stress in
Renal Tissue

A large number of kidney diseases and their progression to end stage renal failure are
aggravated by OxLDL.!>164 Lipid peroxidation products have been found in kidney tissue
within tubular and interstitial cells, and levels of renal lipid peroxidation products are signifi-
cantly increased in renal disease.’®***° In vitro the initial steps of glomerular and interstitial
fibrosis are associated with increases in lipid peroxidation products and oxidative stress in the
absence of inflammatory cell infiltration, hypertension, or hyperglycemia.*® Renal tubular cells
are able o internalize oxidized LDL, although the special receptor pathways are not yet known.*’
Oxidized LDL could get internalized in renal cells via scavenger receptors as seen e.g., in mac-
rophages, or via uptake by the lectin-like LOX-1 as seen in endothelial cells. Oxidation of LDL
can also take place in the renal cells themselves. % Atherogenic lipoproteins like Ox LDL and
Lp(a) are capable of enhancing generation of ROS via stimulation of NADH/
NADPH-dependent oxidases in endothelial cells, smooth muscle cells, juxtaglomerular cells
and mesangial cells.!” In contrast, native lipoproteins had no effect on O™ formation in endot-
helial cells or mesangial cells.*® The molecular pathways that lead to interstitial fibrosis once
LDL is oxidized in the kidney are not clear. Nevertheless, the elevation of procollagens is sug-
gestive for an increased matrix synthesis in the kidney.'>* Thus, matrix synthesis could be a
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Figure 2. OxLDL and OxLp(a) stimulate O, formation in cultured endothelial cells. Time course of the
O; formation in terms of chemiluminescence of lucigenin (counts per second/mg protein) in untreated
cultured HUVEC (control), and in HUVEC treated with 5 and 10 pg/mL oxLDL (left panel), or treated
with 1,2.5, and 5 pg/mL oxLp(a) (right panel). The lipoproteins dose-dependently significantly stimulated
;" formation of the endothelial cells. Data are means + SE of 8-10 independent experiments, p < 0.05 for
oxLDL or oxLp(a) vs. control. Adapted from Galle et al: Lp(a) and LDL induce apoptosis in human
endothelial cells and in rabbit aorta - role of oxidative stress. Kidney Int 1999; 55:1450-1461, with permis-
sion from the publisher.

direct consequence of LDL oxidation or an indirect one, regulated by the production of fibrogenic
cytokines such as TGF-B, since OxLDL is known to stimulate the expression of TGF-B.*84
Impaired matrix turnover could also contribute to interstitial fibrosis, since LDL upregulates
TIMP-1 expression, thereby inhibiting matrix degradation in rats.* Hypercholesterolemia in
rats also downregulates urokinase type plasminogen activator (uPA) resulting in decreased matrix
degradation and metalloproteinase activity due to decreased plasmin levels.’

A dual effect of both OxLDL and lysophosphatidylcholine (LPC) was described in endot-
helial cells and mesangial cells, including induction of proliferation at low concentrations and
triggering apoptosis at higher concentration.?#8 Both effects seem to be mediated by oxidative
stress, since they could be overcome by antioxidants.?® The induction of apoptosis by OxLDL
can counteract proinflammatory stimulation for NF-xB-dependant genes, thereby overcom-
ing protection from cell death.?’ Both OxLDL and LPC can also directly regulate NF-xB
activity by a dose dependant regulation of Ik-Ba, the inhibitor of NF-kB.% In addition, OxLDL
acts cl}éemotactic for mononuclear cells in vitro and increases secretion of interleukin-8 in these
cells.

Antioxidant Studies in Uremia

Studies using antioxidant treatment to prevent vascular and other diseases revealed equivocal
effects in nonrenal patients.*>!> Since renal patients live under particularly pro-oxidative
conditions,? the question raises whether there is particular benefit for this subset of patients.
Unfortunately, only few antioxidant intervention studies with clinical endpoints have been
published referring to renal patients. However, two studies recently reported beneficial effects
of vitamin E treatment on lipid metabolism, atherosclerosis, and cardiovascular disease (CVD)
in hemodialysis patients. Mune et al used vitamin E coated cellulose membrane dialyzers in
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end-stage renal disease patients for two years and measured oxidized LDL, LDL-malondialdehyde,
and aortic calcification as index for the progression of atherosclerosis. Treatment with the vita-
min E coated dialyzers resulted in a significant reduction of LDL oxidation and reduced the
progress of aortic calcification.” In the SPACE study, the effect of high dose vitamin E supple-
mentation (800 IU/day) on CVD was investigated in hemodialysis patients with preexisting
CVD.* In this high risk population, vitamin E supplementation over two years resulted in a
significant reduction of CVD endpoints including myocardial infarction, without significant
effects on total mortality and mortality of CVD.

However, these studies refer to patients who already reached end stage renal disease. As
yet, there is no intervention study available which could give an answer to the question whether
treatment with a (still to be defined) antioxidative strategy could be beneficial for patients early
in the development of tubulointerstitial disease.
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Abstract

uclear factor-kB (NF-xB) comprises a family of transcription factoss. They are thought
N to have a central role in the expression of genes involved in cell mobilization, cell

proliferation and cell differentiation, and, hence, in inflammation, repair and fibrosis
processes. In particular, NF-kB activation appears to drive a number of inflammatory diseases
of the kidney and their progression to end-stage renal failure. Thus, targeting NF-xB activation
would lead to the development of new pharmaceutical compounds that would provide novel
treatment for these diseases.

Introduction

Inflammatory reaction comprises two successive stages, lesion and repair. The latter stage
may be excessive, hence leading to cicatricial fibrosis. Cellular and molecular mechanisms re-
sponsible for the development of either stage are numerous, but involve in general a transcrip-
tional control of gene expression. Among other transcription factors, NF-«B is likely to play a
major role in this control. Thus, the present chapter will focus on the role of NF-B in the
development of both lesion and repair/fibrosis stages of inflammation within the kidney.

Structure and Activation Pathways of NF-xB

In mammals, the NF-xB family includes five members, that can homodimerize as well as
form heterodimers with each other: p65/RelA, cRel, RelB, p100/p52, and p105/p50.1* All of
these proteins share a highly conserved domain (Rel homology region, RHR) comprising two
Ig-like regions and responsible for interaction with other members of the family (carboxyterminal
domain), DNA (aminoterminal domain), and inhibitory proteins. Studies in knockout mice have
demonstrated the importance of each member of the NF-xB family. Only the lack of p65/RelA
leads to embryonic lethality, suggesting that functional redundancy exists among other members.

NF-xB dimers are associated in the cytoplasm with inhibitory proteins (IxBa), including
IxBa, IxBf, and IxBe.3# This form of NF-xB is inactive because IkB covers the nuclear
localization sequence (NLS) contained in the RHR domain. Thus, NF-xB activation requires
the degradation of IxBa, a process involving four steps:
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1. IxBa phosphorylation at serine residues 32 and 36 by a specific kinase, IxBa kinase (IKK),
which is activated through phosphorylation by a kinase belonging to the mitogen activated
protein kinase kinase kinase (MAPKKK) family,

2. recognition of phosphorylated IkBat by the type 3 ubiquitin-protein ligase complex,

3. polyubiquitinylation of IkBat at lysine residues 21 and 22, and

4. degradation of IxBa by the proteasome.

In addition to this conventional pathway, others have been described, in particular an
alternative pathway involving calpains. These cysteine proteases bind the proline, glutamine, serine,
and threonine (PEST) sequence in the carboxyterminal domain of IxBet, and promote its degra-
dation.” Thus, calpain inhibitors prevent NF-XB activation in divers models of inflammation.

Once IxBat has been degraded, NLS is uncovered allowing the nuclear translocation of NF-xB.
Within the nucleus, NF-xB controls the transcription of genes involved in inflammatory reaction
through two different mechanisms. First, by its binding to specific response elements in DNA,
NE-kB recruits coactivators such as the cAMP response element binding protein
(CREB)-binding protein (CBP) that in turn control transcription process. Second, by its inter-
action with other transcription factors such as activator protein-1 (AP-1), NF-xB alters the
efficiency of these factors.

Origin of NF-xB Activation in Inflammatory Reaction

Stimuli responsible for NF-xB activation in the two successive stages of inflammatory
reaction are numerous. They include for instance vasoactive peptides (e.g., angiotensin II and
endothelin-1), reactive oxygen species, cytokines [e.g., interleukin (IL)-1 and tumor necrosis
factor (TNF)-o], ligands for adhesion molecules, immune complexes, virus, and bacterial prod-
ucts.? The consensus pathway for NF-kB activation in response to bacterial products has been
characterized recently. These products act through binding to members of the Toll-like recep-
tor (TLR) family: components of Gram-positive bacteria bind TLR2 while lipopolysaccharide
(LPS) of Gram-negative bacteria bind TLR4. Both receptors trigger NF-xB activation via a
MyD88-dependent intracellular signaling pathway. Within the kidney, these TLRs are local-
ized mainly in epithelial cells of the distal and proximal tubules and in Bowman’s capsule.®

The microenvironment of inflammatory lesions is characterized by a low pH. In a recent
study,” we have demonstrated that this acidification is also responsible for NF-kB activation in
macrophages. The response involves an amplification loop in which TNF-ot is produced under
the control of NF-xB and, in turn, activates NF-kB. Another report has described identical
mechanisms in a different cell model.?

Monitoring of NF-xB Activation

While detection of NF-xB activity is easy in vitro, it is much more difficult in vivo. Ini-
tially, this evidence has been based on the expression of genes which requires NF-xB activa-
tion.3 Afterwards, three effective techniques have been developed:

1. electrophoretic mobility shift assay (EMSA) in which nuclear proteins such as NF-xB are
identified in tissues by their capacity to bind specific DNA probes, hence limiting DNA
probe migration in gel electrophoresis,

2. immunohistochemical analysis of tissue sections with specific antibodies which recognize
only the active form of NF-kB, and

3. Southwestern analysis in which the presence of active NF-kB in tissue sections is demon-
strated by the hybridization of a specific labeled DNA probe.

Very recently, an interesting technique has been developed to monitor NF-xB activation
in vivo and in real time.” In transgenic mice that express a luciferase reporter gene driven by
NF-kB response elements, NF-kB-induced luminescence is sufficiently intense to be detected
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externally with an ultrasensitive camera. By using this technique, the authors have demon-
strated the activation of NF-kB in kidneys of mice given inflammatory factors such as LPS,
II-1ar, and TNF-c..

Role of NF-xB in the Development of Renal Inflammation

NEF-kB activation has been evidenced in the kidney in various inflammatory diseases of
the glomerulus and/or the interstitium, as for instance in human IgA nephropathy, in experi-
mental glomerulonephritis (e.g.induced by the injection to rat of antibodies directed against
glomerular basement membrane or thymocytes), and in experimental tubulointerstitial disor-
ders (e.g., induced by unilateral ureteral obstruction, UUO).?

NF-xB activation plays a pivotal role in the development of these inflammatory diseases,
mainly through the transcription of genes encoding pro-inflammatory cytokines, chemokines,
adhesion molecules, growth factors, and enzymes (e.g., type 2 cyclooxygenase, COX2, induc-
ible nitric oxide synthase, iNOS).? Interestingly, the expression of such genes occurs in two
temporally distinct phases.'® Genes whose promoter is constitutively acetylated and, hence,
immediately accessible to NF-kB are transcribed first, immediately after NF-xB activation.
These genes include genes encoding macrophage inflammatory protein-2 (MIP-2), manganese
superoxide dismutase (MnSOD), and IxBa. The second wave of transcription requires the
formation of transcrition factor complexes that direct the hyperacetylation of gene promoters.
These genes with regulated and late accessibility include genes encoding macrophage
chemoattractant protein-1 (MCP-1), IL-6, and RANTES.

Thus, the response to NF-xB appears to change with time. This possibility has been
confirmed nicely in two recent studies. A first report has shown that macrophage production of
TNF-a diminishes when LPS challenges are repeated sequentially.'' This LPS tolerance is
explained by a change in NF-xB composition rather than in NF-xB activation: repeated treat-
ment with LPS results in increased expression of p50 instead of other kB family members. As
a consequence, p50 homodimers form, translocate to nucleus, and interact with TNF-tt gene
promoter, hence inhibiting LPS-induced TNF-0t mRNA expression. Lawrence et al'? have
completed this study by analyzing an established model of inflammation. In this model, the
onset of inflammation is associated with the formation of cRel-p50 heterodimers that are in-
volved in the expression of genes encoding pro-inflammatory cytokines (e.g., TNF-o) and
anti-apoprtotic proteins {e.g., Bcl-2). During the resolution of inflammation, cRel-p50
heterodimers are replaced by p50-p50 homodimers that are responsible for the expression of
genes encoding anti-inflammatory cytokines {e.g., transforming growth factor-B, TGF-B) and
pro-apoptotic proteins (e.g., Bax and p53). Thus, NE-xB participates successively to the onset
and to the resolution of inflammatory reaction.

Role of NF-kB in the Development of Renal Fibrosis

Fibrosis of the renal interstitium occurs in response to inflammatory processes either in
the tubulointerstitium (e.g., during ureteral obstruction) or in the glomerulus. In experimental
UUO, interstitial volume increases as a consequence of fibroblast proliferation, inflammatory
cell infiltration, and extracellular matrix deposition. These changes are associated with activa-
tion of the renin angiotensin system. In turn, angiotensin II formation is responsible for NF-xB
activation in tubular and interstitial cells. Indeed, NF-kB activation is not observed in animals
given angiotensin converting enzyme inhibitors'> and in angiotensin type 1a receptor (AT1a)
deficient mice.'* Activation of NF-kB in response to angiotensin II would be increased by an
amplification loop in which TNF-at is produced under the control of NF-xB and, in turn,
activates NF-xB. Accordingly, UUO does not result in NF-xB activation in renal interstitium
of TNF-a receptor (TNFR1 and TNFR2) knockout mice. !’



Involvement of NF-XB in Renal Inflammation and Sclerosis 41

Glomerular lesions responsible for severe and persistent proteinuria precede in general
tubulointerstitial inflammarion and fibrosis, and these latter events participate in the progression
of renal damage. The underlying mechanisms involve also NF-xB activation. Urinary proteins
{mainly albumin) bind to megalin and cubilin, two multiligand receptors at the apical pole of
epithelial cells in proximal tubules. Subsequent endocytosis process leads to protein kinase C
activation and, hence, reactive oxygen species production through mechanisms requiring both
membrane NAD(P)H oxidase and mitochondrial respiratory chain.!” In turn, reactive oxygen
species (e.g., hydrogen peroxide) promote NF-xB activation. This response is amplified by the
expression of vasoactive substances such as angiotensin II and endothelin-1."8

NF-xB activation plays a key role in fibrosis process by inducing both growth and differ-
entiation of fibroblasts (Fig. 1). Fibroblast growth results from proliferation and/or resistance
to apoptosis. NF-kB is involved in the progression of cell cycle in fibroblasts, as suggested by
ealier observations that NF-kB activity is elevated during the Go to Gy cell cycle transition."”
The evidence for anti-apoptotic effects of NF-xB has been provided initially by gene knockout
studies in which p65-deficient mice die during embryonic development, through apoptosis of
hepatocytes.!® Subsequent studies have demonstrated that NF-kB activates genes encoding
anti-apoptotic factors in various cells including fibroblasts.”®

Myofibroblasts derive from both differentiation of interstitial cells and transdifferentiation of
epithelial cells from proximal tubules. NF-kB is involved in this latter event since its activation
leads to expression of vimentin, a marker of epithelial cell dedifferentiation, and fibroblast specific
protein-1 (FSP-1), a marker of fibroblast differentiation.?’ In addition, NF-xB activation increases
the availability of TGE-B1 which is involved in both differentiation of inrerstitial cells and
transdifferentiation of epithelial cells. Two mechanisms would explain the importance of NF-xB.
First, NF-kB activation results in expression of genes encoding chemokines (e.g., MCP-1 and
RANTES), adhesion molecules (e.g., intercellular adhesion molecule-1 and vascular cell adhe-
sion molecule-1), and fractalkine that combines properties of both chemoattractant and adhe-
sion molecules. As a consequence, macrophages and lymphocytes invade the interstitium and
release growth factors such as TGF-B. Second, NF-kB activation leads to expression of
transglutaminase gene. In turn, transglutaminase activates latent TGF-B1.2! This enzyme exac-
erbates fibrosis by crosslinking extracellular matrix proteins as well.

NF-xB Pathway As a Target for New Anti-Inflammatory and
Anti-Fibrotic Treatments

As NF-«B plays a key role in inflammatory and fibrotic processes, it would be a target for
new therapeutic strategies. NF-kB activation and action are potentially prevented:

1. by limiting the expression or the activity of hormones and mediators responsible for NF-xB
activation. For instance, administration of angiotensin converting enzyme inhibitors, by
decreasing angiotensin II availability, reduces NF-kB activation in UUO model;!3

2. by increasing the expression of IkBaL. This result can be obtained by using anti-inflammartory
cytokines such as IL-10, IL-11, and IL-13;*

3. by preventing IKK-dependent phosphorylation of IxBat. To this aim, it is possible to transfer
the gene encoding a truncated form of IkBa that lacks phosphorylation sites.?? The phospho-
rylation of IKBot can also be prevented by cell exposure to 15-deoxy-Al2-prostaglandin J,
(15d PGJy). This prostaglandin D; metabolite contains a cyclopentenone ring that reacts
with critical cysteine residues in IKKP, thereby blocking its kinase activity.2 By this mecha-
nism, 15d PGJ, prevents IL-1B-induced activation of NF-xB in mesangial cells in vitro and,
hence, limits MCP-1 expression. Similarly, aspirin and sodium salicylate reduce the activity of
IKKP by preventing the binding of ATP?2 while antioxidants reduce this activity by prevent-
ing the oxidation of critical cysteine residues in kinases and phosphatases;!
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Figure 1. Role of NF-«B activation in the renal fibrogenesis response.

4. by limiting IxBo degradation by proteasome enzymes or calpains. For instance, cyclosporin
A, an immunosuppressive agent, serves as a non-competitive inhibitor of proteasome en-
zymes and thus prevents IxBa degradation without modifying its phosphorylation and
polyubiquitinylation;22

5. by preventing NF-xB binding to specific response elements in the promoter region of tar-
get genes, To this aim, it is possible to transfer NF-kB decoy oligodeoxynucleotides. This
strategy has been shown efficient in vitro, and in vivo to limit inflammatory processes
induced in the kidney by TNF-0t administration,?® antiglomerular basement membrane
serum injection,? or renal transplantation.?’
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Interestingly, glucocorticoids, that are widely used for their anti-inflammatory properties,

inhibit NF-kB pathway by interfering with at least two steps: in inducing expression of IKBot
and in limiting the transactivation properties of NF-kB.?” Indeed, glucocorticoid receptor can
directly bind and inactivate NF-xB; alternatively, a comperition can occur between NF-kB
and glucocorticoid receptor for limited amounts of the coactivator CBP.

In conclusion, NF-kB pathway is clearly involved in inflammation and fibrosis processes

within the kidney. Thus, this pathway represents a potential target for new therapeutic strategies.
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CHAPTER 5

Low-Density Lipoprotein

and Glomerulosclerosis

Hyun Soon Lee

Abstract

ypercholesterolemia is a common feature of nephrosis or uremia. Dietary hypercho-
H lesterolemia aggravates the renal injury in experimental focal segmental glomerulo-

sclerosis (FSGS). Hypercholesterolemia is mainly due to increased level of low-density
lipoprotein (LDL). Accumulation of apolipoprotein B—containing lipoproteins or LDL is fre-
quently shown in the diseased human glomeruli. Furthermore, oxidized LDL (Ox-LDL) has
been demonstrated in the lesions of FSGS or mesangial areas. Ox-LDL in the diseased glom-
eruli could recruit the circulating monocytes leading to the accumulation of macrophages and
subsequent foam cell formation. Increased release of macrophage-derived products could pro-
duce an altered mesangial cell matrix biosynthesis. In cultured mesangial cells, LDL is suscep-
tible to oxidative modification, and stimulates mRNA and/or protein expression of a1(I),
o1(III) and a1 (IV) collagen, laminin, fibronectin and transforming growth factor-B1 (TGF-f1).
LDL also upregulates plasminogen activator inhibitor-1 (PAI-1), urokinase-type plasaminogen
activator (uPA) and tissue-type plasminogen activator {tPA) expression after prolonged incuba-
tion times in mesangial cells. LDL-induced plasminogen activator inhibitory activity was greater
than plasminogen activator activity. LDL increased protein kinase C (PKC) and
mitogen-activated protein kinase (MAPK) activity as well as bioactive TGF-P secretion in cul-
tured mesangial cells. LDL-induced at1(IV) collagen, PAI-1 or fibronectin overexpression in
mesangial cells was abrogated by inhibition or downregulation of PKC or by administration of
anti-TGF-f suggesting that LDL stimulates mesangial matrix protein expression through in-
duction of PKC or TGF-B. Altogether, these effects of LDL on altered regulation of the mesangial
matrix synthesis/degradation might have a pathophysiological function in the pathogenesis of
glomerulosclerosis.

Introduction

Cholesterol is a molecule of great biomedical significance. Cholesterol is used for cell
growth and membrane synthesis, bur cholesterol accumulation in blood vessels leads to the
development of atherosclerotic plaque-like lesions. Cholesterol is carried in the blood as part of
complex lipoprotein particles, such as low-density lipoprotein (LDL) (reviewed in refs. 1,2).
LDL is an emulsion of cholesteryl ester stabilized by surface phospholipid, unesterified choles-
terol and apolipoprotein B (apo B). Distruption of these components by certain proteases or
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oxidation could be involved in the formation of larger esterified choelsterol-rich lipid particles
that deposit in the extracellular space, a key process for the development of atherosclerosis.>*

Hypercholesterolemia and lipoprotein abnormalities are common features of the neph-
rotic syndrome and uremia.>® Secondary hypercholesterolemia associated with nephrotic syn-
drome appears to play a role in the progression of original glomerular injury to focal segmental
glomerulosclerosis (FSGS). FSGS represents a pathological hallmark of progressive glomerular
injury. The evidence suggesting that hypercholesterolemia modulates original glomerular in-
jury was primarily obtained from experimental animals, in which either cholesterol-feeding or
endogenous hyperlipidemia aggravates proteinuria and glomerulosclerosis.” !4

Atherosclerotic lesions contain necrotic lipid-rich cores surrounded by proliferating vas-
cular smooth muscle cells and connective tissue as well as lipid-containing foam cells. In a
similar fashion, the lesions of FSGS show macrophage-derived foam cells and lipid deposits as
well as accumulation of mesangial matrix'>'7 (Fig. 1) suggesting that the pathogenesis of glom-
erulosclerosis is analogous to that of atherosclerosis.'®'®?? Glomerular mesangial cells and
vascular smooth muscle cells are closely related in terms of origin, histochemistry, and contrac-
tility.!® Mesangial cells are not only a major target of lipid-induced glomerular damage but also
a major site of matrix protein synthesis in chronic glomerular disease. In this regard, studies to
examine the role of LDL on subsequent glomerulosclerosis have mainly focused on the changes
of mesangial cells exposed to LDL or hypercholesterolemia.

Effects of Lipoprotein Abnormalities on the Glomerulus in
Experimental Animals

Most of the animal studies to determine the sequelae of hypercholesterolemia and
dyslipoproteinemia on the kidney have been performed in the rats. Yet, normal rats have very
low plasma levels of LDL,* and therefore lipid studies in the rats may not reflect the conse-
quences of dyslipoproteinemia in humans. Long-term cholesterol feeding to normal rats was
associated with glomerular lipid deposition, increased mesangial expansion and a modest de-
gree of glomerulosclerosis.'> Even short-term cholesterol feeding to normal rats induced an
enhanced glomerular mRNA expression for o1 chain of type IV [a1(IV)] collagen, tissue
inhibitor of metalloproteinase and transforming growth factor-B1 (TGF-B1) as well as in-
creased mesangial immunostaining for type IV collagen, fibronectin and laminin.? In guinea
pigs, glomerular enlargement, mesangial expansion, and proteinuria were evident after only 1
month of increased circulating cholesterol.”

In addition, a high cholesterol diet aggravates proteinuria and glomerulosclerosis in rats
with another undetlying cause of renal injury, such as chronic puromycin aminonucleoside
nephrosis”!>'* hypertension,? or reduced renal mass.!*!2?” These animal studies support the
hypothesis that secondary hypercholesterolemia in human nephrotics may play a role in the
progression of original glomerular injury to FSGS.

Effects of LDL on Mesangial Cells

Receptor-Mediated Uptake of LDL or Modified LDL by Mesangial Cells

In vivo clearance of LDL is mediated by cell surface receptors that recognize apo B.2®
When intracellular cholesterol stores are adequate, LDL reccgtors are downregulated. This
prevents intracellular overaccumulation of cholesteryl esters.”” Indeed, the existence of the
high-affinity LDL receptor in all human cells allows the body to maintain plasma LDL levels
below the threshold range for atherosclerosis and at the same time to supply its cells with
adequate amounts of cholesterol."?” Cultured human or rat mesangial cells possess specific
receptors for LDL¥ on the dathrine-coated pits.33*
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Figure 1. A) Light micrograph of a glomerulus showing lipid containing foam cells and mesangial matrix
expansion in the lesions of focal segmental glomerulosclerosis (FSGS). (PAS stain). B) Electron micrograph
of a glomerulus showing lipid-containing foam cells in the sclerotic lesion.

In contrast to LDL receptor, scavenger receptor is not downregulated by an increase in
intracellular cholesterol and can lead to intracellular lipid loading.> Rat mesangial cells are
made up of contractile smooth muscle-like cells and bone marrow-derived phagocytic cells. >
Of these, only phagocytic cells express large number of scavenger receptors for oxidized LDL
(Ox-LDL), which can result in foam cell formation.>* Some researchers reported that specific
receptors for modified LDL are almost negligible in cultured human mesangial cells,*>4 whereas
others suggested their existence.”® The origin of glomerular foam cells in human glomerular
disease is controversial. Despite the prevailing view that they are of macrophage origin, Moorhead
and colleagues®®*° conjectured that even human mesangial cells could transform to glomerular
foam cells. Recently, Ruan et al*! suggested that cultured human mesangial cells can permit
unregulated intracellular accumulation of LDL with foam cell formation influenced by inflam-
matory cytokines, and this needs further confirmation.

Growth-Stimulating Effect of LDL on Mesangial Cells

LDL stimulates rapid and transient expression of platelet-derived growth factor (PDGF)
B mRNA in cultured human mesangial cells.>>**? LDL also induces a slight but significant
increase in [’H]-thymidine incorporation into mesangial DNA.**#2 PDGF B-chain is the most
potent mitogen for mesangial cells in culture*> and seems to regulate mesangial matrix pro-
duction in vitro?*® or in vivo*-! Thus, LDL-induced upregulation of PDGF in diseased
glomeruli may be related to mesangial expansion affecting both cells and matrix eventually
leading to glomerulosclerosis.
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LDL and Oxidative Stress

Superoxide (Oy) or other reactive oxygen species are known to be involved in the mediation
of renal injury.’>*> NADPH-oxidase complex is the most familiar source of 07,°*% and is
present not only in phagocytic mononuclear cells but also in cultured human mesangial cells.>®
LDL is suscepible to oxidative modification in cultured mesangial cells,*>>"° which are known
to produce reactive oxygen species.sz’60 During lipoprotein oxidation, various products are
formed including aldehydic lipid peroxidation products,®!? lysophosphatidylcholine®>* and
farty acids produced by phospholipase A.®® Generally, oxidation of LDL is a prerequisite for
the ability of LDL to stimulate O, production.% The biological responses triggered by Ox-LDL
are associated with lipid peroxidation derivatives (reviewed in ref. 67).

When the LDL level is elevated in plasma, the excess LDL which is not taken up by cells
might be accumulated in the extracellular space. In a number of human glomerular diseases,
apo B-containing lipoproteins accumulate within the mesangial matrix.®® Increased collagen®
or other extracellular matrix’® in the diseased glomeruli may contribute to the retention of
LDL in the mesangial matrix. When the LDL is trapped for a prolonged period of time in
mesangial matrix, it may be oxidized due to depletion of antioxidants found in plasma,’”! or
due to free radicals derived from glomerular mesangial cells’® or infiltrating macrophages.”>”>
In experimental FSGS, hypercholesterolemia appears to make lipoproteins more susceptible to
oxidation.'*

Oxidative stress seems to be increased in uremic patients. Plasma from uremic patients
contains high concentrations of lipid peroxidation products™ and autoantibodies against
Ox-LDL.”> Major modifications could occur in the chemical properties of LDL from patients
with uremia and renal patients, and these modifications would increase susceptibility of LDL
to oxidation.”®”” Ox-LDL has been demonstrated by immunostaining in the glomeruli of
both patients’® and experimental animals,'*”® indicating that oxidative modification of LDL
occurs in vivo (Fig. 2). Patients with heavy Ox-LDL accumulation in the sclerotic segments of
glomeruli have more advanced renal disease than those with mesangial Ox-LDL.”® Dietary
supplementation of lipid-soluble antioxidant, vitamin E or probucol, reduced the intensity of
Ox-LDL staining'® and attenuated the renal injury in rats with experimental FSGS.*8° These
results suggest that lipid peroxidation of LDL plays a role in the progression of glomeruloscle-
rosis.

Ox-LDL in the diseased glomeruli can recruit the circulating monocytes®' leading to the
accumulation of macrophages in the glomeruli, whereas antioxidants inhibit the process.'*
Activated macrophages sectete cytokines, growth factors, vasoactive substances, coagulation
factors, reactive oxygen substances and proteolytic enzymes.”? Furthermore, macrophages have
a large number of scavenger receptors and accumulate Ox-LDL within cells, resulting in foam
cell formation. When the foam cells die, the release of cytotoxic components could cause a loss
of glomerular cells and stimulate extracellular matrix secretion eventually leading to glomeru-
losclerosis as originally proposed in atherogenesis.”*2

LDL Stimulates Extracellular Matrix Synthesis in Cultured Mesangial Cells

Glomerular mesangial matrix mainly consists of type IV collagen, laminin B1 and
fibronectin.®>® Besides these extracellular matrix proteins, type I and type III collagens are
present within the cell and in the medium in cultured mesangial cells.®> LDL stimulated
mRNA and/or protein expression of a1(I), a1 (I1I) and at1(IV) collagen, fibronectin or laminin
in cultured mesangial cells in a dose-dependent manner.*>3887-%0 LDL during its incubation
with cultured mesangial cells is oxidatively modified,*>57>? suggesting that oxidation is in-
volved in LDL-induced mesangial matrix gene regulation. Cu"*-catalyzed Ox-LDL also stimu-
lated the collagen or other extracellular matrix synthesis in mesangial cells,*>?® whereas vita-
min E and ant-Ox-LDL caused a marked reduction in collagen mRNA stimulated by LDL*?
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Figure 2. Dual immunofluorescence for oxidized LDL (Ox-LDL) (FITC-labeled and shown in green) and
apolipoprotein B (apo B) (thodamine-labeled and shown in red) in aglomerulus with FSGS. Apo B-containing
lipoprotein and Ox-LDL are located in the sclerotic segments.

(Fig. 3). These results suggest that LDL, particularly lipid peroxidation products of LDL, may
be implicated in the development of glomerulosclerosis by facilitating excessive mesangial ma-
trix generation.

LDL Regulates Plasminogen Activator/Inhibitor in Cultured Mesangial
Cells

The extracellular matrix can be degraded, and a distortion of the balance between extra-
cellular matrix synthesis and turnover may result in an abnormal extracellular matrix accumu-
lation in renal disease. Matrix metalloproteinases and flasminogen activator/plasmin system
are known to play a key role in matrix degradation.”’** Cultured human mesangial cells pro-
duce urokinase-type plasminogen activator (uPA),”"?> tissue-type plasminogen activator (tPA)
and plasminogen activartor inhibitor-1 (PAI-1).”8 Plasminogen is activated to plasmin by the
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Figure 3. Northern blot analysis of o1 (IV) collagen mRNA in human mesangial cells (HMC). Cells were
incubated with serum-free DMEM alone (lane 1) or with the addition of 200 pg/ml LDL (lane 2), 100
ug/ml Cu**-catalyzed Ox-LDL (lane 3), or both 200 pg/ml LDL and 50 pM vitamin E (lane 4) for 48 h.
The blots were hybridized with [*?P]-labeled cDNAs for: o1 (IV) collagen (A), and B-actin (B).

enzymatic activity of uPA and tPA, and plasmin mediates the degradation of extracellular ma-
trix by cultured mesangial cells.”""® The rate of plasmin production is primarily regulated by
PAI-1,'% which also inhibits the plasmin-dependent activation of matrix metalloproteinases.'®'
PAI-1 has been implicated in renal disease as being a mediaror of extracellular matrix accumu-
lation®? and as a feedback mechanism to limirt vascular fibrinolysis.!%1%?

LDL upregulated PAI-1, uPA and tPA expression in cultured human mesangial cells after
prolonged incubation times, but short incubation times with LDL rather decreased 2.4 kb
PAI-1, uPA and tPA mRNA levels'® (Fig. 4). LDL-induced plasminogen activator inhibitory
activity was greater than plasminogen activator activity in mesangial cells, suggesting that LDL
causes a plasminogen activator/inhibitor imbalance favoring accumulation of matrix.'™ Thus,
persistent hypercholesterolemia in chronic renal disease could lead to mesangial matrix accu-
mulation and eventual renal fibrosis partly linked to the impaired matrix degradation.

Intracellular Signaling Process in Association with LDL-Induced Mesangial
Matrix Synthesis

The stimulation by LDL of quiescent mesangial cells, which in turn oversecretes matrix
proteins, might require a number of coordinated cellular events. Protein kinase C (PKC) is
activated by physiological second messenger diacylglycerol, a product of phosphatidylinositol.'®
Upon stimulation of cell surface receptors, there is an immediate and transient increase in
diacylglycerol levels. Tumor promoting phorbol esters, such as phorbol myristate acetate, pos-
sess a molecular structure that is similar to thar of diacylglycerol, and cause a prolonged activa-
tion of PKC and downregulate the enzyme.

LDL induced two peaks of PKC activation in cultured human mesangial cells'®* (Fig. 5).
In contrast to the transient first PKC activation,®#%%1% the second one persisted for over 9
hours and gradually decreased to basal level at hour 18 after the start of LDL administration.'®
LDL increased membrane-associated PKC-0, -B1 and -3, with a decreased cytosol content in
mesangial cells.'®
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Figure 4. Northern blot analysis of plasminogen activator (PA) inhibitor-1 (PAI-1), urokinase-type PA
(uPA) and tissue-type PA (tPA) mRNA in HMC. Cells were incubated with serum-free DMEM alone (-)
or with the addition of 200 ptg/ml LDL (+) for 6, 12, or 24 h. The blots were hybridized with [22P]-labeled
cDNAs for: PAI-1 (A), uPA (B), tPA (C), and B-actin (D). E) quantitative expression of PAI-1, uPA and

tPA mRNA abundance after correcting for the B-actin signal. The PAI-1, uPA, and tPA mRNA levels of

treated HMC are expressed as percentage increases above the mRNA levels of untreated controls. Values are
means + SD of 3 separate experiments. (From Song et al'™ with permission.)
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Figure 5. Effects of LDL on protein kinase C (PKC) activity of HMC. Data are expressed as density units,
calculated as the ratio of PKC-specific activity of the sample to that of normal control. Values are means +
SD of 3 comparable experiments. *P< 0.05 vs. controls. (From Song et al ref. 104, with permission.)

Both the downregulation of PKC by phorbol myristate acetate and inhibition of PKC by
GF-109203X caused a marked reduction in 0.1 () and 0t1(IV) collagen and PAI-1 mRNA®®1%%
and fibronectin protein® stimulation by LDL in cultured mesangial cells. These results suggest
that PKC is intimately linked to the LDL-induced enhanced matrix protein synthesis in
mesangial cells.

PKC could activate mitogen-activated grotein kinase (MAPK) by a pathway that involves
Raf-1 (MAPK kinase kinase, MAP3K).!%1% MAPK is a serine/threonine kinase found ubig-
uitously expressed in tissues. Two isoforms of MAPK, extracellular signal-regulated protein
kinase (ERK)-1 (p44 MAPK) and ERK-2 (p42 MAPK), are known to exist. These isoforms
can be activated in response to a wide variety of growth factors and mitogens.!% LDL stimu-
lates ERK-2'" and potentiates the effect of vasopression on ERK activation in rat mesangjal
cells.!? In addition, lipoprotein(a) can stimulate MAPK in human mesangial cells.'!!
Lysophosphatidylcholine, a principal component of Ox-LDL, activates PKC and MAPK in
mesangial cells.''? It also increases O, production in vascular smooth muscle cells via stimula-
tion of PKC.!!?

Both PKC and MAPK are involved in modulating nuclear events associated with gene
expression. Activated protein-1 (AP-1) family, which includes the Jun and Fos proteins, is a
sequence-specific transcriptional activator (reviewed in ref. 114). Binding sites for AP-1 were
described as being PKC response elements.'!> ERK activation leads to elevated AP-1 activity
via c-fos induction.'!® The ability of TGE-B to induce the expression of several genes such as
PAI-1, type I collagen and TGF-B1 itself depends on specific AP-1 DNA-binding sites in the
promoter regions of these genes.'!”"!'® Ox-LDL stimulates the DNA binding activity of AP-1
in cultured vascular smooth muscle cells,'!® suggesting that LDL oxidation may also be in-
volved in activation of AP-1 in mesangial cells.
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LDL Stimulates Mesangial Matrix Synthesis Through Induction of TGF-J3
Expression

TGE-B is a key factor to stimulate extracellular matrix deposition in the kidney, and
its overproduction has been implicated in the pathogenesis of glomerulosclerosis.'** Intrarenal
infusion of the TGF-B1 gene causes glomerulosclerosis'?> and antisense to TGF-B ameliorates
experimental nephropathy.!?* In mouse mesangial cells, TGF-B stimulates collagen and
fibronectin synthesis.!?’

TGF-B1 is secreted as a latent complex, which could be activated by reactive oxygen
species.'2® Most so-called growth factors signal through a receptor tyrosine kinase. By contrast,
the TGF-B family of intercellular mediators signals through an initial serine-threonine kinase.'?”
Activated TGF-B binds to three different types of serine/threonine kinase receptor.'*® The type
IT receptor kinases are constitutively active: upon ligand binding, the type II receptors activate
the type I receptor kinases,'®® which then activate intracellular substrates, such as Smad2 and
Smad3. Activated or phosphorylated Smad2 and Smad3 form a complex with Smad4.'*® The
complexes translocate to the nucleus and activate transcription of specific TGF- target genes
including the extracellular matrix component PAI-1, type I collagen, fibronectin and TGF-B1
itself. 132 TGF-B and Smad signaling pathway is present in human mesangial cells.'** Smads
are stimulated by TGF-B1 to generate mesangial collagen production.'**!> In addition, the
activated TGF-B type I receptor kinases can activate MAPK families.!>*13>

Cholesterol feeding to normal or nephrotic rats significantly increased glomerular TGF-B1,
o1(IV) collagen, or fibronectin mRNA levels.?*'36 In cultured human mesangial cells, LDL
stimulated TGF-B mRNA expression and bioactive TGF-B secretion.®® The LDL-induced
upregulation of a1(I) and a1(IV) collagen gene expression was inhibited by the application of
anti-TGF-B neutralizing antibody, suggesting that TGF-B is intimately linked to the onset of
enhanced collagen mRNA expression.®® In murine mesangial cells exposed to LDL, anti-TGF-B
also prevented the expected increase in fibronectin synthesis.®” These results suggest that TGF-B
functions as a key signaling mediator in the pathway by which LDL upregulates mesangial
matrix synthesis. As yet it is not clear whether Smad signaling is activated by LDL in mesangial
cells.

120,12t

Effects of LDL on Glomerular Epithelial Cells

Glomerular visceral epithelial cells or podocytes are highly specialized terminally differenti-
ated cells interlinked by slit diaphragms. They are known to play a key role in maintaining normal
glomerular permselectivity. In various human glomerular diseases, apo B-rich lipoproteins accu-
mulate not only in the mesangium but also within the glomerular basement membrane.%
Takemura et al'¥” claimed that glomerular epithelial cells express both LDL receprors and
scavenger receptors in human nephritic kidneys. Previous animal studies suggested that the
dietary hypercholesterolemia mainly activates glomerular mesangial cells.'>*** Joles et al,'*®
however, recently suggested that lipid abnormalities by cholesterol feeding in uninephrectomized
rats aggravate renal injury primarily via podocyte rather than via mesangial cell damage. In rats
with high cholesterol diet, increased expression of heat shock protein 47, a collagen-specific
stress protein, was demonstrated mainly in glomerular epithelial cells together with increased
collagen expression, suggesting that phenotypically altered glomerular epithelial cells by hyper-
cholesterolemia might play a role in renal fibrosis.!*

Cultured human glomerular epithelial cells take up LDL via a receptor-mediated path-
way. 40141 Ox-LDL stimulates fibronectin expression by a mechanism involving expression of
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Figure 6. Schematic diaphragm depicting how LDL could lead to mesangial matrix accumulation in relation
to the development of glomerulosclerosis. LDL, particularly Ox-LDL, increases PKC and mitogen-activated
protein kinase (MAPK) activity and bioactive transforming growth factor-B (TGF-) secretion in mesangial
cells leading to the enhanced expression of collagen, fibronectin and PAI-1. Also, Ox-LDL in the diseased
glomeruli could recruit the circulating monocytes leading to the accumulation of macrophages and subse-
quent foam cell formation resulting in an altered mesangial cell matrix biosynthesis. ECM, extracellular
matrix.

TGF-B in cultured human glomerular epithelial cells.'*> Nonetheless, the selective analysis of
podocytes in vitro was difficult, because only undifferentiated podocytes of questionable cellu-
lar origin were available in culture.'#"'%> Recently, Saleem et al'*6 have developed a condition-
ally immortalized human podocyte cell line demonstrating markers of differentiated in vivo
podocytes, such as nephrin, podocin, CD2AP and synaptopodin. There is growing evidence
suggestin§ that the damage to glomerular visceral epithelial cells is related to the development
of FSGS. 47151 Thus, these cells in culture expressing podocytic markers would be valuable in
the future to examine whether LDL-induced podocyte injury is related to subsequent renal
fibrosis.

Concluding Remarks

As shown in Figure 6, LDL is susceptible to oxidative modification by activated mesangial
cells or macrophages. LDL, particularly Ox-LDL, increases PKC and MAPK activity as well as
bioactive TGF-P secretion in mesangial cells leading to the enhanced expression of collagen,
fibronectin and PAI-1. Also, Ox-LDL in the diseased glomeruli could recruit the circulating
monocytes leading to the accumulation of macrophages and subsequent foam cell formation.
Increased release of macrophage-derived products could produce an altered mesangial cell ma-
trix biosynthesis. In conclusion, these effects of LDL on altered regulation of the mesangial
matrix synthesis/degradation might have a pathophysiological function in the pathogenesis of
glomerulosclerosis.
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CHAPTER 6

Molecular Developments in the Treatment
of Renal Fibrosis

Gavin J. Becker and Tim D. Hewitson

Abstract
P rogressive renal disease is associated with the development of fibrosing lesions not only

in the glomerulus, but also in the interstitial and vascular compartments of the kidney,

in a process that involves the mesenchymally derived, phenotypically similar, mesangial
cell, myofibroblast and vascular smooth muscle cell. The similarities in the pathogenesis of all
three processes means that the search for rational treatment strategies for any one may be of
universal benefit to the others.

Potential therapeutic strategies target fibrosis both indirectly and directly. Indirect thera-
pies alter the environment the kidney operates in such as by controlling blood pressure, hyper-
lipidemia and hyperglycaemia. As our understanding of the mechanisms of fibrosis increase,
we are developing more direct treatment strategies that target the vasoactive mediators, growth
factors and cell signaling pathways that regulate renal fibrogenesis. Finally attempts to increase
collagen degradation and maintain blood supply arc likely to reduce the damage resulting from
aberrant collagen synthesis.

The continuing advances in cellular and molecular biology mean that we are becoming
more aware of how cells interrelate with each other and their environment. Measures that
specifically interfere with fibrosis can therefore be expected to improve prognosis not only in
progressive renal failure but also in progressive fibrosing diseases in many other organs.

Progressive renal disease is associated with the concurrent development of fibrosing le-
sions not only in the glomerulus, but also in the interstitial and vascular compartments of the
kidney (Fig. 1). Though attention is usually directed separately to the three processes—glom-
erulosclerosis, tubulointerstitial fibrosis and vascular sclerosis—all three eventually occur and
the fundamental pathology is similar.!

Renal fibrosis or sclerosis refers to the replacement of renal parenchyma with connective
tissue, in a process that resembles the generalised chronic inflammation that occurs elsewhere.
Initiating injury, recruitment of inflammatory cells (neutrophils, macrophages, T-cells), gen-
eration and release of profibrotic growth factors, proliferation and matrix synthesis, and finally
matrix remodelling are the sequential but overlapping events. Increases in both the number
and activity of matrix producing cells is responsible for matrix deposition, with the balance
between this and remodelling determining the extent of scarring.

Fibrogenesis: Cellular and Molecular Basis, edited by Mohammed S. Razzaque.
©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.
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Figure 1. Histopathology of progressive renal disease indicates that renal scarring manifests itself in three
forms: glomerulosclerosis (GS), tubulointerstitial fibrosis (TIF) and vascular sclerosis (VS).

Initiation

Glomerulosclerosis

Direct insult to the glomerulus, either injures or stimulates the intrinsic cells of the glom-
erulus to proliferate, secrete pro-inflammatory factors, undergo cell death or necrosis, and to
lay down extracellular matrix.? The accumulation of extracellular matrix further acts as a reser-
voir for growth factors and may further exacerbate injury.

Important from the viewpoint of mechanisms of progressive glomerulosclerosis has been
the observation that renal injury with loss of nephrons promotes progressive glomerulosclerosis
in nephrons not directly injured by the primary process. Following the landmark work of
Brenner and his colleagues,’ a variety of processes have been demonstrated to produce ongoing
injury and sclerosis in the glomeruli.* These range from haemodynamic injury to the glomeru-
lar cells via enhanced filtration (hyperfiltration) and stretch,” to the deleterious effects of me-
diator molecules such as angiotensin IT (Al 1), endothelin (ET),” reactive oxygen species (ROS) R
platelet derived growth factor (PDGF)° and transforming growth factor B1 (TGFB)).1°

Interstitial Fibrosis

Recently attention has refocused on the old observation that in virtually all forms of pro-
gressive renal failure tubulointerstitial fibrosis not only occurs but also better parallels the de-
cline in glomerular filtration rate than does the degree of glomerulosclerosis.!""!? A great deal
of work has shown that a major mechanism is via tubular epithelial cell stimulation,'” which in
turn lead to secretion into the interstitium of a similar range of profibrotic factors as are re-
leased by the glomerular cells.'* Important examples are AIL ET, TGFB;, ROS and a variety of
other growth factors, cytokines and inflammatory mediators.'>!* The major mechanisms for
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tubular cell stimulation relate to the increased workload and albumin resorption per tubule as
the number of nephrons decrease and the consequent relative hypoxia.'®!” Other profibrogenic
activities of the “overworked” tubular cell include effects of complement activation'® and
ammoniagenesis.'®

Vascular Sclerosis

There is no doubt that patients with chronic renal failure are at an increased risk of cardio-
vascular death, estimated at twenty times age and sex matched controls, leading to the concept
of “accelerated atherosclerosis” in renal failure.'®

Intimal proliferation of small renal arteries accompanies atherosclerosis in the aorta and
coronary artery. Similarly, histopathology studies have shown that loss of renal function is
accompanied by intimal proliferation of renal arterioles, even in the absence of hypertension.”
This chronic vascular disease displays many of the hallmarks of an inflammatory process and is
consequent upon release of chemokines, cytokines and other inflaimmatory mediators by vas-
cular endothelial cells, which combined with the well recognised vascular haemodynamic fac-
tors, provide a stimulus for fibrosis.

Fibrogenesis

Significance of the Renal Mesenchymal Cell

In all three forms of renal fibrosis outlined above, the major matrix producing cell is a
mesenchyme derived fibrogenic cell, juxtapositioned between resident endothelial and epithe-
lial cells (Fig. 2).

In the glomerulus, the mesangial cell?! is the mesenchymal element pivotal to the process
of glomerulosclerosis.”” Recruitment of inflammatory cells and paracrine release of prosclerotic
factors causes mesangial cells to proliferate,” acquire the contractile protein alpha smooth
muscle actin (tSMA),?* and 1o produce matrix componentszh25 and an array of cytokines and
growth factors.?® Likewise, other intrinsic pathways such as formation of glycated end prod-
ucts (AGE)? and the serine protease thrombin?® may act directly on mesangial cells to further
increase autoctine generation of the above factors.

Glomerulus Tubulointerstitium Vasculature

Tubular . Q Vessel
jumen lumen

f smooth muscle cell

X .
matrix fibroblast matrix

mesangial cell

matrix

Figure 2. Juxtapositioning of mesenchymal cells and resident intrinsic epithelial (Epi) and endothelial (End)
cells in the glomerulus, tubulointerstitium and vasculature. In each case injury to intrinsic endothelial and
epithelial cells leads to paracrine stimulation of adjacent mesenchymal cells, represented by the mesangial
cell, fibroblast and vascular smooth muscle cell respectively.
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G o P

Figure 3. Local proliferation of myofibroblasts is a major source of matrix producing cells in tubulointerstitial
fibrosis. Double labelling for the myofibroblast marker ®SMA (red) and the thymidine analogue 5-bromo-
2’ deoxyuridine (brown) localises DNA replication in interstitial myofibroblasts (arrows) in an experimen-
tal model of renal infection.? To view online color figure go to http://www.eurekah.com/

eurekahlogin.php?chapid=19278&bookid=838&catid=28.

Interstitial fibroblasts are a central mesenchymal feature of all forms of interstitial fibrosis.
These cells appear to be more diverse than mesangial cells, and are derived from a number of
sources, including a population of resident interstitial fibroblasts,? vascular adventitial cells,?®
transdifferentiation of tubular epithelial cells®’ and possibly haematogenously from a circulat-
ing population of progenitor cells.> Both in vivo and in vitro studies have shown that these
cells proliferate,”” acquire ®SMA%*3 and secrete matrix proteins?®>¢ and their own array of
profibrotic molecules®”® in response to a variety of insults and stimuli. The activated intersti-
tial fibroblast which has acquired aSMA is called a myofibroblast® (Fig. 3).

Recent attempts to isolate intra-renal vascular smooth muscle cells™ have highlighted the
interest in examining the role of these cells in renal vascular sclerosis. Stimulated by a variety of
factors including stretch, ischaemia and endothelium derived factors, nonrenal vascular smooth
muscle cells proliferate®®#! and produce extracellular matrix,*! in the process of which the
also migrate to the intimal layer.* Again the release of AILS ET;** ROS,* PDGF** and TGFB,

in response to injury are recognised prosclerotic factors.?”
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Clearly therefore, although glomerular mesangial cells, interstitial myofibroblasts and vas-
cular smooth muscle cells are located at separate sites and fulfil a variety of differing functions,
it is increasingly obvious that similarities between the three cell types outweigh the differences.

Functional Significance of aSMA Expression

Perhaps one of the most intriguing aspects of renal fibrogenesis is the accumulation of
cells which share the SMA positive characteristic of smooth muscle cells. Expression of aSMA
and its incorporation into stress fibres is a defining feature of activated mesangial cells,
myofibroblasts and vascular smooth muscle cells. What therefore is the functional significance
of aSMA expression?

Several models of wound healing emphasise the importance of the contractile myofibroblast
in reducing wound area. Both renal fibroblasts*® and mesangial cells* have been shown to
contract collagen lattices in vitro, in a process mediated by Bt integrins.48 Experimental in vivo
models of renal scarring establish that renal scarring is a fibro-contractive disease, with mor-
phometric studies showing that the increase in matrix density is partly due to contraction of
the renal parenchyma,>® endstage renal failure kidneys being smaller when fibrosed.

The selective incorporation of €SMA into stress fibers may also retard motility. Alpha-SMA
expressing breast myofibroblasts are less motile than their *0SMA negative counterparts, while
this isoform is downregulated in smooth muscle cells translocating during atherosclerosis.”!
Finally, if we accept evidence from cardiac models, myofibroblasts produce collagen at a greater
rate than their fibroblast progeny, an intrinsic property that cannot be accounted for by differ-
ences in response to TGEB.”?

Molecular Regulation of Renal Fibrogenesis

Fibroblasts, mesangial cells and vascular smooth muscle cells are activated by a diverse
range of stimuli. In addition to receptor signal transduction, nonreceptor signaling, for ex-
ample by nitric oxide, offer opportunity for abrogation by blockade.

Receptor Binding

Receptors acting at the membrane level transduce extracellular signals into a cytosolic
one, where subsequent communication of signals involves translocation of intracellular signal-
ing components. These membrane receptors take various forms. Arguably the most important
fibrogenic factors, TGFP; and PDGE signal through a receptor serine/threonine kinase and
tyrosine kinase respectively.

TGEFB; belongs to a superfamily of structurally related regulatory proteins which include
three mammalian TGF isoforms (TGFB; -Ba, -B3), activin/inhibin and bone morphogenic
proteins. The most abundant isoform, TGE;, both increases collagen synthesis and decreases
collagenase expression in a variety of mesenchymal cells. Signaling through functional coop-
eration of the Smad proteins, the TGE-f receptor phosphorylates receptor-regulated Smads
(Smad2, Smad3), a pathway that is strictly regulated at various levels, including inhibition by
Smad7 which complexes with Smad2 and 3 to prevent phosphorylation.*?

PDGF is secteted as a homodimer, composed of two A-,B-,C- or D- chains or a heterodimer
composed of an A- and B-chain which complex variously with o or B receptor subunits. The
PDGEF B chain, as part of either PDGF-BB or PDGF-AB, is a potent mesenchymal cell mito-
gen,”* while various PDGF-BB isoforms mediate chemotaxis, contraction and the activity of
other factors.” Induction of PDGF-B type receptors on smooth muscle cells is seen in athero-
sclerosis and renal allograft rejection.”

Likewise the janus tyrosine kinase family is important for cytokine signaling, while
G-protein transmembrane receptors signal through associated effector enzymes such as Ras
GTPases, a convergent point in signal cascades for many mitogens implicated in proliferative
renal disease.”®
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Finally, integrins are of particular importance in mesenchymal cells. Acting as a bridge
between extracellular matrix and the cellular cytoskeleton, integrins generate tension within
the cell and initiate signaling events, in many cases mediated by activation of focal adhesion
kinase, a member of the tyrosine kinase family.”’

Second Messenger Pathways

The activation and translocation of kinases from the cytoplasm to the nucleus provide the
link between extracellular signals and gene expression. Again these pathways take many forms
and include, amongst others, the mitogen activated protein kinase, phosphatidylinositol 3-ki-
nase and protein kinase C cascades. In each case the end result is the phosphorylation and
activation of nuclear transcription factots, with gene transcription being controlled by the
interaction of transcription factors with specific DNA sequences known as promoter or en-
hancer morifs.>®

Various transcription factor families have established roles in renal fibrosis and sclerosis.
Nuclear factor-kB (NF-kB), perhaps the best known of the nuclear transcription families,
promotes the upregulation of cytokines involved in inflammation.>® Mesenchymal cell differ-
entiation is under the control of NE-xB%® and MyoD, a member of the basic helix-loop-helix
family,®! while various members of the Kruppel-like transcription factor family regulate col-
lagen transcription.’® Conversely, peroxisome proliferator activated receptor ¥ (PPARY) is ac-
tive in quiescent mesenchymal cells,”® suggesting that it may block fibrogenesis.

Treatment Options Available and Developing

Historically, treatment strategies for preventing progressive renal failure have concentrated
on limiting glomerulosclerosis. Similarities between the mechanisms of interstitial, glomerular
and vascular sclerosis mean that attempts to develop treatment strategies for any one may be of
universal benefit in the others.

Clearly the first step in any treatment strategy is the removal of the injury, however this
area is not the domain of this Chapter. Instead we will concentrate mostly on those therapies
direcred at decreasing ongoing fibrosis independently of the initiating injury.

Anti-Inflammatory

Interference with the early pro-inflammarory pathways may reduce fibrogenesis by limit-
ing the activity of chemotactic cytokines and therefore leucocyte migration into tissues.®* Po-
tentially, cytokine activity can be directly inhibited by a number of strategies. Antibody inhibi-
tion, soluble receptors and single stranded oligonucleotoide inhibitors (aptamers) have achieved
some experimental success. Antisense oligonuleotides, decoy double strand oligonucleotides
and cleavage of RNA with ribozymes may all suppress gene expression, if target cells can be
transfected.

Promising targets in the renal context include monocyte chemoattractant protein-1,%2
regulated upon activation normal T-cell expressed and secreted (RANTES),? interleukin-1B%
and interleukin-8,%? upregulation of which has been consistently observed during inflamma-
tory disease, with clinically relevant strategies seeking to inhibit chemokine production,®®
neutralise activation® or antagonise receptors.

Indirect Therapies

The last 20 years has seen a burgeoning of studies directed at slowing the rate of progres-
sion of renal failure and fibrosis.®” Usually therapies were initially developed in a rat model
since the rat, like man, experiences progressive renal fibrosis once sufficient renal damage has
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occurred. These therapies have been moved (with some difficulty) to application in patients
with renal disease.®®

In many cases the initial hypothesis related to altering the environment in which the
kidney functioned. Increased understanding of the molecular mechanisms involved has lead to
reevaluation of many of these. This has resulted in a better appreciation of the intrarenal mo-
lecular mechanisms responsible for progressive renal fibrosis, and in some cases to recognition
that the effect is at least partially due to direct interactions between drugs and cells in the

kidney.

Dietary Protein Intake

Reducing dietary protein intake slows progressive renal damage.®® Not surprisingly a wide
variety of intrarenal changes are believed responsible.”® A lower dietary protein intake reduces
single-nephron glomerular filtration by physiological mechanisms largely mediated by angio-
tensin. Accordingly the multiple processes leading to progressive glomerulosclerosis and
tubulointerstitial fibrosis consequent upon hyperfiltration, tubular overwork and albumin re-
sorption as outlined previously in this chapter, are ameliorated. There is still much to be learnt
regarding the molecular events responsible for dietary protein induced hyperfiltration.

Blood Pressure

Reduction in systemic blood pressure by pharmacological means appears to have an even
more profound effect, reducing not only glomerular hyperfiltration.”"”# and hence tubular
work, but also because of direct effects of the antihypertensive molecules on intrinsic renal
cells. Hence angiotensin receptor antagonists and calcium channel blockers are believed to be
renoprotective through a variety of means, both directly and indirectly related to fibrogenesis,
as outlined later in this chapter.

Hyperlipidemia

Control of hyperlipidemia, a common accompaniment to renal disease, slows renal failure
progression in man.”® The imfrovemem is not only due to abrogation of direct deleterious
effects of lipids on the kidney”* but also because, at least in the case of hydroxymethyl glutaryl
coenzyme A reductase (HMGCoA) inhibitors, the pharmacological agents used to reduce cir-
culating lipid levels have direct antifibrotic effects with the kidney,”® affecting profibrotic ac-
tivities of mesangial cells,”® myofibroblasts”” and vascular smooth muscle cells.”®

Hyperglycaemia

Reducing hyperglycaemia is proven to be effective in abrogating progressive diabetic renal
disease in man.”® Glucose, glycosylated protein (advanced glycosylation end products - AGEs)
and glycosylated lipoprotein have been shown to directly stimulate profibrotic activities of
mesenchymal cells.*” When better understood, this may lead to development of molecules to
block these profibrotic effects of glucose and glycosylated products.

Direct Antagonists of Mesenchymal Fibrogenesis

A variety of molecules have been shown to directly influence or interfere with the behaviour
of renal profibrotic mesenchymal cells, particularly if we accepr experiments involving nonrenal
fibroblasts or vascular smooth muscle cells as being representative of their intrarenal counter-
parts. As sclerosis in all three renal sertings is associated with the activities of a
mesenchyme-derived cell stimulated by factors either derived from adjacent cells (inflamma-
tory, endothelial or epithelial cells) or inherent to the uremic milieu, interference with this final
common pathway has the potential to ameliorate all three.
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Vasoactive Mediators

Angiotensin Antagonists

Angiotensin I1 (AIl) receptors are found on mesangial cells, fibroblasts and vascular smooth
muscle cells.31#2 AIl directly stimulates proliferation and matrix synthesis by all these cell
types,®*# and administration of angiotensin converting enzyme inhibitors (ACEI), which in-
hibit AIT production, or angiotensin type I receptor blockers, which inhibit AIl action more
directly, have been shown to reduce renal failure progression in experimental animals and pa-
tients with chronic renal disease.®*®” Importantly, the effect is greater than would be expected
from blood pressure alone, making it likely that intrarenal effects on glomerular haemodynamics
and on renal cells are both responsible.

Endothelin Antagonists

Endothelin (ET) receptors are also found on all three mesenchymal cell types in the kid-
ney. ET receptor antagonists have been shown to reduce vascular injury,®® mesangial cell prolif-
eration® and accumulation of new fibroblasts? in various experimental nephropathies. Differ-
ential effects’’ may however indicate important differences in the role of ET-A and ET-B
receptor sub-types in mesenchymal injury.

Nitric Oxide Stimulation

Nonreceptor mediated pathways are likewise implicated. Increased nitric oxide genera-
ton throu§h arginine supplementation improves tubulointerstitial fibrosis after ureteric ob-
struction,” presumably via a nitric oxide mediated reduction in oxidative stress.

Calcium-Channel Blockers

Various examples of this heterogenous group of drugs have been demonstrated to inhibit
proliferation of mesangial and vascular smooth muscle cells.?>** Used as antihypertensive agents
it is difficult to discern whether this direct effect has an impact in humans with renal disease.”®

Growth Factors

Despite the function of all these cells being influenced by a myriad of factors and their
interactions in a highly redundant system, perhaps surprisingly several findings now suggest
that changes in even a single cytokine/growth factor can be effective in abrogating renal
fibrogenesis.

A hierarchy exists amongst the profibrotic growth factors, with the most compelling evi-
dence being for TGFB; and PDGE A variety of strategies have been used experimentally to
inhibit the activity of polypeptide growth factors.

TGFp, antisense oligonucleotides have been used successfully as an intervention in both
glomerulonephritis®® and interstitial fibrosis.”” Anti-serum to TGFB; has ameliorated experi-
mental glomerular sclerosis®® and vascular intimal hyperplasia.”® Pirfenidone'® and decorin'®!
have been shown to reduce experimental fibrosis, acting at the level of the latent and activated
molecule respectively. Angiotensin converting enzyme inhibitors and All receptor antagonists
reduce but do not normalise aberrant TGFB, production,'®!% at least in experimental renal
disease. Treatments that target inactivation of Smad2 by overexpression of Smad7 may inhibit
recruitment of myofibroblasts by inhibiting epithelial-myofibroblast transdifferentiation.!**

Given that TGFp, affects a variety of cell types, long term suppression may be problem-
atic. Such concerns point to connective tissue growth factor (CTGF) as a possible target. Widely
recognised as a downstream mediator of TGFP; activity, expression of CTGF appears to be
confined to aberrant fibrogenesis in mesangial cells, fibroblasts and atherosclerosis.'®>
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An alternative approach is to take advantage of the naturally occurring interactions be-
tween various endogenously expressed growth factors. Hepatocyte growth factor (HGF) is in-
versely related to TGFP, expression, with neutralisation of endogenous HGF accelerating pro-
gression of renal fibrosis, % and exogenous administration linked to decreased TGFp; expression
and progression.'®!'% In a similar manner, bone morphogenic protein-7, a member of the
TGEFP superfamily, preserves renal funcrion and prevents interstitial fibrosis after unilateral
obstruction, acting as a counterbalance to TGFp, activity.l08

Oligonucleotide aptamers have been developed to antagonise PDGF activity by binding
with high affinity to the PDGF molecule.'® Selective inhibitors of a PDGF specific receptor
tyrosine kinase reduce mesangial cell proliferation and matrix synthesis in mesangial prolifera-
tive glomerulonephritis''® and attenuate, albeit to a lesser degree, interstitial fibrosis after uni-
lateral ureteric obstruction.!!!

In nonrenal fibroblasts at least, blocking of extracellular regulated kinase activity prevents
growth factor induced proliferative response.!!?

Transcription Factors

Though the coordinated activity of several transcriprion factors seems necessary to control
expression of any fibrogenic protein, the recognition that some individual transcription factors
are able to regulate cell phenotype has provided potential therapeutic targets. A synthetic double
stranded DNA decoy sequence has successfully ameliorated experimental crescentic glomeru-
lonephritis by blocking promoter binding of NF-kB.!!® In mesangial cells cultured in high
glucose, PPARY agonists suppress TGFP; mediated expression of type I collagen mRNA and
protein,''* while the PPARY agonist troglitazone abrogates glomerulosclerosis in both dia-
betic'"> and nondiabetic!'® rat models.

Some of the most immediate therapeutic strategies are provided by investigations that
have focused on agents introduced for quite different indications.

So-called “statins” (HMGCoA inhibitors) introduced to lower blood cholesterol have now
been shown to have variable effects on fibrogenesis. Although statins have been shown to re-
duce extrarenal vascular smooth muscle mitogenesis both in vivo and in vitro,”® effects of
individual statins differ, with proliferation being inhibited by lovastatin,”” simvastatin’® but
not pravastatin,”® an effect expected to confer differential benefit in vasculopathy. Pravastatin,
simvastatin and lovastatin have variously been shown to reduce in vitro collagen secretion by
mesangial cells’® and cortical fibroblasts.””"!'7 At the molecular level, statins block prenylation
of Ki-Ras, an important intracellular protein required for fibroblast proliferation.''® The more
specific prenylation inhibitors being developed for cancer therapy,'"? are therefore likely to be
valuable potential antagonists of the uncontrolled mesenchymal proliferation that accompa-
nies fibrogenests.

Phosphodiesterase inhibitors (the most well-known of which is theophylline used in the
treatment of asthma), increase the intracellular levels of cyclic nucleotides which theoretically
could interfere with mesenchymal cell function. Pentoxifylline has now been shown to inhibit
mitogenesis and collagen synthesis in cultures of mesangial cells'®® and renal fibroblasts'?""122
and artenuate progressive fibrosis after sub-total renal ablation.'® Dipyridamole, another drug
which increases intracellular cydlic nucleotide levels, inhibits mesangial cell,'** aortic smooth
muscle cell'? and interstitial fibroblast'2® function, though it was originally intended as an
antiplatelet agent.

The long recognised benefits of heparin in experimental models of progressive renal dis-
ease'”” may be due not only to anti-thrombotic properties but also its ability to inhibit mitoge-
nesis in mesangial cells,'*® fibroblasts'?’ and smooth muscle cells.!*
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Halofuginone, commonly used as a coccidiostat in chickens, is a potent in vitro inhibitor
of both mesangial cell proliferation and collagen I synthesis'*' and has been shown to inhibit
smooth muscle cell proliferation after experimental intimal injury.'*?

Finally, immunosuppressive agents have been shown to reduce proliferation of not only T
and B-lymphocytes but also vascular smooth muscle cells'® and mesangial cells,’* effects
mediated at least in part by preventing degradation of I-kB, the inhibitory subunit of NF-xB.
The in vivo abrogation of fibroblast accumulation after sub-total nephrectomy' suggests that
mycophenolate mofetil is also a direct antagonist of fibroblast proliferation.

Collagen Assembly and Degradation

The fact that collagen synthesis involves several unique post-translational reactions pro-
vides a number of potential therapeutic targets. Inhibition of prolyl-4-hydroxylase and lysyl
oxidase, enzymes involved in triple helix formation, has successfully reduced nonrenal scarring,
albeit with marked side effects.!

The recognition that renal scarring is a consequence of both increased collagen synthesis
and decreased breakdown has inevitably led to a search for agents which promote collagen
degradation. Such strategies have been given further impetus by the clinical reality that exten-
sive scarring is often already present at presentation.

Relaxin is a naturally occurring polypeptide hormone generated in increased quantities
during the latter stages of gestation. Consistent with its role in softening the pubic symphysis
and uterine cervix in preparation for parturition,'*” antifibrotic effects have been demonstrated
in experimental models of rapidly fibrosing chemically induced renal papillary necrosis'>® and
renal ablation,'® data suggesting that this may relate at least in part to its in vitro ability to
increase collagenase synthesis.'**14! Likewise, HGF has the ability to increase collagenase ac-
tivity in cultures of tubule epithelial cells.'® Pirfenidone, a pyridone compound, reduces on-
going fibrosis in both chronic anti-thyl glomerulonephritis'*? and unilateral ureteric obstruc-
tion models of renal sclerosis'*>'# ostensively through a variety of mechanisms indirectly
increasing collagen degradation.

Angiogenesis

Deficiency of vascular endothelial growth factor (VEGF) is implicated in the chronic
ischaemia and hypoxia which results from impaired angiogenesis. In several models of progres-
sive renal failure, a decrease in VEGF expression correlates well with less microvascular densiry,
with exogenous VEGF improving renal function and reducing fibrosis after sub-total renal
ablation.#>1%6 Preliminary findings suggest that exogenous HGF has similar effects in experi-
mental glomerulonephritis.'*’

Future Perspectives

As we learn more about the mechanisms of fibrogenesis, studies in both the kidney and
elsewhere will continue to identify potential therapeutic targets. Future efforts directed at in
vivo studies with gene deletion or over expression will determine the pathological significance
of each of these mechanisms.

While much of what we have learnt about sclerosis and fibrosis has been a consequence of
recognising the similarity between healing and scarring, the challenge remains to target
anti-fibrotic therapies and limit inappropriate scarring without compromising the biology of

healing.
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CHAPTER 7

Myocardial Infarction and Cardiac

Fibrogenesis

Shozo Kusachi and Yoshifumi Ninomiya

Abstract

ibrogenesis is essential for infarct healing and affects ventricular remodeling, one of the
F most important prognostic factors after myocardial infarction. Fibrogenesis is initiated

by a variety of cytokines and growth factors produced by activated macrophages and
inflammatory cells during the initial inflammatory phase. Fibroblasts that proliferate and infil-
trate into the infarct zone are transformed into myofibroblasts, which express a variety of extra-
cellular matrix (ECM) components that reconstruct the ECM in the infarcted myocardium.
Following the inflammatory phase, fibrogenesis occurs prominently in the granulation tissue
around the necrotic myocardium. Fibrillar collagens play major strucrural roles in infarct fibro-
sis. In addition to fibrillar collagens, basement membrane components of the ECM, type IV
collagen, perlecan proteoglycan and laminin, appear in the infarct zone and also contribute to
infarct ECM reconstruction. Other glycoproteins and proteoglycans are also expressed in the
infarct zone and function in ECM reconstruction through their biological activity. Matricellular
proteins modulate ECM reconstruction through paracrine and autocrine processes. Among
various mediators of ECM homeostasis, transforming growth factor-B1 (TGF-B1), connective
tissue growth factor (CTGF) and angiotensin II function importantly in promoting infarct
fibrogenesis. Stretching of the myocardial wall and hypoxia are physiological factors that are
specific to myocardial infarction and stimulate infarct fibrogenic processes through enhancing
the levels of the fibrogenic mediators. Intercellular fibrosis also occurs in the noninfarct zone
and TGF-B1 and angiotensin II promote this fibrosis. Reperfusion and pharmacological inter-
vention may modulate infarct fibrogenic processes and limit ventricular remodeling.

Introduction

Fibrogenesis is an essential process in the healing of infarcted myocardium. Infarct healing
is an independent factor that, in addition to infarct size and ventricular wall stress, affects
ventricular remodeling, that is, geometric changes of the ventricle occurring after acute myo-
cardial infarction.)”? Ventricular remodeling has important effects on the function of the ven-
tricle” and on the patient's prognosis.>* In the fibrogenesis that occurs during the healing of
myocardial infarces, the extracellular matrix (ECM) plays a vital role not only in the ventricular
remodeling but also in the ventricular function. Intervention in infarct fibrogenesis is thus
important with respect to improvement of ventricular remodeling and patients’ prognosis.

Fibrogenesis: Cellular and Molecular Basis, edited by Mohammed S. Razzaque.
©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.
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Figure 1. Schematic presentation of fibrosis in infarcted myocardium.

In the pathological course of myocardial infarction, fibrogenesis follows the inflammatory
response to myocardial injury caused by the sudden cessation of blood supply. In the tissue
repair process, ECM reformation, especially fibrillar collagen matrix reformation, is indispens-
able for the replacement of myocardial necrotic tissue. The migration and activation of cells
contributing to these processes, especially macrophages and fibroblasts, ECM degradation and
ECM reformation are essential for fibrogenesis. Many mediators, e.g. cytokines, growth factors
and secreted ECM proteins, regulate these processes.

Characteristic pathophysiologic conditions associated with acute myocardial infarction
are sudden ischemia/hypoxia of the infarcted myocardium and increased stretch stress to the
myocardial wall evoked by ventricular enlargement.” These stimuli considerably affect infarct
fibrogenesis.

In this chapter, processes of ECM degradation and reformation associated with myocar-
dial infarction are reviewed, including our recent findings focused on the ECM and related
molecules.

Cellular and Molecular Events after Induction of the Myocardial
Infarction

Inflammatory Phase

Myocardial injury caused by sudden cessation of blood supply with acute coronary ob-
struction triggers all characteristics of inflammatory responses, that is essential processes for
subsequent fibrogenesis for healing processes (Fig. 1). Various cytokines and growth factors are
produced by activated macrophages and inflammarory cells. Most of them are chemoattractants
and can regulate and promote fibroblast proliferation in addition to promoting angiogenesis,
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Figure 2. Digoxigenin-labelled in situ hybridization of RNA for type I collagen mRNA. Upper Panel) Type
I collagen mRNA signals in the infarcted heart in experimental rat myocardial infarction on day 1. Positive
signals for type I collagen mRNA can be seen in the infarct marginal zone. Lower Panel) Infarcted heart on
day 7. Distinct positive signals for type I collagen can been seen in the infarct granulation tissue around
necrotic infarct tissue.

which is essential for ECM reconstruction for infarct healing. The cytokines that contribute to
fibrogenesis (“fibrogenic cytokines”) include transforming growth factor (TGF), platelet de-
rived growth factor (PDGF), fibroblast growth factor (FGF) and tumor necrosis factor (TNF).6
Fibroblasts containing fibrillar collagen transcripts appears as early as the prominent inflam-
matory phase’ in the infarct peripheral zone (Fig. 2, upper panel) in response to a functional
cascade of fibrogenic cytokines and growth factors, and the fibrogenic process thus starts dut-
ing this prominent inflammarory phase.
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Granulation Tissue Formation

Following the cascade of inflammatory processes, the infarcted myocardium is reorga-
nized to form granulation tissue. Macrophage infiltration and phagocytosis occur to debride
necrotic infarct tissue. In addition to the debridement of necrotic infarct myocardium, mac-
rophages release several cytokines, growth factors® and matrix proteins, including osteopontin.”
Granulation tissue is arranged as loose or immature matrix containing fibronectin, laminin,
collagens, proteoglycans and so on. In this phase, prominent fibrogenesis occurs in the granu-
lation tissue around the necrotic infarct tissue (Fig. 2, lower panel).®!! Granulation tissue is
rich in fibroblasts. Infiltrating fibroblasts are transformed to myofibroblasts, which are
immunopositive for o-smooth muscle actin. ECM disassembly and assembly occur promi-
nently and dynamically in this phase. Matrix metalloproteinases (MMPs; collagenases, gelatinases,
proteoglycanases and so on) and other proteases carry out ECM degradation and disassembly.
The ECM is reconstructed through enhancement of the biosynthesis and assembly of the ECM
by activated (myo)fibroblasts expressing ECM components (including fibrillar collagen) as
well as regulatory factors through autocrine and paracrine mechanisms. Fibrosis, detected by
Azan-Mallory staining, occurs in parallel with fibroblast infiltration. Vascular proliferation is
also prominent in this phase and also occurs in parallel with fibroblasts infiltration.

Maturation of Fibrosis

After the necrotic infarct tissue is completely removed, ECM reconstruction, including
fibrillar collagen deposition, is completed, resulting in completion of the infarct scar. The levels
of fibrillar collagen mRNA, however, still remains elevated, and turnover of ECM components
occurs in the infarct scar.'?

Disassembly of ECM of Infarcted Myocardium

MMPs are members of a family of metalloenzymes that can degrade injured strucrural
ECM components in the infarcted myocardium, a process that is essential for subsequent re-
construction of the ECM for infarct healing and affects remodeling events in the infarcted
myocardium. The MMPs are secreted as zymogens that require activation by limited proteoly-
sis, and their activity is inhibited by naturally occurring inhibitors called tissue inhibitors of
MMPs (TIMPs). Each MMP degrades several structural ECM components. In myocardial
infarction, a study using in situ film zymography'? found that gelatinolytic activity (MMP-9
and -2 activities) was detectable in the infarct marginal zone where inflammatory cells were
abundant, and reached peak levels in the early fibrogenic phase. During the prominent fibrogenic
phase, gelatinolytic activity is detected around the infarct granulation tissue mainly in
(myo)fibroblasts. Increases in collagenase activity (MMPs -1, -8, -15 and -18) in the rat myocar-
dium after infarction are observed by zymography.!# The sequence of the increase in collage-
nase activity is similar to that in gelatinase activity in myocardial infarction. Transcripts for
these MMPs are not concomitantly upregulated in association with their activity. Stromelysin-1
(MMP-3), which degrades many ECM components, including proteoglycan, laminin,
fibronectin and other components, has been reported to be increased in infarcted myocardium
as shown by zymography.'> Membrane-type MMP-1 (MT1-MMP, MMP-14), a member of
one of the more recently discovered subgroups of MMPs, activates pro-MMP-2 and
pro-MMP-13.'¢ MMP-14 is sensitive to inhibition by TIMP-2 and TIMP-3. Signals for
MT1-MMP mRNA are observed in the infarct zone, especially around the granulation tissue
during the prominent fibrogenic phase.!®> TIMP-1 expression has been reported to be
down-regulated as shown by zymography in rabbit myocardial infarction, inverse of MMP-9
and MMP-3 expression."® In infarcted myocardium, activation of the latent form of MMPs
leads to the degradation of the damaged ECM. The serum levels of MMP-1 and TIMP-1 are
sequentially increased in patients with acute myocardial infarction.!” The balance between
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collagenase activation and TIMP inhibition regulates the amount of collagenolysis in infarcted
myocardial tissue. These lines of evidence indicate that disassembly of injured ECM compo-
nents occurs dynamically and concomitantly with ECM reconstruction, especially in the inf-
arct granulation tissue. Evidence is now accumulating that MMP inhibitors attenuate the ven-
tricular enlargement induced by myocardial infarction.’®?° The attenuation of ventricular
enlargement in the infarcted heart by MMP inhibitors suggests that ECM disassembly may
occur faster or to a greater extent than ECM reconstruction in the infarcted hearts. The balance
between speed and the extent of ECM disassembly and assembly are thus important for limit-
ing ventricular enlargement.

Regarding mediators of MMPs homeostasis, TGF-B1 has been found to upregulate TIMPs
and to downregulate collagenases.?’"*2 A recent study showed that TGF-B1 overexpression in
transgenic mice decreases collagenase protein and activity levels and mRNA expression and
increases TIMPs (TIMP-1, -2 and -4) in the hearts of the mice. TGF-B1 overexpression does
not affect gelatinase (MMP-2 and -9) activity or expression. Angiotensin II, one of the fibrogenic
mediators described below; has been reported to decrease collagenase activity in cultured adult
cardiac fibroblasts and endothelial cells.32* TIMP-1 synthesis is enhanced by angiotensin I1.%°
Although the regulatory mechanism controlling the levels of MMPs and TIMPs have not been
fully clarified, TGF-Bland angiotensin 11 are likely to modulate the disassembly of injured
myocardium.

ECM Assembly

Infarct Zone

A diagram showing the sequential expression of notable ECM components in the inf-
arcted myocardium is shown in Figure 3.

Fibrillar Collagens

Collagens are classified into several subtypes,”*“’ among which fibrillar collagens, types I
and III collagens, are major components of the ECM. Among the collagen subtypes, type I
collagen shows the greatest tensile strength and plays a major and essential role in infarct ECM
reformation, e.g., replacement, fibrosis in response to tissue injury/necrosis, with the effect of
preventing ventricular enlargement. Fibrillar collagen mRNAs do not appear within hours
after coronary obstruction, rather, they appear after formation of the fibronectin scaffold®®
relatively early in the inflammatory phase in fibroblasts located in the infarct marginal zone.
Immunopositive staining for type I collagen appears as a wavy pattern in the infarct marginal
zone when the inflammatory response is declining or ending, a finding consistent with the
results of Azan-Mallory staining.”® Expressions of both types I and III collagen mRNAs in
infarcted myocardium increases and reaches a maximal level when infarct ECM reformation,
i.e., ventricular remodeling, is almost completed.!"*® Types I and IIT mRNA signals are pre-
dominantly located in the infarct granulation tissue around necrotic infarct tissue. In the inf-
arct scar several weeks after coronary ligation in rats, type I collagen mRNA is still maintained
atan elevated level, and presumably contributes to turnover of the collagen matrix of the scar.'?
The time course of fibrillar collagen expression is almost paralleled by ventricular geometric
changes.'°

In situ hybridization has demonstrated that the cells producing fibrillar collagen mRNA
are (myo)fibroblasts located in the infarct peripheral zone around necrotic infarct tissue, i.e.,
located in active infarct fibrogenic lesions.>**2 The patterns of fibrillar collagen mRNA expres-
sion and localization are thus identical with the temporal and spatial changes in (myo)fibroblast
distribution,'® and (myo)fibroblasts play essential roles in infarct collagen matrix reformation.

26,27
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Figure 3. Diagrammatic presentation of sequential appearance of ECM and ECM-related substances in the
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infarcted myocardium.

Hypoxia increases the level of type I collagen mRNA in cultured human adult cardiac
fibroblasts.*> Enhancement of type I collagen synthesis by hypoxia in association with en-
hancement of the expression of TGF-B1, a potent stimulator of ECM formation, has also been
demonstrated in human dermal fibroblasts.***> Hypoxia also enhances connective tissue growth
factor (CTGF) expression, which is selectively induced by TGF-B1 and a fibrillar collagen
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synthesis stimulator.2® The findings indicate that hypoxia itself is one of the mediators that
enhance fibrillar collagen synthesis in the infarcted myocardium.

Cyclic stretching increases the type III collagen mRNA level and the ratio of collagen type
I1I to collagen type I in cardiac fibroblasts.”” In other cells, stretch upregulates the transcription
of TGF-B1 in smooth muscle derived from developing gut.?® Mechanical stretch stimulates
TGF-B1 mRNA expression in a time- and elongation-dependent manner in vascular smooth
muscle.3? Stretch also stimulates mRNA expression of ECM components, type I and type IV
collagen, and fibronectin, in rat vascular smooth muscle cells.”® Pressure stimuli also increase
fibrillar collagen synthesis.?® These lines of evidence indicate that increased mechanical stimu-
lation of the ventricular wall associated with myocardial infarction is one of the important
factors that regulates and enhances fibrillar collagen synthesis in the infarcted myocardium.

ECM Components of Basement Membrane

In normal tissues, basement membrane ECM components are restricted to the basement
membrane structure. In fibrogenic lesions, several basement membrane ECM components,
however, appear where basement membrane is not present.

Bype IV Collagen

Type IV collagen is strictly distributed in the basement membrane of many tissues.
The major form of type IV collagen is a heterotrimer containing two 0,;(IV) chains and one
0(IV) chain, and this form appears to be ubiquitous in all basement membranes. In addition
to the classical oq(TV)*? and 0,(IV) chains,** protein chemistry and molecular biological stud-
ies have identified the additional chains; 0s(IV), 0(IV), as(IV) and ot(IV).***8 Immunohis-
tochemical studies have demonstrated the existence of the peculiar molecular form, as(IV)
0o4(IV) ats(IV). These studies indicated that 03(IV) and 04(IV) chains together with [ots(IV)]
chain formed a molecule containing triple-helix structure. Similarly, as(IV) and 0g(IV) make
up a third molecular form [05(IV)];, 0 (IV). 950

In myocardial infarction, mRNA signals for both 0;(IV) and 0(IV) chains begin to
appear in (myo)fibroblasts located between the surviving myocytes in the infarct peripheral
zone as early as the relatively early inflammarory phase.’' Immunostaining for both 0, (IV) and
0(IV) first appear when the inflammatory response is declining or ending, forming a wavy
pattern in the infarct peripheral zone, and the staining is not restricted to the cell membrane.>?
Both 0;(IV) and 03(IV) mRNA levels and protein expression then gradually increase. o (IV)
and 0x(IV) are coexpressed in the infarct zone. Type IV collagen expression declines during the
maturation of fibrosis. It thus appears that type IV collagen composed of ot;(IV) and 0,,(IV)
could contribute to matrix reformation from the early phase until the prominent fibrogenic
phase of myocardial infarction.

40-42

Perlecan and Laminin

Perlecan is a major heparan sulphate proteoglycan (HSPG) that is a ubiquitous compo-
nent of basement membranes.>® The temporal changes in the perlecan mRNA signal distribu-
tion parallel those for type IV collagen mRNA. The mRNA signals for perlecan are located in
(myo)fibroblasts in the infarct peripheral zone around necrortic infarct tissue. Some surviving
myocytes in the infarct marginal zone also show positive signals for petlecan.

Laminin is a hetrotrimeric matrix protein. In myocardial infarction, the temporal pattern
of laminin distribution is identical with that of the distribution of type IV collagen
immunopositive staining.>*

Type IV collagen binds laminin via a mechanism mediated by nidogen/entactin.’>>¢ Type
IV collagen also binds the heparan sulfate chain of perlecan.’”® Perlecan binds laminin and
fibronectin through its heparan sulfate chain. Type IV collagen interacts with cells indirectly
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through laminin. Laminin has many biological functions®>® e.g., stimulation of cell attach-

ment, migration, growth, and differentiation, which are essential for infarct fibrogenesis. Perlecan
binds bFGF through its glycosaminoglycan side chain (domain I)*'"% and functions as a recep-
tor of bFGE bEGF is known to have potent angiogenic function,**® and has been shown to
appear in the infarct zone.*® Bound bFGF can be released from perlecan by stromelysin, colla-
genase, plasmin and heparanases.®? Perlecan has been demonstrated to play a role in mitogen-
esis and angjogenesis via modulation of bFGF homeostasis.®' Immunohistochemical staining
showed that immunopositive staining for bFGE which is observed around infarct granulation
tissue, overlaps with perlecan staining,*® Perlecan thus appears likely to play a role in infarct
fibrogenesis via bFGE Although the roles of these basement membrane components in infarct
fibrogenesis have not yet been fully clarified, type IV collagen, laminin and perlecan are likely
to form a fine multicomponent network structure and exert multifunctions that contribute to
infarct ECM reconstruction.

Proteoglycans

Proteoglycans are macromolecules characterized by a core protein and one or more at-
tached glycosaminoglycans. The solid ECM framework is made up primarily cross-linked fi-
bers of collagens and needs coordination with the fine meshwork of proteoglycans. Proteoglycans
are involved in maintaining tensile strength and in the storage of growth factors and cytokines.”

Biglycan

Among the proteoglycans, biglycan (previously referred to as PG I), one of the major
small chondroitin sulphate/dermatan sulphate (CS/DS) proteoglycans,’®7° has been postu-
lated to interact with other matrix components, especially with type I collagen.5*”'74 In myo-
cardial infarction, the temporal pattern of biglycan mRNA expression parallels chat of type I
collagen mRNA expression’> during the fibrogenic phase. The cells that express biglycan mRNA
are {myo)fibroblasts and surviving myocytes located in the infarct peripheral zone around ne-
crotic infarct tissue. Biglycan mRNA is coexpressed with type I collagen mRNA in the
(myo)fibroblasts.

The concomitant expression or colocalization of biglycan with type I collagen has been
reported previously in other tissues.”® Biglycan binds type I collagen through its glycosami-
noglycan chain.”? Coordination of biglycan mRNA expression with fibrillar collagen mRNA
expression in the myocardial infarct indicates that biglycan contributes to ECM framework
assembly.

Like fibrillar collagen expression, biglycan expression is upregulated by TGF-B1 in cul-
tured human skin fibroblasts.”” Biglycan is also upregulated by bFGF in wounded tissue cul-
tures.”® In myocardial infarction in rats, increased TGF-B1 immunostaining is observed for at
least 10 days after coronary ligation.”” Similar concomitant increases in biglycan mRNA and
TGF-B1 mRNA expression have been shown in fibrogenic processes of other pathological
situations.®>® TGF-B1 is thus one of the mediators which enhance biglycan expression as well
as fibrillar collagen expression in the infarct zone. Cyclic compression increases the biglycan
biosynthesis in the tendon.8! This process is similar to TGF-B1 induction of biglycan synthesis
in the same tissue.3>** Hypoxia induces TGE-B1 expression in cultured dermal fibroblasts.>
Mechanical stretching and hypoxia in the myocardial infarct zone affect biglycan synthesis
similar to fibrillar collagen expression.

bFGF also upregulates biglycan synthesis.”® In myocardial infarction, bFGF is increased
during the inflammatory phase.%* bFGF is thus thought to contribute to the initial increase in
biglycan mRNA expression in the infarct zone.
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Decorin

Decorin (previously referred to as PG2), is widely distributed in the ECM in association
with collagen fibrils.®> Decorin has a core protein of a size similar to that of biglycan and one
CS/DS chain.?® The leucine-rich-motif extracellular part of the core protein of decorin has
been postulated to interact with other ECM molecules.’” In myocardial infarction, in contrast
to biglycan expression, decorin mRNA expression is not increased in the infarct zone during
the inflammatory phase burt is increased during the middle and late prominent fibrogenic
phases. Decorin mRNA signals are observed in (myo)fibroblasts located in infarct granulation
tissue around necrotic infarct tissue.

Biological studies have shown that decorin contributes to fiber stabilization,®® tensile
strength® and fiber thickness.” Since an increase of decorin is observed after the transition to
the maturation of collagen matrix, decorin appears to contribute to the maturation of fibrillar
collagen networks.

A study’ using a collagen binding assay showed that the leucine-rich repeat of the core
protein of decorin binds type I collagen. Another study revealed that decorin can also inhibit
the fibrogenesis of types I and II collagens. Overexpression of decorin in decorin-gene-transfected
rats attenuates the TGF-B1 mRNA expression in association with the suppression of fibrosis.”
Furthermore, the administration of decorin inhibits the TGF-B1-mediated ECM production
in experimentally induced glomerulonephritis in rats.”> These findings suggest that decorin
may be a component that counteracts the biological activity of TGF-B1, and that decorin thus
contributes to ECM homeostasis via counteractive mechanism involving TGF-B1 in the maru-
ration phase of infarct fibrosis.

Syndecan

Syndecans are cell-surface heparan sulphate proteoglycans.”*?> In rat/mouse myocardial
infarction, syndecans (syndecan-1 and -4) increase as early as 24 hours after the induction of
myocardial infarction. The influx of macrophages from the bloodstream is responsible for the
increase of syndecan in the infarct zone.

Biological studies have disclosed that syndecans interact with ECM proteins and cellular
effectors, including fibronectin,’® fibrillar collagen97 and growth factors such as FGE, epider-
mal growth factor (EGF) and TGE?1%0 through their heparan-sulphate chains and act as
receptors and coreceptors. bFGF and heparin-binding EGF-like growth factor (HB-FGF)
mRNAEs increase in the infarct zone as early as within several hours in rat model of myocardial
infarction.® Syndecans are therefore thought to play roles in regulating growth factors in the
initial phase of infarct fibrogenesis.

Matrix Proteins

Fibronectin

Fibronectin is a high-molecular-weight ECM glycoprotein.'®"1%% In the infarct zone of
myocardial infarction, fibronectin mRNA increases relatively early in the inflammatory phase
in the border zone.'%'% Fibronectin protein begins to appear in the middle and late inflam-
matory phases and continues to increase during the prominent fibrogenic phase. Fibronectin
protein is decreasing during maturation of infarct ECM reconstruction phase. Fibronectin
thus exerts its functions from the initial until the prominent fibrogenic phase. Fibronectin
EIIIA isoform is increased in myocardial infarcts.!™ Diffusions of plasma fibronectin through
blood vessels and local production by fibroblasts are sources of infarct fibronectin.
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A series of biological studies have demonstrated that fibronectin promotes cell migration
and cell adhesion. Fibronectin is a chemoattractant for many cells and creates a scaffold to
which other matrix components attach. Fibroblast migration and fibrillar collagen deposition
are essential processes for infarct fibrogenesis. Fibronectin plays an indispensable role in the
initiation and progression of infarct fibrogenesis.

Osteonectin

Osteonectin, an acidic secreted ECM glycoprotein, was first reported as a major
noncollagenous constituent of bone.'?> Osteonectin is a Ca-binding glycoprotein that is se-
creted by many types of cells, including fibroblasts. In myocardial infarction, osteonectin mRNA
expression does not markedly increase during the inflammatory phase.!% Increased expression
is observed in the prominent fibrogenic phase. Osteonectin mRNA signals are observed in
(myo)fibroblasts and macrophages in the infarct granulation tissue around necrotic infarct
tissue during the prominent fibrogenic phase.

Osteonectin has been reported to bind ECM components, including type I collagen, in a
Ca-dependent manner.!” Furthermore, coexpression of osteonectin and type I collagen has
been demonstrated in cultured fibroblasts'® and fibroblasts in rat dental tissues.'® A study' '
on experimental wound healing in rats demonstrated that osteonectin protein and mRNA
expression occur predominantly in parallel with the maruration of fibrotic changes. Osteonectin
appears to play a role in mature infarct fibrosis.

TGEF-B1 has been demonstrated to enhance osteonectin synthesis in addition to causing
increases of type I collagen and fibronectin in cultured human fibroblasts.!'*'1? Hypoxia and
stretch stimulation of infarcted myocardium likely affect osteonectin expression through TGF-B1.

Osteopontin

Osteopontin, a highly acidic glycoprotein, is an ECM protein that was initially cloned
from bone''® and has been shown to bind integrin receptors though an arginine-glycine-aspartate
morif;''¥ these receptors function in the adhesion of many matrix molecules to the cell surface
and promote cell adhesion, migration and activation.!!® Osteopontin is a multifunctional pro-
tein and evidence has been accumulated showing that osteopontin plays key roles in both
granulomatous inflammarion and the subsequent healing fibrosis during the pathological pro-
cesses of tissue injury.’

In myocardial infarction, osteopontin mRNA expression increases rapidly during the in-
flammatory phase and then gradually decreases during the prominent fibrogenic phase.!%
Osteopontin mRNA signals are observed in macrophages in the infarct zone.

In granulomatous inflammation, osteopontin induces the migration and activation of
inflammatory cells, including macrophages.’'%'!” Osteopontin has been shown to negatively
regulate MMP expression.' %1% Through these functions, osteopontin is expected to contrib-
ute to the cell-mediated formation of granulation in infarcted myocardium, including the de-
bridement of necrotic myocardium. Osteopontin also plays significant roles in the infarct heal-
ing phase that follows the inflammatory processes. In skin incisions of osteopontin-null mutant
mice, a significantly decreased clearance of necrotic tissue, greater disorganization of the ma-
trix, and alteration of collagen fibrillogenesis leading to small diameter collagen fibrils have
been reported.'?® Osteopontin-null mutant mice also show less interstitial fibrosis in associa-
tion with low macrophage infiltration and TGF-B1.""® These findings suggest that osteopontin
functions by regulating fibrogenic cytokine/growth factors and the recruitment of cells con-
tributing to the regulation of fibrosis. Osteopontin is therefore thought to play an important
role in the early inflammatory phase after myocardial infarction by enhancing the proliferation
and migration of cells, including macrophages and fibroblasts, and likely contributes to the
clearance of necrotic myocardial tissue and initiation of fibrogenesis.
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Dermatopontin

Dermatopontin, a tyrosine-rich acidic matrix protein, has been recently found to be a
22-kDa secreted ECM protein.'?!'?* Dermatopontin was recently demonstrated to bind sev-
eral ECM components and to contribute to collagen fibril formation in vitro.'?? In myocardial
infarction, dermatopontin mRNA expression does not markedly increase during the inflam-
matory phase but does increase during the prominent infarct fibrogenic phase.!? Dermatopontin
mRNA is found in macrophages and (myo)fibroblasts located in the infarct intetior zone around
necrotic infarct tissue. Dermatopontin mRNA is coexpressed with decorin and type I collagen
mRNAs in (myo) fibroblasts in the infarct zone.

An in vitro study'? examined collagen fibril formation by constructing fibrils from lathy-
ritic rat skin type I collagen and found that dermatopontin accelerates collagen fibril forma-
tion. The study also revealed that dermatopontin stabilizes the collagen fibrils against dissocia-
tion by low temperature. Thus, dermatopontin is thought to contribute to collagen matrix
maturation in the infarct zone.

Dermatopontin has been demonstrated to bind decorin and TGF-B1.'% A study'® used
solid-phase binding assays to demonstrate that dermatopontin inhibited decorin-TGF-B1 com-
plex formartion. Decorin binds to TGF-B1 through the core protein'>® and attenuates the bio-
logical activity of TGF-B1.12*!3! The solid-phase binding study also revealed that dermatopontin
enhanced the biological activity of TGE-B1. Dermatopontin is thus likely to contribute to the
regulation of ECM reformation in the infarct through modifying the interaction between decorin
and TGF-B1.

Mediators Affecting ECM Reformation

Many growth factors, cytokines and hormones contribute to the modulation of ECM
reformation in myocardial infarction. Among mediators of ECM formation, angiotensin II
and TGF-B1 play major roles in ECM reconstruction for infarct healing and have been exten-
sively studied. The cellular response to these mediators occurs through cell surface receptors
and intracellular signal transductions via multipathways with cross-talk. Because of the com-
plexity of the intracellular signaling pathways, the signaling pathways are still poorly under-
stood and are now under investigation (for reviews, see ref. 132, 133)

Angiotensin I1

Several studies in cultured cardiac fibroblasts have indicated that angiotensin II enhances
fibrillar collagen matrix formation.!3* Furthermore, angiotensin I has been reported to de-
crease MMP-1 activity?* while TIMP-1 synthesis is enhanced by angiotensin IT in rat heart
endothelial cells.” These lines of evidence indicate that angiotensin II enhances fibrogenesis
through an increase in fibrillar collagen synthesis and inhibition of collagen degradation.

Increases in angiotensinogen expression, angiotensin converting enzyme (ACE) binding
and angiotensin II type 1 receptor (AT1 receptor) expression have been found in infarcted
heart, and these findings indicate that angiotensin promotes infarct fibrogenesis. Angiotensinogen
mRNA expression is increased in rat myocardial infarction, as shown by a solution hybridiza-
tion assay.'>> An increase in the angiotensin I content in the scar of rat myocardial infarction
has been reported.'*® ACE binding assays using quantitative autoradiography revealed increased
ACE binding at the site of infarction during the prominent fibrogenic phase in rats.!®’
(Myo)fibroblasts, macrophages and endothelial cells are responsible for ACE binding. ACE
mRNA is increased in infarcted hearts.!® AT1 receptor mRNA and protein are also upregulated
in infarcted hearts'®® and (myo)fibroblasts expressing AT1 receptor. Angiotensin II, ACE and
AT receptor are all locally upregulated in the infarcted heart. Angiotensin II has been reported
to upregulate TGF-B1 mRNA and promote the conversion of the latent form to the active
form of TGF-B1 in rat cardiac fibroblasts.!%® AT1 receptor blocker attenuates TGF-B1 and
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fibrillar collagen synthesis.#! These recent lines of evidence indicate that locally induced an-
giotensin II promotes fibrillar collagen network reformation through TGF-B1.

TGF-B1

TGF-B1 is a key mediator of ECM formation. TGF-B1, like PDGF and bFGE is a regu-
latory polypeptide for the growth of fibroblasts. TGF-B1 enhances fibrillar collagen synthesis
by upregulation of collagen gene expression.!*>1# Increased expression of TGF-B1 has been
reported in myocardial infarction.!*!"!# The cells producing TGF-BI in the infarct site are
mainly (myo)fibroblasts. TGF-B1 mRNA is expressed in association with angiotensin II and
ACE receptor binding. An AT receptor antagonist decreases TGF-B1 and fibrillar collagen
mRNA expression at the site of infarct fibrosis. Mechanical stretching and hypoxia upregulate
TGF-B1 expression.**?8 TGE-B1 thus plays critical roles in ECM reconstruction, including
fibrillar collagen matrix formation, in the infarct zone under the conditions of stretching and
ischemia.

CTGF

Connective tissue growth factor (CTGF), a 36- to 38-kDa peptide, is selectively induced
by TGF-B1 and has been suggested to contribute to tissue repair. In myocardial infarction,
CTGF mRNA expression increases as early as the inflammatory phase and is maintained at
high levels during the infarct prominent fibrogenic phase.!* CTGF-mRNA producing cells
are myocytes in the infarct marginal zone and (myo)fibroblasts. CTGF increased the expres-
sion of type I collagen.'”” CTGF has also been shown to stimulate fibronectin and integrin
expression'®” and CTGF-specific receptors have recently been demonstrated in a human chon-
drocyte cell line.!® A cascade of CTGF expression after TGF-B1 expression has been found in
granulation tissue beds during cutaneous wound healing,** Thus, CTGF is likely to contrib-
ute to infarct fibrogenesis together with TGF-B1.

INF-«

TNF-o has been reported to appear in the infarct border zone where fibrogenesis oc-
curs.”™® In cultured cardiac fibroblasts, TNF-at stimulates the proliferation of fibroblasts and
the expression of fibronectin. These facts indicate that TNF-at plays a role in early fibrogenesis

in infarcted hearts.

Noninfarct Zone

The noninfarct zone, that is, zones remote from the infarct zone, also shows fibrosis, in
which the total collagen content and fibrillar collagen are increased in association with in-
creased TGF-B1."°"1>? The collagen volume in sites remote from myocardial infarction is re-
duced by an AT1 receptor blocker.!>® Both the TGF-B1 level and interstitial fibrosis of the
noninfarct zone are attenuated by ACE inhibitors and AT1 receptor blockers.!** Fibrosis in the
noninfarct zone is thus regulated by TGF-B1 and angiotensin, as in the infarct zone. Diastolic
stress is increased in the noninfarct ventricular wall as well as in the infarcted ventricular wall.
Mechanical stress to the noninfarcted wall increases these mediators.

Intervention in Infarct Fibrogenesis

In theory, excessive fibrogenesis would increase ventricular stiffness, resulting in worsen-
ing of ventricular function, especially diastolic function, which would affect patients’
prognosis.’>> Conversely, poor fibrogenesis causes ventricular dilation, which also affects patients’
prognosis. An appropriate degree of fibrogenesis that prevents ventricular dilation without
increasing ventricular stiffness is the goal of intervention in infarct fibrogenesis.
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Reperfusion

Reperfusion of infarct-related artery is now applied widely in the treatment of acute myo-
cardial infarction. An earlier study'>® using experimental myocardial infarction in rats demon-
strated that 2-hour coronary ligation, i.e., too late reperfusion for myocyte salvage, produced
transmural infarction and that the size of the infarct produced did not differ from that pro-
duced by permanent ligation, but infarct expansion was inhibited. Late reperfusion hastens
fibrillar collagen mRNA and protein expression”"? without changing the distribution pattern
of fibrillar collagen expression. Acceleration of infarct fibrogenic processes is expected to im-
prove ventricular remodeling, which would improve the function of the ventricle.

Pharmacological Intervention

Evidence is now accumulating thar inhibition of angiotensin II by either ACE inhibitors
or AT1 receptor blockers affects ventricular remodeling and ECM deposition in myocardial
infarction. ACE inhibitor limits ventricular remodeling!*”!*® in association with a reduction
of collagen deposition in infarcted hearts.' Ventricular remodeling is affected by 3 indepen-
dent factors, namely, infarct size, ventricular wall stress and infarct healing."? Inhibition of
angiotensin II metabolism decreases arterial pressure and rotal circulating volume, a resulting
in a reduction of ventricular wall stress.’>”'> Reduction of ECM deposition in association

with attenuation of ventricular loading appears to limit ventricular remodeling,
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CHAPTER 8

Cardiac Fibrosis and Aging

Serge Masson, Roberto Latini, Monica Salio and Fabio Fiordaliso

Abstract

Excessive deposition of extracellular matrix proteins during aging leads to a progressive reduc-
tion of myocardial and arterial compliances. The increased cardiovascular stiffness may in turn
determine a reduced capacity of the aged heart to respond to stressful situations. Our knowl-
edge on the biology of extracellular matrix during aging derives mainly from observations
made in animal models. The age-dependent accumulation of collagen in the heart is not re-
lated to an increased synthesis, but rather to a reduction of its degradation by specific matrix
metalloproteinases and to an increased cross-linking of mature collagen that renders it more
resistant to degradation. Specific pharmacological treatments are currently in use to limit or
even reverse the progressive stiffening of the arteries and myocardium.

Age-Dependent Cardiac Fibrosis

The incidence and severity of cardiovascular diseases, and ultimately of heart failure, in-
creases with age.'® In apparently healthy individuals, mild changes in cardiac structure and
function develop with advancing age, in part as an adaptive response to a stiffening of the
arterial system.? Though left ventricular ejection fraction and contractility are generally well
preserved, myocardial and arterial compliance, baroreceptor sensitivity and response to
beta-adrenergic agonists may be compromised. There is a progressive reduction of ventricular
myocyte number in the physiological aging heart of rodents and human.*> This phenomenon
triggers in turn a reactive hypertrophy of the remaining myocytes and, often associated with
necrotic cell death, and deposition of interstitial collagen. Interestingly, there is a striking gen-
der difference related to cardiac aging: whereas the number of myocytes in the left and right
ventricles progressively decreases in men (45 and 19 million myocyte loss/year, respectively),
no such loss and compensatory hypertrophy is observed in women's heart during aging.® The
amount of replacement and interstitial fibrosis in these hearts was however not reported in this
study.

Ventricular function is influenced by several factors, including molecular characteristics of
the interstitium, and more precisely by the amount, phenotype and degree of cross-linking of
collagen network. Extracellular matrix in the myocardium provides a scaffold for myocytes and
blood vessels, serves to maintain tissue architecture and coordinates the delivery of force gener-
ated by myocytes. Myocytes, being large cells, account for 80% of the left ventricular volume,
but the fibroblasts, responsible for collagen production,” represent as much as two-thirds of the
cell population in the heart. Fibroblasts synthesize different hormones and cyotokines, but also
the two prevailing forms of fibrillar collagen in the extracellular matrix, i.c., type I (85%) and
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Figure 1. Microphotographs of 5-tm histological sections of the left ventricular myocardium from 3-month
(A,C) and a 18-month old rats (B,D) stained with picrosirius red, a dye specific for collagen. Interstitial
fibrosis (A,B) and perivascular (C,D) collagen deposition around intramural coronary arteries are signifi-
cantly elevated in the aged animals.

I1I (11%) collagens.s’9 While type I collagen fibers have a high tensile strength, type III fibers
are more distensible and play an important role in all the processes of tissue remodeling after
acute or chronic injuries. In the rat, a generally accepted model of cardiac aging, the amount of
collagen remains essentially unchanged in the adult and augments more steadily in old and
senescent animals.'® For instance, the amount of collagen increases by 2.3-2.8 times in the left
and right ventricles of old (26 months) Fischer 344 rats compared to younger animals (1 month).
Comparable results are reported with different analytical techniques for measuring collagen
(histology, immunohistology) in different strains of rats (Figs. 1,2).!'"?® The relative propor-
tion of types I and III collagen also changes with age, being one-third at 2 weeks of age but
reaching more than 50% after 1 year in the heart.'® Collagen content increases with age in the
normal human heart.'” Likewise, hydroxyproline content increases with age in human heart
muscle, but more in males than in females.'® In human subjects free of pathologies, a study on
necroptic cardiac tissue indicates that collagen content (mainly type I and III) increases by
almost 50% between classes of ages ranging from 20-25 to 67-87 years.!” The diameter of
collagen fibrils is also greater in the old hearts.

Mature collagen fibrils are degraded by interstitial collagenases yielding stable telopeptides
that can be readily measurable in plasma or serum. There is now accumulating evidence to
show that circulating levels of these procollagen peptide fragments can be used as markets for
cardiac collagen turnover. For instance, procollagen type I C-terminal propeptide (PIP) pro-
vides indirect diagnostic information on the extent of myocardial fibrosis and the efficacy of
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Figure 2. Quantitative accumulation of total collagen in the myocardium of aged rats. Collagen content was
determined with a biochemical method using Sirius red dye in formalin-fixed histological sections. * Results
are expressed as mean + SEM, relative to total protein content.

hypertensive drugs in reducing collagen synthesis and fibrosis.”’ The high baseline level of
procollagen type III amino-terminal peptide (PIIINP) is associated to poor outcome in pa-
tients with severe heart failure, with a mean age of 69 years, and decreases in patients receiving
an aldosterone receptor antagonist enrolled to the RALES clinical trial.>! Even more interest-
ing is the suggestion that limitation of excessive ECM turnover might contribute to the reduc-
tion of mortality observed in the patients randomized to receive spironolactone. Circulating
levels of matrix metalloproteinases, the enzymes that degrades collagen, may also be used as
markers of its turnover. A word of caution should be however put forward since most observa-
tions on the potential role of makers of ECM turnover in cardiac diseases were made in a
context of relatively selected patient populations. The significance of these markers in the aged
population, whete the incidence of comorbidities associated to elevated collagen turnover is
high (pulmonary and liver fibrosis, bone remodeling), needed to be defined.

Why Does Collagen Accumulate in the Aged Myocardium?

Extracellular matrix is not an inert structure but rather a dynamic and complex system
regulated at several pre and post-transcriptional levels, including post-translational processing.
Collagen levels are determined by the balance between synthesis and degradation.?? Experi-
mental studies measuring the incorporation of radiolabeled proline into newly formed collagen
have shown that collagen fractional synthesis amounts to 19% per day in the heart of 1-month
old rat, significantly more than what happens in other organs like the lungs, skeletal muscles or
skin.?® Synthesis remains high in rats aged 15 months (they have a lifespan of 24-28 months),
but falls sharply in senescent animals (2% per day at the age of 24 months). However, most of
the newly synthesized collagen is rapidly degraded, especially in the adult and aged rats, where
~ 90% of this pool of collagen is degraded every day in the myocardium.?* On the other hand,
the chression of myocardial fibrillar collagens I and IIT messenger RNA is reduced during
aging. 214 Therefore, alterations in the catabolism of collagen or in its stability are required to
explain the age-dependent accumulation of myocardial collagen.
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Fibrillar collagens are degraded in the heart by a family of zinc-containing endoproteinases
(more than 20 members have now been cloned and identified), each with a spectrum of spe-
cific substrates.”*2 These matrix metalloproteinases (MMP) are in turn regulated by their
natural inhibirors (tissue inhibitors of matrix metalloproteinase, TIMP). The regulation of the
expression and activity of two important MMDPs for the rat heart (MMP-1 and MMP-2) has
been compared during aging and during hypertension.”’ Hypertension was induced by con-
tinuous infusion of aldosterone for 2 months, and was associated with a remodeling of coro-
nary arteries including deposition of collagen around these vessels (perivascular fibrosis). At the
molecular level, this was assoctated with no changes in proMMP-1, but an increase in MMP-2
expression and activity, mainly in the media of coronary arteries. Similarly, interstitial fibrosis
was higher in the heart of aged nonhypertensive animals than in younger rats. However, in
contrast to the observations made in the model of hypertension, proMMP-1 and MMP-2
activities decreased during aging.”’ A similar situation has been described in the liver of the
aging rat where development of fibrosis is paralleled by a reduction of the collagenolytic activ-
ity of matrix metalloproteinases (MMP-1 and MMP-2).%8 The mechanisms leading to cardiac
fibrosis in hypertension and during aging are therefore different: whereas increase in collagen
synthesis explains the accumulation of collagen in a model of hypertension, reduction of the
degradation pathway of fibrillar collagen accounts for excessive deposition of collagen during
aging.

Biosynthesis of fully mature and functional fibrillar collagen includes an extremely com-
plex post-translational processing.” Briefly, extracellular fibrils align themselves head-to-tail
and specific lysine and hydroxylysine residues are deaminated oxidatively by the enzyme lysyl
oxidase. The resulting aldehydes functions undergo a nonenzymatic condensation, creating
covalent cross-links that srabilize fibrillar collagen. In a further step of maruration, condensa-
tion of two reducible divalent keto-imine cross-links yields a mature and nonreducible triva-
lent cross-link that increases markedly the tensile strength of collagen and limits its degrada-
tion.”® The degree of maturation (cross-link) may be measured in tissue by assaying
hydroxylysylpyridinoline (HP) residues after hydrolysis. The concentration of ventricular HP
increases approximately fivefold in senescent Fischer 344 rats (23 months) compared to seden-
tary young adults (5 months).>! HP cross-link concentration is significantly elevated in the left
ventricle free wall and septum, but not in the right ventricle myocardium of old sedentary
rats.”! Interestingly, training of the aged animals (treadmill walking) over a week period com-
pletely abrogates the age-associated increase in collagen cross-link seen in the left ventricle.>*?
In conclusion, the excessive fibrosis observed in the aged myocardium is determined by a de-
creased activity of the enzymes of the degradative pathway of mature collagen and an increased
cross-linking, and therefore resistance to degradation of extracellular collagen. As a consequence,
myocardial stiffness increases in the aged myocardium as ventricular fibrosis progresses, as seen
in the hypertensive heart.?® However, the degree of cross-linking, rather than the total amount
of collagen or the ratio between types I and III, seems to be determinant for myocardial stiff-

ness. 3

Attenuation of Myocardial Stiffness During Aging

Long-lived proteins (including vascular and myocardial collagen) undergo continuous
cross-linking through reaction with reducing sugars. These reactions slowly form advanced
glycosylation end products (AGEs). Mounting evidences indicate that AGEs can negatively
influence vascular elasticity and myocardial compliance through cross linking with ECM col-
lagen, or other proteins. Inhibitors of AGEs have therefore been proposed in different experi-
mental settings to reduce this detrimental influence on organ function. Two therapeutic ap-
proaches are available, one inhibiting formation and one breaking established AGE cross-links.
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Aminoguanidine is one of the first available inhibitor of AGEs formation. Chronic ad-
ministration of aminoguanidine in rats treated from 6 to 24 months reduces the age-related
cardiac hypertrophy and the decrease in vasodilatory response observed in old untreated ani-
mals.?® In 30-month old rats treated for 6 months, aminoguanidine can also prevent cardiac
hypertrophy and the increase in aortic impedance observed in the aged animals.> This reduc-
tion of age-related arterial stiffening by aminoguanidine occurs in absence of modifications of
the arterial wall: neither collagen or elastin content, nor media thickness or the number of
smooth muscle cells are altered by the treatment.

AGE cross-link breakers is a class of thiazolium derivatives that are able to break estab-
lished AGE cross-links. Their efficacy has been tested in aged dogs, and after 1 month of
treatment, the age-related left ventricular stiffness is significantly reduced in the group of ani-
mals receiving the AGE breaker.”” This is accompanied by an improvement in cardiac function
and underlines how a brief treatment is apparently able to reverse left ventricular stiffness. The
same compound (ALT-711) not only improves arterial and left ventricular chamber compli-
ance, but also cardiac output in old rhesus monkeys.?® In aged human subjects with arterial
wall stiffening, this AGE breaker reduces significantly pulse pressure and improves arterial
compliance, compared to placebo.*’

Synthesis of collagen by cardiac fibroblasts is under neurohormonal control. In particular,
hormones of the renin-angiotensin-aldosterone system (angiotensin II and aldosterone) and
endothelin are believed to stimulate collagen production. Consequently, drugs reducing the
activity of these stimulators should contribute to limit the accumulation of collagen in the
myocardium. It is however difficult to assess the impact of these drugs on age-dependent fibro-
sis per se or on its reversal, in absence of other cardiac pathologies known to induce collagen
deposition (hypertension, myocardial infarction, heart failure). For instance, although there
are experimental and clinical evidences that myocardial fibrosis is increased in hypertensive
heart disease, the respective contribution of hemodynamic overload and hormonal stimulation
to collagen synthesis in hypertension is still debated.*® In an experimental study, cardiovascular
changes elicited by long-term inhibition of the renin-angiotensin system has been evaluated, in
mice treated with an ACE inhibitor from weaning to 24 months of age.*! Myocardial fibrosis
that developed during natural aging in these mice was completely prevented by the life-long
ACE inhibition, as well as the thickening of arterial runica media from the aorta and arteries in
the lungs, brain, kidney and heart. Such long-term therapies are however of limited interest in
humans during natural aging of otherwise healthy individuals. Age-related cardiac fibrosis be-
ing merely due to a diminished degradation rather than an augmented biosynthesis, further
observations on the reversal of myocardial fibrosis in aged human subjects by drugs reducing
neurohormonal stimulation of collagen synthesis are required.

Diastolic Dysfunction and Failure

This has been an area of great debate, mainly due to the difficulty in establishing the
existence of a diastolic dysfunction. The improvement of noninvasive methodologies, in par-
ticular Doppler assessment of diastolic transmitral flow velocities, have allowed a better charac-
terization of the entity. Increased collagen deposition and/or its cross-linking is a major deter-
minant of increased myocardial stiffness, which together with altered relaxation create the basis
for development of diastolic dysfunction. Diastolic dysfunction eventually leads to diastolic
heart failure.#? It has been shown that the prevalence of diastolic heart failure increases with
age, being around 15% in patients below 50 years of age, and as high as 50% in those aged
more than 70.%? Diastolic heart failure carries a bad prognosis with a 5-year morbidity and a
mortality around 50%. There is now an increasing interest in designing new therapeutic
strategies to treat this disease, affecting mainly the elderly. Blockade of the AT} receptor for
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angiotensin I1 is being tested in 2 randomized clinical trials, CHARM (Candesartan Cilexetil
in Heart Failure Assessment of Reduction in Mortality and Morbidity) and Wake Forest. The
rationale of these trials is that selectively blocking angiotensin II type 1 receptor will decrease
collagen deposition in the myocardium and by this way, will improve diastolic heart failure and
outcome. In case angiotensin receptor blockers will prove beneficial, they will become an im-
portant therapeutic option, for a disease very frequent in the elderly.
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CHAPTER 9

Matrix Remodeling and Atherosclerosis
Effect of Age

Ladislas Robert

Abstract
e thero-arteriosclerosis is the most common age-related pathology. Frequent mani-

festations are thrombo-embolic incidents, mostly of the coronary circu-lation and heart

iency resulting from an increased work load on the heart as a result of progressive in-
crease of peripheral resistance and loss of contractile cardiac muscle fibers. Major advances
made during the second half of the XXth century in the cell-biological-biochemical descrip-
tion of the underlying mechanisms led to increasing success of prevention, treatment and,
displacing the pathological consequences to later years of life. This will result in the XXIst
century in a new emphasis on the importance of biochemical and structural alterations of the
large vessel wall, mainly responsible for the increasing risk of heart failure due to overload. This
process, arteriosclerosis, can best be described by the progressive modification of the macromo-
lecular composition of the vascular extracellular matrix. This is partially the result of a progres-
sive shift in the phenotype of vascular smooth muscle cells and partially the result of postsynthetic
modifications of matrix macromolecules. We shall summarize some of the most important find-
ings made over the years in a number of laboratories concerning this process.

Introduction

Age-dependent remodeling of vascular extracellular matrix (ECM) is a complex process
and plays a very important role in a number of age-related cardiovascular pathologies such as
athero-arteriosclerosis, heart insufficiency, cerebrovascular disease and diabetic micro- and
macro-angiopathies, to mention only the most frequent pathologies. After a transient opti-
mism, sustained mainly by the important results of Alvar Svanborg’s investigations in Goteborg,
it became clear that “dying of old age” means essentially to die of cardiovascular failure. Those
who escape age-related dementias (vascular factors are important in this respect also) and can-
cer, have to face the fact that heart failure, and heart arrest often preceded by arythmia and
fibrillation will represent the fatal end-point. Autopsy studies on centenarians reported already
at the middle of the last century by L. Haranghy>* and cited in a previous review® clearly
showed the prevalence of cardiovascular pathologies at this advanced age. This was even more
so surprising because the autopsied persons in the above-cited study had a variety of
socio-professional conditions. But these autopsies as well as a number of other reports on per-
sons autopsied at advanced ages (above 90 years) also confirmed the presence of several possibly
fatal pathologies (the so-called polypathology of old age) with cardiovascular alterations as a
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constant feature.> It appears therefore of importance to have a closer look on the underlying
mechanisms of these age-related cardiovascular diseases. As will be shown, progressive remod-
cling of the vascular wall, essentially of its extracellular matrix is a central feature of all the
described modifications.

The Genesis of the Disease

Considered for long as a “degenerarive disease”, athero-arteriosclerosis owes this double
designation to the observations that two apparently independent processes can be distinguished
in the vascular wall. One which was first described by pathologists of the early XIXth century as
Lobstein in Strasbourg emphasize the hardening of the vessel wall which was sometimes com-
pared to calcified pipes. This process, arteriosclerosis, is clearly age-dependent. The other mor-
phological manifestation which attracted the attention of most of the scientists since the sec-
ond half of the XXth century concerns the formation of lipidic plaques, as observed also in
rabbits fed a cholesterol-rich diet. This model rendered much easier the study of atherogenesis
since the description by Anitchkoff of his rabbit-cholesterol model experiments (reviewed in
ref. 6). The discovery of serum-lipoproteins by M. Macheboeuf in Paris at the middle of the
XXth century, followed by ever increasing precision of their detailed description largely facili-
tated the understanding of the lipid-initiated, local disease, atheromatosis. However patholo-
gists infrequently encountered one form without the other, the term coined by the German
physician Marchand, athero-arteriosclerosis became legitimate. This legitimacy is however ques-
tionable for at least two reasons. One is the observation of lipidic plaques in young children, on
perfectly elastic vascular walls, as shown for instance by the important epidemiological study of
G. Berenson (the Bogalusa study: ref. 7). On the other hand it was reported by Max Burger®
that human (and also horse) aorta and femoral arteries accumulate progressively and diffusely
calcium and cholesterol (Fig. 1). These data suggest that profound and diffuse alterations of the
vessel wall are present in most persons above 60-70 years even in the absence of lipidic deposits
in the subintima. The above-cited and many other studies have shown the importance of di-
etary factors in the early formation of lipidic plaques.””

Impact of Cell Biology

Since the availability of cell culture techniques, great advances were made in this field on
the study of vascular smooth muscle cells (SMC) in culture.!®!2 The Hayflick-paradigm, is the
study of cell-aging by serial passages of cells in culture'! applied to vascular SMC-s yielded
important results. It was reported by July and Gordon Campbell in Australia that during suc-
cessive passages there is a progressive shift of SMC-phenotype.? From sessile and contractile,
these cells become mitotically and biosynthetically activated. This modified SMC-phenotype
would lead to the uncoordinated deposition of matrix macromolecules not only in the lipidic
plaques but also diffusely in the vascular wall. The resulting fibrous plaques, rich in collagen
fibers could eventually rupture resulting in thrombo-embolic events with mostly fatal conse-
quences. One important consequence of this phenotypic shift of SMC-s is the ensuing modi-
fication of matrix synthesis and degradation. There is however good reason to believe that this
process does not remain localized but spreads over most of the vascular wall. This would sug-
gest a relationship between progressive shift of SMC-phenotype and the age-dependent
rigidification of the vascular wall attributed to a change in the “programme” of matrix biosyn-
thesis by SMC-s. No more deposition of concentric elastic lamellae can be observed in adults
although elastin biosynthesis is not completely suppressed as shown by our studies on aorta
explant cultures. Collagen synthesis is maintained and the overall result is a loss of elasticity
and hardening of the vessel wall.
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Figure 1. Diffuse calcium and cholesterol deposition in human aorta and femoral artery and in horse aorta,
according to M. Burger (ref. 8) A) and B) Abscissa -age-years, ordinates: A) wall thickness of femoral artery,
B) cholesterol and Ca-content of human aorta. C: wall thickness, cholesterol and Ca-content of horse aorta
at 1-5 years of age, 25 years of age and over 25 years of age.

Other Etiological Factors

Since the early XXth century several propositions were made in order to account for the
major anatomical and functional changes of the larger elastic vessels. These early interpreta-
tions were well reviewed by J. Balo® and others.!? Let us mention one important proposi-
tion, made by Virchow in the middle of XIXth century and reemphasized by the Viennese
pathologist Rokitansky implying an initial inflammatory process at the origin of the arterio-
sclerotic alterations. The isolation of acid-soluble collagen by Nageotte in Paris in the 1920s
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suggested a correlation to these pathologists concerning the “infiltration” of soluble collagen
from the circulation in the vessel wall, accounting for its “fibrosis” and progressive hardening
(for review, see ref. 6). Inflammation, “insudation” of collagen appears quite early in the
pathological literature. Most recent knowledge on inflammatory mediators, cytokines, white
blood cells among others enabled the elaboration of modernized versions of this early recog-
nized pathogenetic process. Another observation of these early workers deserves mention.
This is the recognition of the importance of neuro-humoral factors as shown by the induc-
tion of arteriosclerotic alterations in rabbits by repeated adrenalin injections (reviewed in ref.
6). A more complete description of these early tentatives of pathogenetic description of these
diseases can be found in the cited reviews.

Role of Immune Factors

With the advent of cellular immunology, together with well-established methods of “hu-
moral” immunology it became tempting to study the role of both these factors in the genesis of
vascular diseases. Several laboratories described the successful production of typical arterioscle-
rotic lesions in rabbits by immunisation with vascular homogenates. Szigeti in Hungary,'# Scebat
and Renais in Paris'> reported such experiments. These were however performed with total vascu-
lar wall homogenates rendering difficult to identify the most important vascular antigen(s) re-
sponsible for the described modifications. We carried out similar experiments with Y. Grogogeat
in Paris, using purified vascular extracts. We could show that highly purified elastin was the most
active lesion-initiating antigen.16 As shown in Figure 2, the lesions observed on the rabbit aorta
were mostly of the arteriosclerotic type with heavy calcifications. Further ultrastructural studies
showed that the elastic lamellae of the immunised rabbits were disrupted, and strongly modified
in their detailed morphology.!®!” These modifications were obtained without adding any lipid to
the rabbit diet. No lipid deposits were observed either.!'® In collaboration with Dr. Worcel at
the Roussel-UCLAF laboratories, we could measure radioactive Calcium influx in control and
immunized aortas.'® It appeared that immunisation strongly increased Ca-influx in the otherwise
apparently intact vascular fragments. Previous treatment with Calcitonin (porcine, injectable)
could partially prevent these modifications.!®'? These experiments tended to confirm the origi-
nal pathogenetic hypothesis of J. Balo, attributing a primary role to the degradation of elastic
fibers in the development of the athero-arteriosclerotic disease.

Role of Elastolysis

The essental features of the progressive modifications of vascular ECM during atherogen-
esis concern primarily the loss of elastic fibers and the progressive preponderance of collagen
fibers. During the development of the vascular wall the ratio of elastin to collagen is tightly
controlled. In the human aorta the thoracic segment contains approximately twice as much elas-
tin as collagen, in the abdominal segment this ratio is inversed. This enables the upper part of the
aorta to dilate at the reception of the systolic blood volume pumped by the left ventricle in the
thoracic aorta. As a result of its elasticity this upper segment will efficiently pump the blood
towards the abdominal segment and to the iliac bifurcation. The progressive loss of vascular
elasticity will result in a loss of this pumping (or “secondary heart”) effect. The progressively
dilated upper segment will passively accomodate the systolic blood volume without being able to
pump it towards the periphery because of the loss of elasticity and rigidification of the vascular
wall. This will increase the workload on the heart which loses contractile myofilaments during
aging (sce ref. 20 for review). Its conducting system also becomes less efficient because of the
“fibrosis” of aging heart tissue. Collagen fibers form basket-like structures around the myofibrils.
These collagen fibrils increase in thickness and density and progressively dislocate the contractile
fibers with ensuing disturbances of the propagation of the contractile impulses. This process can
be considered as the most plausible explanation of heart failure in old age.
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Figure 2. A) Arteriosclerotic modifications of a rabbit aorta immunized with purified elastin, as described
in ref. 16. B) heavy Calcium deposits in the endothelial cells, disruption and calcification of elastic fibers
() C) crystalline Calcium needles in the subintima.

Mechanism of Elastolysis

The first confirmation of Balo’s hypothesis attributing a primary role to elastolysis in the
atherogenic process came from the isolation of a potent elastolytic protease from the pancreas
(see ref. 21 for review). The other proteases known at that time as trypsin and chymotrypsin
did not attack elastin. It appeared therefore logical to attribute an important role to pancreatic
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Figure 3. A) Exponential increase of elastase-type endopeptidase activity in human aorta extracts. Log
Elastase activity in arbitrary units per ug DNA determined in lesion-free areas of human aortas. B) Elastase
activity in equivalents of pancreatic elastase per 10° smooth muscle cells, determined in successive passages
of SMC (from refs. 26, 29).

elastase in the destruction of vascular elastin. Logic is however the best way to go wrong with
confidence. Although trace amounts of pancreatic elastase could be identified in the circula-
tion, its role in the destruction of vascular elastin had to be abandoned. A major shift in the
conceptual approach to this problem came from the recognition that fast-acting enzymes such
as the pancreatic elastase could not be involved in such a slow process as the progression of the
modifications with age of vascular matrix. On the contrary, only slowly acting enzymes could
be involved in a process which takes decades to develop. This was hard to accept for scientists
trained in enzyme kinetics but was well received by pathologists. The first demonstration of a
slowly acting vascular elastase was reported from our laboratory by B. Robert et al in 1974,2%%
followed by its characterization, localization on SMC-membrane?*? and most importantly
the demonstration of its age-dependent increase in human aorta® and its progressive upregulation
during successive passages in cell cultures?”” (Fig. 3). These results were obtained with very
sensitive methods, worked out especially for this purpose?® and fitted well with the observed
progressive fragmentation of vascular elastic fibers (Fig. 4). Even the action of PMN-elastase,
isolated by Janoff about at the same time as platelet elastase in our laboratory?” acted too fast to
be involved in such a slow process.
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Figure 4. Fragmentation of elastic fibers in human aorta with age and atherosclerosis. Left: intact aorta from
ayoung adult; middle: elasticfibers fragmented and lysed in the subintima and inner part of the media; right:
advanced fragmentation and lysis of the elastic fibers (modified after Bouissou, from ref. 27).

Role of Lipids and of Calcium

But elastolysis is not the only postsynthetic modification which concerns vascular elastic
fibers. The progressive accumulation of calcium was shown by Lansing and others in the middle
of the XXth century,>® confirmed in our laboratory. We could show that part of this accumu-
lated calcium is associated with the microfibrillar glycoproteins part of the elastic “tissue” (Fig.
5). It was also recognized that lipids also accumulate progressively in elastic fibers.’*? As
shown in Table 1, the most salient accumulation concerns free fatty acids, cholesterol and its
esters. The studies carried out in collaboration with B. Jacotot’s team at the Henri Mondor
Hospital at the University Paris 12 in Creteil definitively confirmed for human aorta the resuls
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Figure 5. Calcium deposition in human aotta as a function of age (years). % Calcium determined in purified
aorta elastin (45 min. boiling in 0.1 NaOH) on a dry weight basis.>®
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Table 1. Lipid content of the elastin of human aortas

Lipids Extracted Lipids Extracted

Neutral Lipids Before Heating in NaOH After Heating in NaOH
Group | Group Il Group | Group i
Free Cholesterol 8.6 16.0 0.95 1.53
Esterified 30.9 30.6 4.28 612
Cholesterol
Triglycerides 78 154 7.1 6.9
(as pg fatty acids)

Free fatty acids 48 204 10.2 20.1
Phospholipids 46 124 5.2 2.8
Total lipids 2115 528.6 27.73 37.45

Group I: No or very early atherosclerosis. Group Il: advanced atherosclerosis. Determinations were
done of collagen-free elastic fibers before and after beating in 0.1 N NaoH for 45 min. at 100°. Data
taken from reference 32.

of previous observations carried out on rats fed a labeled cholesterol containing diet showing its
accumulation in several tissues and especially in the aorta wall.>*? Experiments in Partridge’s
laboratory®® and in ours* showed that the uptake of calcium and of lipids is a mutually poten-
tiated process. The presence of calcium enhances the uptake of labeled cholesterol by elastic
fibers.** Although the studies of D. Urry suggested that some of the typical B-turns of elastin®®
might act as calcium coordination sites, the detailed molecular mechanism for the murually
potentiated lipid and calcium uptake by elastin remains to be elucidated. It appears however
that these post synthetic processes are primarily responsible, even without ensuing elastolysis,
for the loss of elasticity of elastic fibers. Lipid- and calcium-loaded elastic fibers are apparently
faster degraded by elastase-type proteases than native fibers.*

Nature of Vascular Fibrosis

Fibrotic process is mostly related to an increased synthesis of fibrous collagens. This pro-
cess was however not convincingly demonstrated in aging vascular wall except in the local
development of fibrotic plaques as described above. Increasing cross-linking of vascular collagen(s)
by the Maillard reaction was however demonstrated.?”*® Without going in derail for the de-
scription of the Maillard reaction (see refs. 37,38), it should be remembered that this is the
result of the nonenzymatic interaction between reducing sugars (glucose and others) and avail-
able free amino groups on proteins. First described by Fritz Verzar® for rat tail tendon col-
lagen, the age-dependent increase of this process was further confirmed by several investiga-
tors. [t cannot be excluded however that biosynthetic modifications contribute to the stiffening
of the vascular wall. An intriguing experiment by Moczar et al*® showed that the addition of
hyperlipidemic human sera to rabbit aorta explant cultures inhibited the incorporation of
H-protine in all vascular macromolecular fractions except in collagen where it increased. This
experiment suggested that hyperlipidemic environment might stimulate the biosynthesis of
collagen(s). A more recent epidemiological observation reinforces this concept. Gariepi et al*!
measured the thickness of the common carotid artery by ultrasound echography in
normo-lipidemic and hyperlipidemic individuals as a function of age. They found a signifi-
cantly more rapid age-dependent increase of wall thickness in hyperlipidemic individuals.!
The more recent identification of at least 26 types of collagen in vertebrates with more than
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half of them represented in the vascular wall*>*® indicate the necessity of a novel appraisal of
the biosynthetic modification of vascular collagens as a function of age and atherosclerosis.

Role of Proteoglycans

A number of different proteoglycans were identified in the vascular wall (for a review, see
Wight, et al).* These macromolecules are associated mostly with other matrix components
and play a crucial role in the fibrillogenetic process. According to J. Scott, the smaller
proteoglycans as biglycan and decorin play an important role in the organisation of fibril size
and orientation.*> Other, larger proteoglycans and mainly hyaluronan are the principal regula-
tors of water and electrolyte balance and traffic in tissues. Hyaluronan of ECM is one of the
important factors regularing its rheological properties. Proteoglycans were also shown to be
involved in the regulation of the cell cycle. Cell-membrane bound heparan sulphate proteoglycans
were shown to bind growth factors as bFGE The cleavage of the GAG-chains, and their
internalisation appear also to be involved in the regulation of the cell cycle of vascular SMCs. %
Our experiments showed that short chain heparan sulphate preparations by the Choay Labora-
tories in Paris, added to mesenchymal cells in culture produced modifications of the biosynthe-
sis of several matrix components and down-regulated fibronectin biosynthesis which is increas-
ingly synthesized with age and diabetes. 48

Role of Receptors

Interactions between cells or cells and ECM-components are mediated by a number of
receptors, such as integrins49 or the elastin-laminin receptors (ELR). Here we shall describe the
role of ELR in the progressive age-dependent modifications of vascular ECM. But before doing
so we have to remember the crucial role played by the identification of the apoE-B-receptor by
Brown and Goldstein in the elaboration of the lipid-induction theory of atherosclerosis (review
in ref. 13). Most of the receptors involved in the above-mentioned celi-cell and cell-matrix
interactions were described in detail,?*>! therefore here we shall only mention some of the
most important aspects of the ELR in vascular modifications. ELR was first described as a
result of its involvement in cell-elastin interactions.> Its agonists are elastin peptides, some of
the more closely studied sequences are shown in Table 2. Such short sequences as the tripeptide
VGYV can already activate this receptor on vascular endothelial cells as shown by the triggering
of NO-dependent vasodilation (Faury et al).’>>* This NO-dependent vasodilation of norad-
renalin precontracted rat aorta rings enabled Faury et al to study the age-dependent behavior of
this effect.’> As shown in Figure 6 the ELR-mediated vasodilation is hardly detectable in the
newborn animal, reaches its maximal effect in the young adult and decreases progressively with
age. This behavior of the ELR-mediated vasodilation is reminiscent of the long-described
age-dependent increase of systolic blood pressure in humans. With a number of other compa-
rable observations it suggested an age-dependent “uncoupling” of the ELR from its normal
transmission pathway which was studied on several cell types such as endothelial cells**>> and
circulating white blood cells.”®>” In respect to the topic of this review one of the most relevant
effects of the stimulation of ELR was the increase of elastase-type protease synthesis (Table 3).
This effect was dose-dependent and increased with increasing elastin peptide concentration
added to the culture medium of fibroblasts or SMC-5.>® Another effect of the stimulation of
ELR by elastin peptides was the increase of cell proliferation.”® These two processes, increased
proliferation and increased lytic enzyme production are the most characteristic features of the
modulation of SMC-phenotype as described by the Campbells.'>!? Another relevant feature
of ELR is the activation of release of reactive oxygen species (ROS) after stimulation by elastin
peptides. Superoxide release was shown to increase with age but no more inhibition with per-
tussis toxin could be obtained in cells from elderly persons showing its “uncoupling” from the
normal transmission pathway which involves a pertussis toxin sensitive G-protein in cells from
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Table 2. Peptide sequences which are active or inactive on the elastin-laminin
receptor, determined by NO™ -dependent vasodilation®*

Sequences
Active Inactive
VGV VGVGVA
PGV dose-dependent PCVGVA
VGVAPG
PVGV
VGVA at 107'™M VPVGGA

young donors. It has to be reminded that superoxide combines with NO to form the highly
toxic peroxynitrite anion (ONOQO"). This ONOQO™ anion can be neutralized by reduced glu-
tathione (GSH), but its production was reported to decrease with age. It appears from this
succinct summary of the properties of the ELR that it might well be involved in the
age-dependent modifications of the vascular wall. Oligo- or polysaccharides with a galactose
configuration at the nonreducing end-position were shown to act as efficient antagonists of the
ELR. As shown in Table 3, melibiose is one of these efficient antagonists as shown in our
laboratory. Elastin peptides were shown to be present in the circulating blood.®° An epidemio-
logical study on more than 1000 individuals, men and women, between 59 and 71 years indi-
cated an average value of about 10fg /ml, saturating for the ELR with a Kd in the nanomole
range. Using immunofluorescence the ELR could be demonstrated on most cell types studied,
also on SMC-s, fibroblasts and most importantly on mononuclear cells in freshly excised hu-
man plaques.®’ These findings further emphasize the physio-pathological importance of the
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Figure 6. Effect of the age of rats on the vaso-dilation obtained by adding elastin peptides (1 pg/ml) to
noradrenalin precontracted aorta rings, as described by Faury et al.*> Abscissa: age in months, ordinates:
decrease of wall tension. Maximal effect in young adults followed by an age-dependent decrease.
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Table 3. Increase of elastase-type activity of fibroblasts in presence of elastin
peptides (k-elastin) with a synthetic substrate (succinyl-tri ala p NA)

Conc. of k-Elastin Added Enzyme Activity (ug/ml )
No Melibiose + Melibiose(10ug/ml)
0 2600 2000
10 3330 2030
100 6070 1840

Results expressed as uM substrate hydrolyzed/ 10° cells.

above-summarized properties of the ELR. They also show that elastin is not only a passive
player in vascular remodeling but plays an active role by the action of its degradation products
on the remodeling processes, mediated by the ELR. A number of other properties of this recep-
tor were described elsewhere, as for instance its involvement in cancer progression and me-
tastases formation.%?

Conclusions

Age-dependent remodeling of vascular extracellular matrix is a key process in the develop-
ment of vascular diseases such as atheromatous plaque formation, arteriosclerosis and other
age-related vascular pathologies. We summarized in this review the central role of the
matrix-synthetic properties of vascular smooth muscle cells and its progressive modifications
with age and at the site of atherosclerotic plaques. Lipidic plaque formation can start early in
life as influenced by nutritional factors. Progressive rigidification of the vascular wall is
age-dependent and results from the progressive modulation of the biosyntheric activity of vas-
cular smooth muscle cells as well as from age-dependent postsynthetic modifications of matrix
macromolecules. Upregulation of matrix degrading enzymes as elastases and cross-linking of
collagen fibers by the Maillard reaction are the most important postsynthetic modifications.
They are preceded by lipid- and calcium uptake by vascular elastic fibers as a major contribu-
tion to this loss of elasticity followed by their degradation. These effects are further amplified
by the action of elastin degradation products on the elastin-laminin receptor. Among the reac-
tions mediated by this receptor, increased cell proliferation and increased elastase-type protease
production play a crucial role in the age-dependent modifications of vascular extracellular matrix.
These modifications appear to play a crucial role in heart failure of old age.
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CHAPTER 10

Molecular and Cellular Aspects

of Liver Fibrosis

Norifumi Kawada

Abstract

epatic stellate cells play essential roles in the pathogenesis of liver fibrosis. Transformation
Hof stellate cells from the vitamin A-storing pheno-type to the “myofibroblastic” one

closely correlates to hepatic fibrogenesis during chronic liver diseases. Understanding
the molecular mechanisms of stellate cell activation have made a great progtess, in particular, in
the field of intracellular signal transduction of transforming growth factor-B and platelet-derived
growth factor and collagen gene expression. Accumulation of the information on the stellate
cell activation would shed light on the establishment of a novel therapeutic strategy against
fibrotic liver diseases.

Stellate Cell As a Principal Player of Liver Fibrosis

Hepatic stellate cells, which reside in the space of Disse in close contact with both sinusoi-
dal endothelial cells and hepatocytes, play multiple roles in the pathophysiology of the liver."
Quiescent stellate cells represent a retinol-storing phenotype and metabolize a small amount of
basement membrane-forming substrata such as laminine and type IV collagen. When liver
injury occurs, they undergo transformation into myofibroblasts that actively proliferate in re-
sponse to platelet-derived growth factor-BB (PDGF-BB) and insulin-like growth factor-I IGF-I),
produce increased amount of extracellular matrix (ECM) material, show augmented contrac-
tility accompanied by the expression of smooth muscle t-actin and the production of
endothelin-1 (ET-1), secrete transforming growth factor-§ (TGF-B) and monocyte chemotac-
tic protein-1 (MCP-1), lose the retinoid , and exhibit active apoptosis. Stellate cell activation is
initiated by oxidative stress of lipid hydroperoxide and reactive aldehyde generated in and
released from damaged hepatocytes, by paracrine stimulation of PDGF-BB, IGF-I and TGF-B
derived from activated Kupffer cells, endothelial cells, platelets and infiltrating leukocytes, and
by early ECM changes including the production of a splice variant of cellular fibronectin (EIIIA
isoform).2> Transcriptional activation by a zinc finger gene KLF6/Zf9, which is induced at the
very early stage of liver injury, AP-1 and CCAAT/enhancer binding protein (C/EBP) enhances
gene expression regulating ECM accumulation.®

Activated stellate cells are highly responsive to PDGF-BB and IGF-1 through the induc-
tion of receptors for individual growth factors. For instance, the autophosphorylation induced
after dimerization of PDGF receptors activates transduction molecules containing SH2 do-
mains, such as phosphatidylinositol 3-kinase (P13-kinase), phospholipase C-y (PLC-y), the Src
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family of tyrosine kinases, the tyrosine phosphatase SHP-2, and a GTPase activating protein
(GAP) for Ras. In human stellate cell, activation of the extracellular-signal regulated kinase
(ERK) pathway followed by an increased expression of c-fos in response to PDGF has been
demonstrated.”®

TGF-B is a key regulatory molecule for ECM metabolism and functions as an autocrine
and a paracrine mediator.” Cellular sources of TGF-B1 are multiple, including hepatic stellate
cell, Kupffer cell, hepatocyte, sinusoidal endothelial cell and platelet. Proteolytic cleavage of
latent TGF-P binding protein (LTBP) is supposed to be a prerequisite for the release and
generartion of bioactive (mature) TGF-B, which is induced by urokinase plasminogen activator
(uPA) or tissue PA (tPA). KLF6/Zf9 transcriptionally activates uPA, resulting in the increase of
bioactive TGF-B.1° The impact of TGF-B1 on liver fibrosis is well documented in a TGF-81
knockout mouse model,'! in the remarkable attenuation of the development of liver fibrosis by
using soluble type I TGF-B receptor,'? and in adenoviral delivery of dominant-negative TGF-
receptor.' Role of Smad cascade in TGF-B signaling is characterized in stellate cells.'*

Contraction of stellate cells, particularly induced by ET-1, causes constriction of sinuso-
ids, leading to a persistent disturbance of intrahepatic microcirculation and portal hyperten-
sion.!213 ET_1 synthesis by stellate cells is regulated by endothelin-converting enzyme-1 (ECE-1)
during repair of hepatic injuries. ET-1 release is increased in stellate cells, whereas markedly
decreased in endothelial cells after liver injury, depending on the ECE-1 mRNA expression
and its stability. Blockade of ET receptors using specific ET receptor antagonists markedly
modulates the development of liver fibrosis and portal hypertension in rat models. Figure 1
summarizes some important molecules those contribute to the hepatic fibrogenesis.

Novel Therapeutic Strategy for Preventing Liver Fibrosis

Increasing numbers of studies have shown a variety of therapeutic approaches for liver
fibrosis based on the molecular inhibition of stellate cell activation. Among them, IFN¢ has a
clinical potential to treat liver fibrosis of chronic hepatitis type C by eliminating HCV virus
from patients.® IFNY inhibits the cell activation and type I collagen mRNA expression in rats
and the collagen transcription through directly acting onto IFN-responsive element, a proxi-
mal element within the human 02(I) collagen (COL1A2) promotor.”® IFNY inhibits TGF-B/
Smad signaling through STAT pathway.

An antioxidative agent, NV-acetyl-L-cysteine, triggers the degradation of PDGF receptor
mediated by cathepsin B and inhibits PDGF signaling and PDGF-dependent DNA synthesis.
The agent affects additionally the expression of TGF-f receptor type II in stellate cells.
N-acetyl-L-cysteine dramatically attenuates liver fibrosis developed in rats.”! Natural flavonoids
included in herb have also antioxidative action and are promising agents that protect the liver
from developing fibrosis.

Hepatocyte growth factor (HGF) gene therapy is an another candidate for the treatment
of liver fibrosis. Repeated transfection of the human HGF gene into skeletal muscle suppress
the increase of TGF-B1, inhibit fibrogenesis and hepatocyte apoptosis, and resolve fibrosis in
the cirrhotic rat liver.?? Continuous administration of recombinant human HGF (thHGF) is
also effective for liver fibrosis. Although thHGF reduces mRNA levels of procollagen 0i2(I),
o1(IV) and TGF-B1, the detailed molecular mechanism of these anti-fibrotic effects of HGF
remains to be elucidated.??

Peroxisome proliferator-activated receptor y (PPARY) ligands, such as 15-deoxy-Delta-
prostaglandin J2 and troglitazone, inhibit proliferation, collagen synthesis and chemotaxis
induced by PDGF of stellate cells.?* Furthermore, thiazolidinediones reduced ECM deposi-
tion and stellate cell activation in toxic model of liver fibrosis induce by dimethylnitrosamine
or CCly or in a bile-duct ligation model.?
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Figure 1. Schematic diagram of stellate cell activation. In response to liver injury, hepatic constituent cells
including endothelial cells, Kupffer cells, hepatocytes as well as platelets generate multiple bioactive sub-
stances, such as growth factors, endothelins, prostanoids and reactive oxygen species. When exposed to these
mediators, stellate cell undergoes transdifferentiation into activated myofibroblast. The latter phenotype
exhibits active proliferation, increased contractility, collagen production, etc., which play pivotal rolesin the
development of liver fibrosis.

Recently, leptin has been suggested to play important roles in fiver fibrogenesis. Supple-
mentation of recombinant murine leptin to mice received CCly or thioacetamide augments
liver fibrosis accompanied by the increased expression of mRNAs for collagen a1(I), TGF-f1,
and smooth muscle tt-actin?® Zucker (fa/fa) rats and ob/ob mice, that are insensitive to leptin,
are protected from toxin-induced liver fibrosis.” Leptin receptor (Ob-Rb) is expressed more in
sinusoidal endothelial cells and Kupffer cells than stellate cells, and thus the former cell popu-
lation may be the target to circulating leptin.?® Further studies will determine the effectiveness
of anti-leptin therapy in the treatment of liver fibrosis.
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CHAPTER 11

Recent Therapeutic Developments
in Hepatic Fibrosis
Ichiro Shimizu

Abstract

urrently, hepatic fibrogenesis is viewed as a dynamic process strictly related to the

extent and duration of liver injury. Activated hepatic stellate cells (HSCs) are identified as

the major source of extracellular matrix components in the injured liver, and are re-
garded as a target for antifibrogenic therapy. In addition, transforming growth factor-§ (TGF-)
is recognized as a key fibrogenic cytokine produced by Kupffer cells and HSCs. There are
several approaches to inhibit TGF-; use of soluble receptors and gene therapy approaches.
Hepatocyte growth factor is a hepatotrophic factor for liver regeneration and appears to sup-
press hepatic fibrogenesis in animals. HOE 77 and S 4682 are inhibitors of prolyl 4-hydroxy-
lase, which is essential for collagen formation. o-Tocopherol and silybinin reduce lipid
peroxidation and attenuate HSC activation in experimental models. Silymarin is extracted
from milk thistle, the principle component of which is silybinin. Unfortunately, they have had
mixed effects in human liver diseases. A Japanese herbal medicine Sho-saiko-to functions as a
potent fibrosuppressant via the inhibition of oxidative stress in hepatocytes and HSCs. Its
active components are baicalin and baicalein of flavonoids with chemical seructures very simi-
lar to silybinin.

Understanding the cellular and molecular mechanisms underlying hepatofibrogenesis pro-

vides valuable information on the search for effective antifibrogenic therapies.

Introduction

Hepatic fibrosis, or the deposition of extracellular matrix (ECM), is associated with in-
flammation and cell death, which accompanies the repair processes, and is a consequence of
severe liver damage that occurs in many patients with chronic liver injury of any etiology. The
term hepatic fibrogenesis describes a progressive process that ranges from mild fibrosis to fully
advanced cirrhosis. The origin of the abnormal ECM proteins is a cell known as the hepatic
stellate cell (HSC) (also known as the fat-storing cell, lipocyte, or the Ito cell). HSCs are lo-
cated in the space of Disse in close contact with hepatocytes and sinusoidal endothelial cells.
Their three-dimensional structure consists of the cell body and several long and branching
cytoplasmic processes (Fig. 1).! HSCs undetgo a proliferation and transformation under in-
flammatory and peroxidative stimuli into myofibroblast-like cells, which are the origin of much
of the collagen hypersecretion and nodule formation that occurs during hepatofibrogenesis.>

Fibrogenesis: Cellular and Molecular Basis, edited by Mohammed S. Razzaque.
©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.
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Figure 1. Schematic representation of the sinusoidal wall of the liver, based on findings reported by Wake.!
Solid triangles indicate space directions. Hepatic stellate cells (HSCs) contact both endothelial cells and
hepatocytes. Collagen fibrils course through the space of Disse.

The most common cause of hepatic fibrosis is currently chronic hepatitis C virus (HCV)
infection. In fact, the World Health Organization reported that up to 3% of the world’s popu-
lation was infected with HCV, suggesting that more than 170 million chronic carriers were at
risk for developing hepatic fibrosis to cirrhosis and hepatocellular carcinoma.? The likelihood
that HCV infection will lead to cirrhosis is significant and varies with the duration of infection
as well as the mechanism of infection. It should be noted that interferon (IFN) and a combina-
tion of IFN and ribavirin are the only currently available therapies for chronic HCV infection,
but a sustained response to the treatment has been unsatisfactory. Hepatic fibrosis and its final
common result, cirrhosis, appear to be much more common than clinically appreciated. There-
fore, understanding the cellular and molecular mechanisms underlying the hepatofibrogenesis
provides valuable information in the search for effective antifibrogenic therapies.

Hepatocyte Injury and Oxidative Stress

Parenchymal cell membrane damage could result in the release of oxygen-derived free
radicals and other reactive oxygen species (ROS) derived from lipid peroxidative processes,
which represent a general feature of sustained inflammatory response and liver injury, leading
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to necrosis and apoptosis. In general, the process leading to hepatic fibrosis, similar to the
process of normal wound healing, includes three phases following tissue injury: acute inflam-
mation, synthesis of ECM components, and tissue remodeling. This latter phase includes ECM
remodeling and organized parenchymal regeneration. According to this scheme, a single liver
injury eventually results in an almost complete resolution. In contrast, the persistence of the
original insult causes the prolonged activation of the tissue repair mechanisms, thus leading to
tissue fibrosis rather than to effective tissue repair. In other words, ECM accumulation pre-
dominates over hepatocellular regeneration.?

HCV multiplication is sustained throughout the course of a typical infection.” Hepatocytes
are continuously damaged and replicated. In 80% to 85% of those infected with the virus,
chronic hepatitis C eventually develops, which can lead to cirrhosis. However, the mechanisms
by which HCV induces liver injury and hepatocyte death remain mostly ambiguous.

Cytotoxic T lymphocytes (CTLs) are not only thought to be a major host defense against
viral infection, but are also implicated in the immunopathogenesis. In chronic HCV infection,
the presence of HCV-specific CTLs has been demonstrated both in peripheral blood® and
among liver-infiltrating lymphocytes’ of patients with chronic hepatitis C. Two pathways,
petforin and Fas/Fas ligand pathways, were reported to account for all cytolytic activity of
CTLs,? although tumor necrosis factor (TNF)-ot, a proinflammatory cytokine, is released by
all HCV-specific CTL clones studied’ and may also contribute to the cytotoxicity of CTLs.'
The core protein of HCV has been recognized as a target for CTLs.!"!? Viral proteins posses
various accessory functions that target host proteins and thus alter normal cellular growth
properties, affecting signaling molecules, such as the nuclear factor (NF)-kB and activator
protein (AP)-1. The NF-xB pathway plays an important role in the cellular response to a
variety of extracellular stimuli, including TNF-tt and oxidative stress. Likewise, activation of
AP-1, a transcription factor that regulates many genes involved in cellular growth control, by
the viral proteins presumably will promote oncogenesis and a myriad of other effects.

There is large body of evidence that in humans and animals oxidative stress is implicated
in chronic liver disease regardless of the etiology (viral infection, alcohol consumption, metal
overload)'? and serves as a link between hepatic injury and fibrosis.'* Fortunately, cells possess
antioxidant protective mechanisms, including enzymatic defense molecules such as superoxide
dismutase (SOD) and glutathione peroxidase (GPx), which can react with ROS and neutralize
them before they inflict damage on vital components. Overexpression of Bcl-2 suppresses lipid
peroxidation and prevents apoptosis. Bcl-2, Bcl-Xp, Bad, and Bax are members of the Bel-2
family proteins that play an important role in regulating cell survival and apoptosis. In addi-
tion to Bel-2, Bel-X; also prevents apoptosis in response to a wide variety of stimuli. In con-
trast, proapoptotic proteins, Bad and Bax can accelerate death and in some situations are suffi-
cient to cause apoptosis. Our preliminary studies showed that oxidative stress induced ROS
generation, lipid peroxidation, the activation of AP-1 and NF-xB, the loss of SOD and GPx
activities, and down-regulation of Bcl-2 and Bcl-X|, expression and up-regulation of Bad ex-
pression in cultured rat hepatocytes (Fig. 2).!>1¢

In particular, histopathological studies of chronic HCV infection showed fatty changes in
31% to 72% of patients,'” indicating that hepatic steatosis is a characteristic feature of chronic
HCYV infection. It was suggested that hepatic steatosis may reflect a direct cytopathic effect of
HCYV and play a role in the progression of the disease. In support of these findings, a transgenic
mouse model, which expressed the HCV core gene, was observed to develop progressive he-
patic steatosis.'® It is conceivable that following hepatocyte injury, hepatic steatosis leads to an
increase in lipid peroxidation, which might contribute to HSC activation by releasing soluble
mediarors,*? and, thus, induce hepatic fibrosis. In addition, chronic infection of HCV is
associated with excess iron in the liver of subjects who are neither alcoholics nor recipients of
blood transfusions.?! Hepatic iron is a cofactor involved in inducing fibrosis in patients with
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Figure 2. Working hypothesis regarding the role of reactive oxygen species (ROS) in inducing apoptosis in
the liver. SOD: superoxide dismutase; GPx: glutathione peroxidase; AP-1: activator protein-1; TNF-oi:
tumor necrosis factor-0t; NF-xB: nuclear factor-kB.

chronic hepatitis C.?>?? Iron is known to be a potent in vivo factor in the production of
hydroxy radicals, which induce lipid peroxidation and DNA cleavage,?* leading to DNA mu-
tagenesis.”

Increased lipid peroxidation was also observed to be common to alcoholic liver disease
and nonalcoholic steatohepatitis as evident in studies of human alcohol-related liver injury®®
and animal models of diet-induced hepatic steatosis?” and drug-induced steatohepatitis.”®

HSC Activation and Growth Factors

In the injured liver, HSCs are regarded as the primary target cells for inflammatory and
peroxidative stimuli, and are transformed into myofibroblast-like cells. These HSCs are re-
ferred to as activated cells, and this activation is accompanied by a loss of cellular retinoid, and
the synthesis of o-smooth musdle actin (0-SMA) and large quantities of the major compo-
nents of the ECM, including collagen types [, I1I, and IV, fibronectin, and laminin. The large
majority of collagen I11, IV and laminin are synthesized by HSCs and sinusoidal endothelial cells,
whereas all cell types synthesize small amounts of collagen type I. During active
hepatofibrogenesis, however, HSCs become the major ECM producing cell type, with a pre-
dominant production of collagen type 1.2 Following cell activation in vivo, HSCs express the
genes encoding the key components required for matrix degradation such as matrix
metalloproteinase (MMP)-1 and -2. However, through the activation of tissue inhibitor of
metalloproteinase (TIMP)-1 and -2, activated HSCs also inhibit the activity of interstitial
collagenases, which degrade fibrillar collagen.®® This hypothesis is supported by studies of experi-
mental hepatic fibrosis and in human liver disease, in which TIMP-1 expression is significantdy
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Figure 3. A) Effect of hydrogen peroxide (H;0O,) on 0-SMA expression in cultured rat HSCs. Cells cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemcntcd with 10% fetal bovine serum (FBS) for
5 days were incubated in the presence or absence of H,O; (10~ 8.10% mol/L) for 24 h. Cell lysates were
subjected to 12% sodium dodecy! sulfate-polyacrylamide gel electrophoresis and transferred onto nylon
membranes, and &-SMA was detected immunologically. B) Densitomettic analysis of 0-SMA expression
in cultured rat HSCs induced in the presence of H,O, (10%-10°° mol/L) shown in (A). The results of the
densitometric analysis are expressed as mean percentages (+ SD) of the control values (n=5). *P < 0.05
compared with controls.

up-regulated in cirrhotic liver compared with normal liver, while expression of collagenases
remains unchanged.®’ In addition, transgenic mice overexpressing TIMP rapidly develop he-
patic fibrosis following injury.>” It is clear that fibrogenesis involves a dynamic interplay of
matrix synthesis and degradation. In the HSC-mediated response to cell injury, this interplay is
disrupted and leads to fibrosis.

There is evidence to show that the products of lipid peroxidation modulate collagen gene
expression in HSCs.>*** It was reported that paracrine stimuli derived from hepatocytes un-
dergoing oxidative stress induce HSC proliferation and collagen synthesis.** Although hepato-
cytes are the major site for oxygen utilization, nonparenchymal cells also are sources of ROS,
and may thereby contribute to hepatocyte necrosis and/or HSC activation. Kupffer cells, fibro-
blasts, and invading mononuclear cells are capable of releasing ROS. Kupffer cells are activated
by a variety of stimuli to produce ROS, such as opsonized zymosan, phorbol esters,
lipopolysaccarides, and Ca?* ionophores.***” ROS include hydrogen peroxide (H,0,), singlet
molecular oxygen (*05), hydroxyl (OH), superoxide (O5), alkoxyl (RO, peroxyl (ROO),
and mmc oxide (NO') free radicals, highly heterogeneous in terms of reactivity against cellular
targets.” HSCs have been shown to be activated by the generation of free radicals with Fe?*/
ascorbate, 2’ by H,O, (Fig. 3), and by malondialdehyde (MDA)? and 4- hydroxynonenal (HNE)
(Fig. 4),°> aldehydic products of lipid peroxidation, and antioxidants were observed to in-
hibit HSC activation.!>14

Inflammatory cells, such as Kupffer cells and invading mononuclear cells, which release
cytokines, transforming growth factor (TGF)-B1 and platelet-derived growth factor (PDGF)
may also contribute to the fibrogenic response to liver injury. It has been shown that TGF-B1
and PDGF activate cultured HSCs, and act as paracrine and autocrine (i.e., from HSCs) me-
diators which trigger and activate the transformation of HSCs in vivo. Importantly, TGF-B1 is
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Figure 4. HSC contraction and relaxation in responses to endothelin (ET)-1 and nitric oxide (NO). ET-1
isa potent vasoconstrictor in the liver microcirculation in vivo, while exogenous NO prevents ET-1-induced
contraction as well as causing precontracted cells to relax. SD: the space of Disse.

a key fibrogenic mediator that can enhance ECM deposition and inhibit MMP activity.*® Tt is
also noteworthy that TGF-B is an inhibitor of the proliferation of hepatocytes,?! and that, at
higher concentrations, TGF-B induces oxidative stress leading to hepatocyte apoptosis.*! Thus,
studies are underway to develop therapies that neutralize this cytokine. In addition, HSC pro-
liferation contributes indirectly but significantly to fibrogenesis. An increase in HSC number
has been well documented after both experimental and human liver injury.*? Proliferation is an
important component of the activation cascade because it amplifies the HSC-mediated re-
sponse to injury. A number of mitogens appear to be important in the stimulation of HSC
proliferation and include PDGE* epidermal growth factor,** and endothelin (ET)-I.45 The
major mitogen driving HSC proliferation is PDGE, a cytokine that also plays a key role in
smooth muscle cell proliferation during other forms of injury.

Due to their anatomical location, their ultrastructural features and similarities with pericytes
that regulate blood flow in other organs, HSCs function as liver-specific pericytes. Previous
studies have shown that the contraction and relaxation of HSCs regulate hepatic sinusoidal
blood flow.***” Two vasoregulatory compounds with obvious effects on HSCs include ET-1
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Figure 5. Working hypothesis regarding the liver injury-mediated hepatofibrogenesis. MDA:
malondialdehyde; HNE: 4-hydroxynonenal; TGF: transforming growth factor f; PDGF: platelet-derived
growth factor.

and nitric oxide (NO) (Fig. 5).48-50 Recent experimental evidence suggests that ET-1 is a po-
tent vasoconstrictor in the liver microcirculation in vivo, acting at both sinusoidal and
extrasinusoidal sites.”' Endothelins bind to at least two heptahelical receptors, termed endothelin
A (ET4) and endothelin B (ETjp) receptors.>> ET-1 has multiple effects on HSCs, which ex-
press abundant ET 4 and ETj receptors, including stimulation of HSC contractility. In addi-
tion, exogenous NO was reported to prevent ET-induced contraction as well as causing
precontracted cells to relax.”® HSCs and sinusoidal endothelial cells produce NO in response
to various stimuli.>*>>

Antifibrotic Therapy

Removal of Causative Agent

Removing the causative agent is currently the most effective way to treat patients with
hepatic fibrosis. This approach is effective in chronic hepatitis B virus or HCV infection, alco-
hol consumption, drug-induced liver disease, and iron and copper overload. Most of these
agents induce hepatocellular injury and subsequently hepatic inflammation, finally resulting in
HSC activation and collagen deposition.” However, some factors, including alcohol metabo-
lites*® and ferritin,”” may directly activate HSCs and enhance their fibrogenic potential.

Based on our current understanding of the cellular and molecular basis of
hepatofibrogenesis, antifibrotic agents can be categorized as follows:

1. Agents for removal of causative agent (i.e., eradication of HCV RNA).

2. Agenis for cytoprotection. Reduction of inflammation and cell death.

3. Agents for inhibition of HSC activation.
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4, Agents for fibrolysis. Promotion of matrix degradation.

Most compounds in each of these categories have been identified in cell cultures and in
various animal models of hepatic fibrosis, and suggested as treatments for patients with hepatic
fibrosis (Table 1). However, therapeutic application in clinical situations is either very limited
or of uncertain efficiency. Thus, there is a sustained need for therapeutic devices combining
efficiency and low adverse side effects.

IFNs

There are three major isoforms of IFN-@,, -B, and -Y. Each of these unique isoforms has
different biologic actions. There are multiple IFN-ot subtypes, whereas there appear to be only
single IFN-B and IFN-y species. IFN-ot and IFN-B are more closely related to each other,
structurally and funcrionally, than they are to IFN-y. Indeed, IFN-at and - each bind to the
same receptor. JIFN-0t is stimulated by viral infection, and IFN-y is stimulated by mitogenic or
antigenic stimulation of T lymphocytes or natural killer cells. IFN-o has much more potent
antiviral effects than does IFN-y, whereas IFN-y is 100 to 10,000 fold more potent as an
immunomodulator than IFN-0..%8 This observation has led to the concept that IFN-ot and -8
are primarily antiviral agents with some immunomeodulatory effects, but IFN-y is primarily an
immunomodulatory agent with some antiviral effects.”

Several recent clinical reports have concluded that IFN-t treatment is effective for reducing
and eliminating serum HCV RNA,%¢! improving histological scores for hepatic fibrosis and
necroinflammation,’****¢? and attenuating the hepatic iron deposition?® in patients with chronic
hepatitis C. It should be noted that HCV may promote hepatocyte damage by activating lipid
peroxidation via iron-mediated mechanisms.®® IFNs have also been known to reduce 0-SMA
expression in the liver,% to suppress collagen synthesis in vitro, and to decrease type I, 111, and
IV procollagen mRNA levels.%” It was reported that hepatic mRNA levels of TGF-BI in addi-
tion to type I procollagen are significantly decreased in responders to IFN-ot therapy,*® and
that IFN-0t can inhibit activation of human and rat HSCs in primary culture.%”% These findings

Table 1. Antifibrotic agents tested in vivo

Name Inhibition of HSC Activation Cytoprotection Fibrolysis
IFN-o¢ + + +
IFN-y + Unknown Unknown
IL-10 Unknown + Unknown
Decorin + + +
Soluble TGF-B type Il receptor + + +
HGF Unknown + +
a-Tocopherol + + Unknown
Silymarin + + Unknown
Sho-saiko-to + + Unknown
Arg-Gly-Asp peptides + Unknown Unknown
HOE 77 + _ +
Safironil + _ +
S 4682 + - +
Pentoxifylline + + +
Polyenyl-phosphatidylcholine + Unknown +

Note: The relative effectiveness of each of the compounds is arbitrarily designated by the following
symbols: —: not effective; and +: effective.
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suggest that the effect of IFN-0 may be not only inhibiting HCV-mediated injury, but also
directly inactivating HSC.

Ribavirin has a synergic effect when used together with IFN-ot. However, ribavirin is not
recommended as monodrug therapy because it has no effect on serum HCV RNA clearance.
Administration of a combination of IFN-ot and ribavirin produces a superior viral clearance
response rate than IFN alone.®>”° It was reported that IFN-0and ribavirin combination therapy
significantly reduces the rate of fibrosis progression in patients with hepatitis C.”"

In contrast to IFN-0, IFN-Y is ineffective at eradicating serum HCV RNA, but extensive
experimental findings suggest that IFN-y can inhibit HSC activation®””’? and profoundly de-
duces hepatic fibrogenesis.”>”> With regard to the use of IFN-y in patients with HCV infec-
tion, there has been little clinical interest because overexpression of IFN-y in the liver leads to
chronic hepatitis’* and because of the potential long-term side effects related to its
immunomodulatory effects. In patients with pulmonary fibrosis, however, a study showing
that IFN-Y treatment resulted in a reduction in fibrosis, suggests that it could be feasible 1o use
IFN-y in the setting of hepatic fibrosis.”

Anti-Inflammatory Agents

Hepatic inflammation precedes and promotes the progression of hepatic fibrosis. A strategy
to inhibit hepatic inflammation is the neutralization of proinflammatory cytokines. In experi-
mental fibrosis, interleukin (IL)-1 receptor amtagonists76 or soluble TNF-o. receptors77 are
associated with diminished necrosis and inflammation in liver tissue. Recently, a promising
study has evaluated the use of IL-10, a powerful anti-inflammatory and antifibrotic cytokine
that is synthesized by activated HSCs in patients with chronic HCV infection.”® The rationale
is that IL-10 down-regulates proinflammatory Th1 responses and that IL-10 (-/-) mice develop
more severe hepatic fibrosis than do wild-type mice.”” Patients with chronic HCV infection
treated with recombinant IL-10 showed not only an improvement in hepatic inflammation,
but also resolution of the initial deposition of fibrous scarring. Multicenter trials are currently
underway.

Anti-TGF-3 Agents

TGEF-B is a potent fibrogenic cytokine produced by Kupffer cells and HSCs. With the
importance of TGF-B to ECM production firmly established, the TGF-$/HSC axis is a poten-
tially important therapeutic avenue. Two signaling receptors, termed type I and type II, medi-
ate the biologic actions of TGF-B. The extracellular domain of the type II receptor binds the
ligand, causing formation of heteromeric complexes incorporating type I and type II receptors.
The type II receptor then transphosphorylates the type I receptor, activating its kinase and
initiating downstream signaling.®® Thus, the type II receptor appears to be essential for the
biological activity of TGF-B in vivo.81#2 There are several approaches to neutralize TGF-B
activity. These include use of proteoglycan decorin, soluble TGF- type II receptors, and gene
therapy approaches.

Decorin is the protein core component of proteoglycan that binds and sequesters TGE-B1
in the ECM. Intraveous injection of recombinant decorin as well as intramuscular injection of
the decorin gene, reduced levels of TGF-B mRNA and TGF-B protein and prevented fibrosis
induced by glomerulonephritis in a model of glomerular inflammation. 3384

Administration of a soluble receptor against the extracellular domain of the TGF-f type Il
receptor led o an inhibition of activation of cultured HSCs and hepatofibrogenesis in a model
of hepatic fibrosis.®> After intramuscular injection of an adenovirus expressing the soluble re-
ceptor (AdTB-ExR), followed by induced experimental fibrosis, the soluble receptor protein
was detectable in the blood, and hepatic fibrosis was attenuated.3¢ The soluble receptor can
bind active TGFp, and thus prevent TGE-f from binding to cognate receptors. Our preliminary
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Figure 6. Effect of cultured rat HSCs, infected with AdTB-ExR on intracellular ROS generation using the
fluorescence probe dichlorofluorescein and a laser scanning confocal microscopic technique. Cells cultured
in DMEM supplemented with 10% FBS for 5 days were infected with AdTB-ExR (B) or AdLacZ (A) for
1 h, and then incubated in serum-free DMEM for an additional 3 days. AdTB-ExR, adenovirus vector

expressing a soluble receptor against an extracellular domain of the TGE-B type II receptor; AdLacZ,
adenovirus vector expressing the bacterial B-galactosidase.
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study showed that infection of HSCs with this adenovirus AdTB-ExR attenuated intracellular
TGEF-B1 levels, ROS generation (Fig. 6), and prevented HSC activation, suggesting that the
adenovirus-mediated soluble TGF-B receptor might lead to an interruption of the TGF-§
autocrine loop in activated HSC (unpublished observations). Further, using adenovirus-mediated
gene transfer to express a truncated TGF-P type II receptor in the liver, a single application of
the adenovirus TGF-3 receptor construct, intravenously or via the portal vein, induced prevention
of fibrosis in a model of hepatic fibrosis.3”® The truncated receptor theoretically inhibits TGF-
activity, by competing with binding of the cytokine to endogenous TGF-J receptors.

In future studies it might be feasible to use a liver-specific gene-delivery system for in vivo
transfectlon of liver cells with genes encoding the respective antagonists of soluble cytokine
receptors,® thus providing a sustained supply of cytokine scavengers at the site of action. The
use of TGF-B antisense oligomers also might be of value for the treatment of heparic fibrosis in
which TGF-B overexpression plays the most important pathogenetic role.”

An important consideration with the use of these compounds will be that, because TGF-3
is important in all forms of wound healing, inhibition of TGF-B could conceivably impair
beneficial wound healing.

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF), originally identified and cloned as a potent mitogen for
mature hepatocytes,”* shows mitogenic, motogenic and morphogenic activities for a wide
variety of cells. In the liver HGF binds to interstitial collagen types I, II, V, and VI at sites of
excessive release.”® Its binding to the ECM can protect this growth factor from proteolytic
degradation and allow for rapid release when tissues are remodeled and the ECM is degraded
during development or after injury, thus paving the way for wound healing, neovascularization,
and organ growth.”® It is now evident that HGF plays an essential part in the development and
regeneration of the liver.” It has been reported that HGF reduces TGF-B expression, induces
MMP activity, and inhibits fibrogenesis in animal models of hepatic fibrosis.”>*® Based on
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gene therapy, repeated transfections of the human HGF gene into skeletal muscles induced a
high plasma HGF level, suppressed the increase of TGF-B1, inhibited hepatocyte apoptosis,
and produced the complete resolution of hepatic fibrosis in an animal model of cirrhosis.””
Further studies assessing its efficacy and safety are needed to establish its utility in human liver
disease, particulatly in view of its potential stimulation of hepatocyte growth and theoretical
risk of carcinogenesis.’

Antioxidants

Oxidative stress could represent a mechanism contributing to hepatocyte injury and HSC
activation common to different pathways, such as inflammatory, ethanol, and iron overload
stimuli, leading to hepatic fibrosis.”!4 Therefore, 2 known antioxidant, a-tocopherol (vitamin
E) has been examined in animals”®*® and humans.'® In patients with chronic hepatitis C, who
wete refractory to IFN therapy, treatment with @-tocopherol resulted in inhibition of parameters
of HSC activation, including type I procollagen mRNA level and B-SMA expression, to a
substantial degree. However, no change in the histological degree of hepatocellular inflammation
or fibrosis was observed.!®

In addition to o-tocopherol, silybinin, Sho-saiko-to,'°! and estradiol'®%1°? have been re-
ported to reduce lipid peroxidation and attenuate HSC activation in experimental models.
Silybinin acts as an oxygen radical scavenger,'™ prevents the lipid profile of hepatocyte mem-
branes,'? inhibits the proliferation of HSCs in vitro, and retards collagen accumulation in an
experimental model.'® There have been some positive clinical trials involving silymarin, a
standardized extract from milk thistle Silybum marianum, the principle active component of
which is silybinin, comprising 60-70% of the silymarin.!°*!%” However, the latest results of a
randomized controlled trial suggested that silymarin had no beneficial effect in human liver
diseases.!%

The Chinese herbal medicine Sho-saiko-to is a mixture of seven herbal preparations, which
is widely administered in Japan to patients with chronic hepatitis and cirrhosis. Sho-saiko-to
functions as a fibrosuppressant, at least in part, by inhibition of lipid peroxidation in hepatocytes
and HSCs in vivo.'”" Among the active components of Sho-saiko-to, two flavonoids, baicalin
and baicalein were found to be mainly responsible for the antioxidative activity.'! These fla-
vonoids were reported to suppress the proliferation of vascular smooth muscle cells.'' The
chemical structures of the flavonoids are very similar to silybinin. Each molecule contains a
2-phenyl-1-benzophyrane-4-one (flavone) structure (Fig. 7).!'!

S-adenosyl-L-methionine (SAMc) is a substrate of glutathione synthesis that has
hepatoprotective and antioxidant properties.!'>!'* It attenuates hepatic fibrosis in experimen-
tal models. SAMc is currently used in several human liver diseases, such as alcoholic liver
disease, and drug-induced liver disease. In alcoholic patients, it improves survival and delays
the need for liver transplantation.!'*

Estradiol is a potent endogenous antioxidant that reduces lipid peroxide levels in the liver
and serum.!>11¢ [t was reported that estradiol treatment results in a dose-dependent suppression
of hepatic fibrosis in hepatic fibrosis models,'%? and that estradiol can inhibit the activation of
AP-1 and NF-B in cultured hepatocytes undergoing oxidative stress'>'¢ and attenuate HSC
activation in primary culture.'®>!% However, the administration of estrogen in women poses
some potential risks, including breast cancer and endometrial abnormalicies.''”'"

Arg-Gly-Asp Peptides

Many integrins recognize and bind the amino acid sequence Arg-Gly-Asp (RGD) that
presents in fibronectin, collagen type VI, and other ECM molecules.!*® The RGD tripeptide
can inhibit fibrosis in a model of immune-mediated liver damage.'?' An interesting observation is
that the extradomain III, which is present in a splice variant of fibronectin, can induce the
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Figure 7. Comparison of the chemical structure of baicalin, baicalein, silybinin, and quercetin. Each of these
molecules contain a 2-phenyl-1-benzopyrane-4-one (flavone) structure.

myofibroblastic phenotype in cultured HSCs and that a neutralizing antibody to this domain
can reverse this step of HSC activation.'? Collagen type V1 is a major matrix protein involved
in the adhesion of cells to the surrounding matrix. The main cellular sources of collagen type
VI in normal and fibrotic livers are HSC.'** Binding of cells to collagen type V1 by integrins is
RGD-dependent. Although several RDG sequences are found in collagen type V1, the cyclic
RGD-containing peptide C-GRGDSPC*, in which C* denotes the cyclizing cysteine residues,
specifically inhibited the attachment of collagen type V1 to cells, while the RGD-dependent
binding of fibronectin to these cells was not inhibited.'** In addition, the linear GRGDSP
peptide'? failed to inhibit the cellular attachment of collagen type VI,'?* suggesting that a
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non-integrin collagen type VI receptor was antagonized by the cyclic peptide.'? To date, drug
carriers to hepatocytes, Kupffer, and sinusoidal endothelial cells have been described exten-
sively.'?® In contrast to in vitro findings, in vivo studies suggested that most antifibrotic agents
are not efficiently taken up by HSCs. To attain HSC-specific uptake, drugs can be coupled to
carrier molecules thar are designed for selective uptake by target cells. A recent study showed
that human serum albumin modified the cyclic RGD-containing peptide specifically bound to
HSl(2)63nd might be applied as a carrier to deliver antifibrotic agents to HSCs in hepatic fibro-
sis.

Endothelin Inhibitors

Although ET-1 is profibrogenic in other organs such as lung and kidney through the
activation of ET receptors, its role in hepatic fibrosis remains controversial. In early phases of
hepatofibrogenesis, the expression of ET4 receptors is predominant over ETg receptors; therefore,
ET-1 could play a profibrogenic role.!?” In contrast, as hepatic fibrosis progresses, there is a
marked up-regulation of ETg receptors in the diseased liver, which could prevent progression
of hepatic fibrosis by inhibiting HSC proliferation and collagen synthesis.'?#!?° These findings
suggest that the use of selective ET 4 antagonists may be a more rational strategy to treat hepatic
fibrosis than nonselective ET receptor antagonists.>® A recent study has shown that the admin-
istration of a selective ET antagonist inhibits hepatic fibrosis in a experimental model.'*

Prolyl Hydroxylase Inhibitors

The crucial step of the intracellular collagen processing is the synthesis of hydroxyproline
residues by the enzyme, prolyl 4-hydroxylase (EC 1.14.11.2). Hydroxyproline residues stabilize
the collagen triple helix. Underhydroxylated collagen is not stable at body temperature. It is
retained and rapidly degraded inside the collagen-producing cells, HSCs and endothelial cells.
Prolyl 4-hydroxylase therefore represents an important target as an antifibrotic.'' Several com-
petitive inhibitors of prolyl 4-hydroxylase have been developed, and include HOE 77, Safironil,
and S 4682. It has been shown that HOE 77,'22134 Safironil,'>4 and S 4682'%! inhibit hepatic
fibrosis in animal models and attenuate HSC activation in primary culture. The molecular
mechanism by which these compounds inhibit HSC activation remains unclear. Further stud-
ies will be required before their clinical application.

Collagenase Modulators

Potential targets include the modulation of MMP activity and its regulators such as plas-
minogen activator or TIMPs. uPA, an initiator of the matrix proteolysis cascade, has been
examined in a rat model of cirrhosis."®> A single intravenous administration of a
replication-deficient adenovirus expressing a nonsecreted form of human uPA resulted in high
production of functional uPA protein in the liver, leading to induction collagenase expression
and reversal of fibrosis with subsequent hepatocyte regeneration and improved liver function.

Retinoids

Vitamin A includes a class of biologically active compounds also referred to as retinoids.
This class of compounds in the diet is not only provided as retinyl esters, mainly retinyl palmi-
tate, from animal sources, but also as carotenoids, mainly -carotene, from plant sources. HSCs
are the main storage sites for retinoids in intact liver lobules. The main storage type for retinoids
in HSCs is retinyl palmitate. When activated in injured livers, HSCs transform into
myofibroblast-like cells, during which process they gradually lose their intracellular retinoids.
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Alchough a substantial body of evidence suggests indicates that retinoids play an important
role in the regulation of HSC activation,'2'>” the findings from in vivo experimental models
are mixed.

In cultured HSCs, retinyl palmitate supplementation produced many lipid droplets occu-
pying the cytoplasmic space and attenuated HSC activation, leaving insufficient space for other
organelles to develop.!*® Retinyl palmitate also inhibited hepatofibrogenesis in experimental
models of hepatic fibrosis.!*®'*? Further, a clear association in an animal model between col-
lagen deposition and retinoid status existed.'* In another study, however, 9-cis retinoic acid, a
retinoic acid analog, enhanced hepatic fibrosis in an experimental model, which accompanied
enhancement of cellular plasminogen activator and plasmin levels, thereby inducing
plasmin-mediated activation of latent TGF-B.1! It has been suggested that the divergent ef-
fects on fibrogenesis are related to differential effects of retinoic acid isomer; in cultured HSCs,
all-trans retinoic acid exerts a significant inhibitory effect on the synthesis of certain ECM
mRNAs, whereas 9-cis retinoic acid has the reverse effect.'*? Regardless of their effects in ex-
perimental models, it is unlikely that retinoids could be tested or used as antifibrotic agents in
humans because long-term administration of retinol at high concentration appears to induce
hepatic fibrosis in humans.!*3

Miscellaneous Compounds

Pentoxifylline is a xanthine derivative drug that displays vasodilating properties for pe-
ripheral blood vessels and reduces blood viscosity. It was reported that pentoxifylline inhibits
myofibroblastic transformation of HSC,14 being effective on TGF-B and PDGE45:146 1,
addition to its antifibrogenic properties pentoxifylline exerts hepatoprotective effects, '’ which
are associated with a reduced production of TNF-a; by KupfFer cells.!*® However, pentoxifylline
has had mixed effects in animal models of hepatic fibrosis.!* Further clinical studies have to be
performed to establish its real therapeutic benefits in hepatic fibrosis.

Polyenylphosphatidylcholine is a mixture of polyunsaturated phosphatidylcholines ex-
tracted from soybeans. It has been reported that this compound protects against alcohol-induced
fibrosis and cirrhosis. Alcoholic liver injury is often associated with oxidative stress results in
lipid peroxidation, including phosphatidylcholines, the backbone of cell membranes. It has
therefore been postulated that replacement of phosphatidylcholine in membranes might lead
to reduced cellular injury and fibrogenesis.'*’ Polyenylphosphatidylcholine reduces fibrogenesis
in animal models of hepatic fibrosis,’*®'*! and attenuates HSC activation and increases MMP
activity in primary culture.'>! Where this compound therapy might be useful in patients with
hepatic fibrosis is open.

Conclusions

The ultimate goal of research on hepatofibrogenesis is to develop a rational basis for effec-
tive antifibrotic therapy. The progress in understanding the cellular and molecular mechanisms
underlying hepatofibrogenesis brings the development of effective therapies closer to reality. In
the future, targeting of HSCs and fibrogenic mediators will be a mainstay of antifibrotic therapy.
Points of therapeutic intervention may include:

1. removing the causative agent (i.e., eradicating HCV RNA);

2. suppressing inflammation and cell death;

3. inhibiting HSC activation;

4. promoting matrix degradation. The furure prospects for effective antifibrotic treatment are

more promising than ever for the millions of patients with chronic HCV infection worldwide.
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CHAPTER 12

Reversibility of Liver Fibrosis:
Role of Matrix Metalloproteinases

Isao Okazaki, Tetsu Watanabe, Maki Niioka, Yoshihiko Sugioka
and Yutaka Inagaki

Summary
eversibility of liver fibrosis has been reported both experimentally and clinically, if the
R:ause of liver damage is removed or adequately treated. We first reported the collagenase
ctivity in the process of experimental liver fibrosis in 1974. The present review dis-
cusses the participation of matrix metalloproteinases (MMPs), especially MMP-1/MMP-13,
in the spontaneous resolution of liver fibrosis, in association with tissue inhibitor of MMPs
(TIMPs). A recent advance in molecular biology has revealed the important role of MMPs and
TIMP:s in the recovery from liver fibrosis and cirrhosis. In situ hybridization study showed that
some stem/progenitor cells expressing MMP-13 mRNA may play an important role in the
recovery from liver cirrhosis, and these cells were determined to be neural cells by us to be
neural origin. Transfusion of stem cells derived from bone marrow will be applied to patients
with liver cirrhosis in near future. Suitable conditions to make stem cells proliferate and differ-
entiate for the expression of MMP-13 should be developed.

Introduction

Liver cirrhosis has been defined as an irreversible and fatal disease resulting from all types
of chronic liver disease.! Aithough the etiology of liver cirrhosis is not uniform, the common
pathophysiological feature is an abnormal and progressive “deposition of extracellular matrix”
in the liver which causes a distorted structure of intrahepatic and extraheparic circulation with
portal hypertension, an impaired metabolic function with bleeding tendency, hepatic encepha-
lopathy, and secondary renal failure. Ninety percent of cases with hepatocellular carcinoma are
associated with liver cirthosis. Hepatologists have had a dream to control the abnormal depo-
sition of extracellular matrix.2*

On the contrary, Cameron and Karunaratne® observed the reversibility of liver fibrosis of
rats after cessation of chronic treatment with toxic reagents. Perez-Tamayo® introduced an
interesting case of hemochromatosis with the evidence for the reversibility of liver cirrhosis.
These studies stimulated us to study the mechanism of the degradation of extracellular matrix
in the fibrotic liver. We reported the interstitial collagenase activity in the process of liver fibro-
sis’ of rat induced by carbon tetrachloride and have investigated the role of matrix
metalloproteinases in the spontaneous resolution of experimental liver fibrosis of rat.>*
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Very recently we found that neural progenitor cells derived from hematopoietic stem cells
express interstitial collagenase in the recovery phase of experimental cirrhosis.*® The present
review describes the reversibility of liver fibrosis in clinical cases and the reversibility mecha-
nism in experimental models in relation to matrix metalloproteinases (MMPs) and their spe-
cific tissue inhibitors (TIMPs). Especially, we discuss the participation of stem/progenitor cells
expressing MMPs and TIMPs in the degradation of newly formed fibrous tissue in the recovery
from rat liver cirrhosis.

Reversibility of Human Liver Fibrosis

The pathology ofliver cirthosis is characterized by the abnormal deposition of large amount
of extracellular matrix, and liver cirrhosis has been believed to be an irreversible disease which
causes four major serious complications (the rupture of esophageal varices, uncontrolled ascites
leading to renal failure, hemorrhagic tendency including gastrointestinal bleeding, brain bleed-
ing and others, and hepatic encephalopathy) indicating poor prognosis of liver cirrhosis.

The reversibility of human liver cirrhosis, however, has also been observed after effective
therapy among patients with alcoholic liver disease,” hemochromatosis,%'° primary biliary cir-
thosis,' "2 secondary biliary cirrhosis,'®!* hepatitis B virus (HBV)-related chronic hepatitis
and cirrhosis,’>® hepatitis C virus (HCV)-related hepatitis and cirrhosis,'’-%® hepatitis D virus
(HDV)-related hepatitis,27 autoimmune hcpatitis28 and other liver diseases'® since the histo-
logical examination had prevailed in the clinical hepatology.

Maruyama et al?® reported that the histologically documented reversibility of liver fibrosis
in alcoholic liver diseases was closely correlated with a decrease in serum fibrosis marker of type
IV collagen. Among out-clinic patients of alcoholic diseases, however, regression of fibrosis has
not been clearly demonstrated due to continuous alcohol consumption.*

We demonstrated the disappearance of liver fibrosis during recovery from HBV-positive
subacute hepatitis with massive fibrosis.!> The improvement of fibrosis in patients with chronic
hepatitis B after successful long-term lamivudine administration has also been reported in a
larger cohort.'®

Recent clinical experience with intetferon therapy for HCV antibody positive-chronic
hepatitis and cirrhosis has documented the regression of hepatic fibrosis in many cases'*% The
close correlation between the histologically documented grade of liver fibrosis and the serum
type IV collagen levels has been reported in patients who responded to interferon therapy.'’>!
We observed higher serum MMP-1 levels and the higher ratio of MMP-1 to TIMP-1 or TIMP-2
in patients who well responded to interferon therapy compared with nonresponders.!” The
effect of interferon on the recovery of liver fibrosis is not only due to the eradication of HCV
but may also result from a direct and indirect action of this cytokine on fibrogenesis.'® That is,
interferon itself decreases the production of collagen®??? and attenuates the fibrogenic activity
induced by TGF-B.>*% Interferon can also induce collagenase activity.>-®

Liver fibrosis assumed to be resulted from chronic pancreatitis and stenosis of the com-
mon bile duct, was resolved after biliary drainage.'* Recovery was also reported after surgery in
an infant with cirrhosis due to congenital biliary atresia.'® Reversibility of hepatic fibrosis and
cirthosis has been reported in some patients with primary biliary cirrhosis who respond to
treatment,! 12

It is now generally accepted that reversibility of liver cirrhosis occurs under some condi-
tions where the cause of liver damage is removed or adequately treated. Further research focus-
ing on the relationship between matrix metalloproteinases (MMPs), their specific inhibitors,
tissue inhibitors for matrix-metalloproteinases (TIMPs) -1 to -4 and liver fibrosis, is expected
to contribute to active lysis of remaining fibers after the removal of causes and/or conventional
treatment.
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Figure 1. Azan staining of rat liver at day 2 (A) and at day 5 (B) after the last injection of CCl4 for 8 weeks,
and at day 2 (C) and at day 5 (D) after the last injection of 12 week CCly treatment. Newly formed fibrous
bands (A, C) are dramatically resolved at day 5 (B, D) after discontinuation of toxic reagents. Regenerative

nodules are seen (C) but remarkable resolution of fibrous bands is observed (D).Original magnification:
25x.

Reversibility of Experimental Liver Fibrosis

Cameron and Karunaratne® reported the reversibility of liver fibrosis in the carbon tetra-
chloride (CCly)-induced cirrhosis model after removal of the toxic agent. The reversibility of
liver fibrosis has been confirmed in this experimental model.**** The reversibility has been
observed in other several experimental models such as thioacetamide-,*! 0t-naphthyl-isothiocyanate-,*2
ethionine,”® choline-deficient-diet-induced liver cirrhosis* as well as by the ligation of bile
duct®® after removal of the causative agent.

We have investigated the mechanism of extracellular marrix degradation in the spontane-
ous resolution of CCly-induced rat liver fibrosis reported by Cameron and Karunaratne.” 647
Wistar male rats were injected intraperitoneally with 1 mglkg of a 30% solution of CCls in
olive oil twice a week for 8 or 12 weeks. These rats were sacrificed at 48 h, 5 days and 7 days
after the last injection of CCly treatment for 8 or 12 weeks. %7 Control rats were injected with
the same amount of olive oil intraperitoneally.

At 48 hours after the last injection of 8-week CCly intoxication, the liver showed moder-
ate fibrosis, linking neighboring tracts completely and separating the lobules into small
sublobules.*® In some portions, the newly formed fibrous bands connecting the neighboring
portal triads extended within lobules with multiple-branched bands, which were connected to

the perihepatocellular fibrosis. Regenerative nodules were not observed” 444642
Figure 1A.

as shown in
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During five days after the last injection of the 8-week treatment, the newly formed fibrous
bands became thiner or almost disappeared, and the hepatocytes recovered from fatty meta-
morphosis. Enlargement of the portal triad still remained, but the extended multiple branched
bands within lobules changed into fine needle-like bands or disappeared around hepatocytes
without fatty metamorphosis (Fig. 1B). 47 Fibrous bands during the resolution process showed
a characteristic feature, somewhat like a pencil with a long needle. The findings at 7 days after
the last in gecnon of the 8-week treatment were almost the same as those at 5 days described
above. 4

At 48 hours after the last injection of 12-week CCly intoxication, advanced fibrosis with
regenerative nodules surrounded by thick fibrous bands was seen (Fig. 1C). 7444650 (3 the
other hand, at 5 and 7 days after the last injection of 12-week CCly intoxication, the spontane-
ous resolution of newly formed fibrous bands was observed even if the distortion of the liver
structure with various sizes of regenerative nodules still remained (Fig. 1D). 74446-49

To estimate the degree of ﬁbrosns, measurement of the biochemical hydroxyproline con-
tent in the homogenate of rar liver® as well as morphometric analysis*®*’ of Azan-stained
sections were performed. The hydroxyproline content and morphological fibrotic rates de-
creased significantly in the rat liver on day 5 and day 7 in the recovery phase compared with
those in both 8-week and 12-week CCly intoxicated rat liver.

Biological Collagenase Activity in Recovery Stage of Liver Fibrosis

We observed collagenolysis around the explants of a slice of rat fibrotic liver on a collagen
gel film, demonstrating the typical collagenase attack pattern against neutral salt- extracted
collagen by disc electrophoresis of the sample collected from the reacted colla% n gels.*” This
disc gel revealed B* (3/4-length of B chain), & (3/4-length of & chain) and o® (1/4-length of
o chain) products, which are the typical products of limited collagen degradation by mamma-
lian collagenase on polyacrylamide gels. This was the first publication to identify the presence
of interstitial collagenase in the liver.

A semi-quantitative assay using this tissue culture technique revealed that the collagenase
activity increased at the early stage of liver fibrosis and decreased at the advanced stage of liver
fibrosis. Contrary to our expectations, the collagenase decreased at days 5 and 7 after 8- and
12-week CCly intoxication.”' Since we have believed the participation of collagenase activity in
the recovery from liver fibrosis and cirrhosis, we wanted to develop a specific and sensitive assay
method for interstitial collagenase activity in liver homogenate.

Liver homogenate contains lots of proteins and inhibitors, and the collagenase activity in
liver homogenate is expected to be quite low. The reaction mixture containing a substrate of
type | collagen extracted from rabbi skin in solution,>? the homogenate of baboon liver as an
enzyme and 3mM p-chloromercuribenzoate to inhibit thiol proteinase activity and to convert
procollagenase into the active form, was incubated under neutral pH at 27°C, assayed by vis-
cometer, and monitored by disc electrophoresis.>® The levels of the reaction products of * and
o and their ratio showed the predicted degradatlon pattern of type I collagen molecules by
interstitial collagenase, and its activity was consistent with the degradation measured by vis-
cometer (Fig. 2). Using the principle of this assay method but with a substrate of type I col-
lagen in fibril form, we demonstrated an increased activity of interstitial collagenase in the early
stage of liver fibrosis in baboons that had been fed alcohol chronically’>>* and in patients with
alcoholic liver fibrosis (Fig. 2). % Our original observation of an increased collagenase activity
in the early stage of liver fibrosis and a reduced collagenase activity in advanced fibrosis were
confirmed by other investigators.>>>’ The activity in the recovery phase from liver fibrosis and
cirthosis, however, was not accompamed by up- regulation of interstitial collagenase even by
this sensitive and quantitative assay.** This questlon, “why collagenase activity doesn’t increases
for the destruction of extracellular matrix in the recovery from liver fibrosis?” remains unre-
solved.
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Figure 2. Viscometric assay of the collagenase from a human liver at autopsy (black circle), and from the
biopsy of baboon liver (O) using collagen in solution at 25°C. The control reaction mixture did not contain
liver homogenate (X). The results are expressed as a percentage of the initial specific viscosity of the relevant
reaction mixture. (Black circle) nsp=3.28; (O) =3.41; (X) =3.04. Data are compiled from Maruyama et a®
Disc gel electrophoresis on each reaction mixture revealed the typical collagenase action against type I
collagen; that is, the gradual increase in the reaction products of B, o and o®.

Arthur et al®®> reported that hepatic stellate cells secrete a neutral metalloproteinase that
can degrade type IV collagen (a component of the basement membrane), which appears to be
MMP-2. Hepatic stellate cells produce not only MMP-2%! but also MMP-3,5%3 membrane
type (MT) 1-MMB+% MT2-MMP® TIMP-1,%% and TIMP-2.7° The amount of MMP-2
mRNA and protein contents of MMP-2 increased in the process of experimental liver fibrosis
and gradually decreased in the recovery stage of liver fibrosis.”! Both MMP-2, a potent gelatinase,
and MT1-MMBD, an activator of MMP-2, can cleave native type I collagen,n’—/3 but with less
efficiency than does MMP-1.72 Therefore biological activity against type I collagen contains
activities of MMP-1, MMP-2 and MT1-MMP In order to clarify the participation of MMP-1
in the recovery from liver fibrosis and cirrhosis, we moved to the study of gene expression of

MMPs and TIMPs.
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Gene Expression of MMPs and TIMPs in Both Progressive Stage of
Liver Fibrosis and Its Recovery

The metabolism of extracellular matrix is based on the balance between activities of ma-
trix metalloproteinases (MMPs) and those of TIMPs. We have investigated gene expression of
MMP-13, MMP-2, MT1-MMP and TIMP-1 by reverse transcription-polymerase chain reac-
tion (RT-PCR) and in situ hybridization. In the case of rats, sequence homology analysis re-
vealed that except for human MMP-13, there is no sequence in rats that shows more than 90%
similarity with the sequence of MMP-1 in humans.”*”> Since the cDNA of rat MMP-1 has
not yet been cloned, rat interstitial collagenase should be considered to be the rat homologue of
human MMP-13. MMPs other than MMP-1, MMP-8 and MMP-13 cannot degrade type I
collagen, which is very stable, and a net deposition of type I collagen has been observed in

progressive hepatic fibrosis.>*7683

Gene Expression of MMP-13

In the process of hepatic fibrosis in rats induced by chronic CCly intoxication, Iredale et
al®*® did not observe any increase in MMP-13 mRNA transcription but demonstrated an
increase in TIMPs mRNA transcripts. They hypothesized that the relative increase of TIMPs
against MMP-13 may lead to the deposition of type I collagen. We have also demonstrated
down-regulation of MMP-13 in the progress of liver fibrosis*® and up-regulation of TIMP-1by
RT-PCR (unpublished data).

Iredale et al**® observed no change in MMP-13 gene expression but decreased gene
expression of TIMPs during the recovery phase. From their results, they emphasized the im-
portance of relative increase of MMP-13 to TIMPs. We, however, observed up-regulation of
MMP-13 mRNA at day 5 after the last injection of 8-week CCly intoxication, that is, in the
early recovery phase. Differences in both the method and time schedule used to detect MMP-13
mRNA between their experiment and ours may have affected the results.* First, since the level
of MMP-13 expression was quite low, we used RT-PCR analysis instead of conventional North-
ern blot hybridization or ribonuclease protection assay to detect the transcripts. Transcripts of
MMP-13 were analyzed by RT-PCR, followed by Southern blot analysis. Second, we exam-
ined the rat liver at day 5 after the last injection of 8-week CCly intoxication, but they did not
examine the gene expression at this time point. Intriguingly, the time course study of the gene
expression of MMP-13 during the recovery phase showed quite similar findings to our previ-
ous histochemical demonstration of lysosomal enzyme activities, showing a dramatic
up-regulation of enzyme activity at day 5 after discontinuing CCly intoxication.**¢ Our re-
port is the first to demonstrate the up-regulation of MMP-13 in the very early recovery phase,
that is, at day 5 after the last injection of CCl, for 8 or 12 weeks.*®

Stronger MMP-13 gene expression was noted at day 5 after the last injection of 12-week
CCly intoxication compared with that at day 5 after the last injection of 8-week CCly intoxica-
tion.* It is very interesting why the intense gene expression of MMP-13 appears in the recovery
from liver cirrhosis. This enhanced expression may be related to the appearance of hepatic stem
cells described later. These cells may appear in rat liver cirrhosis more frequently than in liver
fibrosis.

By in situ hybridization no signal for MMP-13 mRNA was observed in normal rat liver.
In the liver of rats treated with CCly for 8 weeks, signals for MMP-13 mRNA were observed in
a few cells lining the fibrous septa. Some of these cells were stained positive for O-smooth
muscle actin (6-SMA).% On the other hand, in the cirrhotic liver of rats treated with CCly for
12 weeks very weak signals of MMP-13 mRNAwere observed in stellate cells. No hepatocyte in
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Figure 3. In situ hybridization of MMP-13 and MMP-2 mRNA in the liver of rats treated with CCly. Gene
expression of MMP-13 was remarkable at day 5 after 12-week CCly treatment along the interface between
resolving fibrous band and the parenchyma (A). On the other hand, dynamic change of cells expressing
MMP-2 mRNA were observed at day 2 (B), day 5 (C), and day 7 (D) after 12-week CCly treatment. Figures
show the results of in situ hybridization using antisense RNA probes. Original magnification: 100x.

the liver expressed MMP-13 mRNA transcripts regardless of the length of CCls treatment.
These data were consistent with the resules of RT-PCR described above.

We demonstrated positive signals of MMP-13 mRNA during the recovery phase of liver
fibrosis, and cells positive for MMP-13 mRNA were observed mainly at the interface between
the resolving fibrous septa and the parenchyma by in situ hybridization. The very intense
signals for gene expression of MMP-13 were seen at day 5 after the last injection of 12-week
CCly intoxication. This was consistent with the results of RT-PCR described above. In par-
ticular, cells expressing MMP-13 at day 5 after 12-week CCly treatment were seen in the mar-
gins of the nodules interfaced with the resolving fibrous bands (Fig. 3A).

Overlapping the images of in situ hybridization and immunohistochemical staining re-
vealed that some, but not all, of the MMP-13-positive cells were stellate cells that were stained
with anti-0-SMA antibody. This is the first report providing direct evidence for definite MMP-13
gene expression during the recovery phase, which is in contrast to the down-regulation of
MMP-13 expression during the progression of fibrosis mentioned above.

Most MMP-13-positive cells detected in the recovery phase were albumin-negative,
o-feroprotein-negative, 0-SMA-negative, ED2-negative, and CK19-negative.” It is reasonable
that some of MMP-13-positive cells in the recovery phase could be stem cells as described
below.
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Gene Expression of MMP-2 and MT1-MMP

The enzymatic characteristics of MMP-2 are quite different from those of MMP-1 and
MMP-13. Not only are there differences in substrate specificity,¥” but also the expression of
these MMPs is differentially regulated. That is, phorbol esters (TPA), interleukin-1f, tumor
necrosis factor-ot, and basic fibroblast-growth factor stimulate MMP-1 expression;87 trans-
forming growth factor (TGF) B1, interleukin-8, and concanavalin A induce MMP-2 expres-
sion.®#?! p53 up-regulates MMP-2 expression, but down-regulates MMP-1 expression.”*%?

Takahara et al°*”" and Theret et al®* reported up-regulation of MMP-2 mRNA during
the remodeling of extracellular marrix in experimental animal and human liver fibrosis.
MT1-MMP mRNA also increased in the progressive stage of liver fibrosis.**”> Ikeda et al’®
reported that MMP-2 is necessary for the proliferation and infileration of heparic stellate cells
in the process of liver fibrosis. Therefore, MMP-2 has been considered to be a fibrogenic MMP,
which acts in the formation of liver fibrosis.>828>97

We demonstrated the up-regulation of MMP-2 mRNA and MT1-MMP mRNA in the
progressive phase of liver fibrosis by RT-PCR.*” The up-regulation of both MMP-2 mRNA
and MT1-MMP mRNA in the progtessive phase is consistent with the reports mentioned
above.

In the recovery phase, however, Takahara et al”' showed thar after the discontinuation of
chronic CCly treatment, there was increased MMP-2 expression on day 3 and day 7 and re-
duced expression on day 14. We demonstrated, however, that increased MMP-2 and MT1-MMP
gene expression in liver fibrosis or cirrhosis is gradually decreased to normal levels in the recov-
ery.” These findings are not consistent with Takahara et al.”' The reason for this difference
between Takahara et al’! and ours" is probably due to the different experimental design.” The
MMP-2 and MT1-MMP gene expression is very different from that of MMP-13, which showed
down-regulation in the progressive phase and up-regulation in the recovery phase as men-
tioned above.

Although up-regulation of MMP-2 and MT1-MMP gene expression was not observed in
the recovery phase, in situ hybridization study revealed that both MMP-2 and MT1-MMP
may play some role in fibrolysis as mentioned below.*’

In situ hybridization showed that cells positive for MMP-2 mRNA were mainly observed
around the fibrous bands and some positive cells were scattered in the lobules in the livers of
rats treated with CCly for 8 or 12 weeks (Fig. 3B). On day 5, MMP-2 mRNA-positive cells
were observed exclusively along or within the resolving fibrous septa (Fig. 3C). That is, fewer
MMP-2 mRNA-positive cells were seen in the lobules at day 5 compared with day 2. At day 7
after the last injection, the positive signals were still identifiable, scattered in the mesenchymal
cells, including Kupffer cells, within the lobules (Fig. 3D). Surprisingly, these dynamic changes
in the distribution of cells expressing MMP-2 mRNA occurred in the very early days of recov-
ery. The same dynamic change was observed in cells expressing MT1-MMP, TIMP-1 and
TIMP-2, but not in MMP-13 mRNA.

That is, the findings of MT1-MMP mRNA expression in both the 8-week- and
12-week-treated groups were essentially the same as those of MMP-2 mRNA expression, al-
though the level of MT1-MMP mRNA was lower than that of MMP-2 mRNA.*7 Cells ex-
pressing MMP-2 mRNA were almost the same as those expressing MT1-MMP mRNA at day
5. Both enzymes seem to degrade the newly formed fibrous bands in the recovery phase. There-
fore, MMP-2 and MT1-MMP may play some role in the recovery from liver fibrosis.

Colocalization of MMP-2-positive, MT1-MMP-positive and TIMP-2-positive cells was
seen around the fibrous bands at day 5. Kinoshita et al®® noted that TIMP-2, which is an
inhibitor of MT1-MMP, paradoxically promotes activation of progelatinase A through
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MT1-MMP From these results it is suggested that colocalized MT1-MMP and TIMP-2 can
activate pro-MMP-2 around fibrous bands to dissolve extracellular matrix.

At day 7 MMP-2 and/or MT1-MMP-positive cells were observed diffusely in the lob-
ules,” implying their role in the degradation of the perihepatocellular fibrosis. Advanced liver
fibrosis is associated with the appearance of perihepatocellular fibrosis, which contributes to
the formation of sinusoidal capillarization.®”” Intralobular shunt vessels between portal vein
tributaries and hepatic vein tributaries are formed and it has been believed that there is no
metabolic exchange between the blood and hepatocytes, leading to the irreversibility of liver
fibrosis. We previously confirmed the reversibility of sinusoidal capitalization that appeared in
the experimental liver fibrosis of rats induced by chronic CCly intoxication.”®*! We also previ-
ously developed a method to assay type IV collagenase in the liver and demonstrated the re-
duced activity of type IV collagenase in human liver cirrhosis.””'%!%! Although gene expres-
sion of both enzymes was down-regulated totally, the both enzymes may participate in the
destruction of perihepatocellular fibrosis and result in the recovery from liver fibrosis. Biologi-
cal type IV collagenase activity includes net activities of MMP-2, MMP-3 and MMP-9 under
the influence of TIMPs. Although the reports®>63192 showed that MMP-3 and MMP-9 are
involved in perihepatocellular fibrosis, no study has reported about gene expression of
MT1-MMP and other MMPs in the context of fibrolysis in the liver.

During the recovery phase of liver fibrosis, most of the cells positive for MMP-2 mRNA
were negative for desmin and -SMA.*” Most of the cells positive for MT1-MMP mRNA were
also negative for desmin and a-SMA.Y Some MMP-2 mRNA-positive cells seemed to be
hepatocytes, although they did not express albumin. Both mesenchymal cell (mainly hepatic
stellate cells) and Kupffer cells were the major sources of MMP-2 production during the recov-
ery phase of liver fibrosis, although they did not express characteristic cell markers. A few
hepatocytes within the fibrous bands also produced MMP-2.47

The size of cells expressing both enzymes seems to be larger than those positive for MMP-13,
and we assume that both enzymes, in particular MMP-2, may be related with the proliferation
of hepatocyrtes, stellate cells and Kupffer cells.

Gene Expression of TIMP-1 and TIMP-2

TIMP-1 mRNA increased during the early phase of CCls-induced liver fibrosis, and then
decreased in the progressive stage of experimental liver cirrhosis,** and remained at a low
level during the recovery from liver fibrosis.®” The net activity of MMPs is determined by the
balance between the activities of the MMPs and their inhibitors. Herbst et al®® revealed that
high levels of TIMP-1 and TIMP-2 transcripts were present in all fibrotic rat and human livers,
predominantly in the stellate cells.

We also observed up-regulation of TIMP-1 and TIMP-2 mRNA in the progressive phase
and down-regulation in the recovery phase by RT-PCR. In situ hybridization showed strong
signals for TIMP-1 and TIMP-2 mRNA in the cells expressing MMP-2 and/or MT1-MMP at
the interface between the newly formed fibrous bands and the parenchyma in the progressive
phase (unpublished data).

In the recovery phase of liver fibrosis, increased levels of TIMPs gene expression gradually
decreased, but gene expression is still high. In situ hybridization revealed that the localization
of TIMP-1-and TIMP-2-positive cells drastically changed over 5 and 7 days after discontinu-
ance of chronic CCly treatment. That is, at day 5 mRNA for both TIMPs were observed
mainly in the parenchymal cells along the resolving fibrous bands, while weak signals of TIMPs
were observed mainly in the hepatocytes at day 7 (unpublished dara). Gene expression of TIMPs
in hepatocytes may promote the proliferation of hepatocytes. These results suggest that TIMPs
may participate in the recovery from liver fibrosis.
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Figure 4. Schematic representation of MMPs and TIMPs mRNA expression observed in stem/progenitor
cells appeared in the recovery phase of liver fibrosis. A solid line indicates MMP-13 gene expression and a
dotted line indicates gene expression of MMP-2 and MT1-MMP, TIMP-1 and -2 (- - -- -).

Stem/Progenitor Cells Expressing MMP-13 mRNA Appear in
Recovery from Liver Cirrhosis

Cells expressing MMP-13 mRNA were detected by in situ hybridization along the inter-
face between the resolving fibrous bands and the parenchyma at day 5 after the last injection of
CClyfor 8 or 12 weeks. In particular, strong gene expression was observed at day 5 after 12-week
treatment, that is, in the recovery from liver cirrhosis. Some cells were confirmed to be hepatic
stellate cells showing positive staining for 00-SMA, but most cells did not show positive staining
for 0-SMA, albumin, ot-fetoprotein, CK19 and ED2 immunohistochemically.46 Based on these
results we have investigated whether the cells expressing MMP-13 mRNA in the spontaneous
resolution of liver fibrosis are stem cells, because recent evidence indicated that hematopoietic
stem cells migrate in the liver and can differentiate into hepatic epithelium.'%®

It has been reported that some hepatic stellate cells are stained with GFAP, nestin and
neural cell adhesion molecules.!**%7 Then, we used antibodies specific for Musashi-1, nestin
and CD34. Musashi-1 protein, which is recognized as a neural RNA-binding protein, is in-
volved in the development of neurons and glia by regulating gene expression at the
post-transcriptional level.!®® Nestin is an intermediate filament, which appears transiently in
neural progenitor cells.!?” Neuronal cells positive for Musashi-1 and nestin are considered to
be progenitor cells in the central nervous system.'® 1% These cells have not previously been
observed in normal liver.

Putative stem cells showing expression of the above three markers were observed within
the resolving fibrous bands as well as at the interface between the resolving fibrous bands and
the parenchyma at day 5 after the last injection of 12-week CCly intoxication, in the early
phase of the recovery process of liver fibrosis.*® The Musashi-1-positive cell was also positive
for CD34, and the nestin-positive cell was positive for both CD34 and MMP-13 in serial
sections.*® By in situ hybridization and immunohistochemical studies using mirror image sec-
tion, some MMP-13 mRNA positive cells were found to express Musashi-1.*

Our study suggests that hematopoietic stem cells derived from bone marrow may differ-
entiate into neural stem/progenitor cells. Neural stem/progenitor cells may migrate to the
perilobular regions at the interface of the newly formed fibrous tissue from the perivenular

regions where they first come from bone marrow. These cells changed phenotype to express
MMP-13 mRNA (Fig. 4).
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We are currently investigating the relationship berween expression of stem cell markers
(c-Kit, CD34, Thy-1.1, Lin, Sca-1) and that of MMP-13 mRNA, and how and when stem/
progenitor cells do express MMP-13 mRNA in the process of cell growth and differentiation.
Its clarification, as well as the development of the methods to make stem/progenitor cells pro-
liferate and differentiate with expression of MMP-13, may lead to a new strategy for the treat-
ment of liver cirrhosis.

Different Mechanisms in Recovery from Liver Fibrosis and That
from Liver Cirrhosis

Strong gene expression of MMP-13 was observed in the recovery from liver cirrhosis,
while few signals were seen in recovery phases of liver fibrosis after 8-week treatment as de-
scribed above. We do not have further data to explain this difference directly.

Gelatinase activity of MMP-2 increased in the recovery phase of 8-week-treated rat liver
by gelatin zymography.*’ Increased gelatinase activity in the recovery phase is consistent with
the observation of Takahara et al’! except for that in the recovery phase of 12-week-treated rats,
which they did not examine. Decreased gelatinase activity in the recovery phase of
12-week-treated rats may reflect slow recovery from cirrhosis. We observed some discrepancy
between MMP-2 mRNA expression and enzymatic activity in both progressive and recovery
phases of liver fibrosis.” It seems that gelatinase activity depends on a balance between MMP-2
and their inhibitors.

Resolution of newly formed fibrous tissue in liver fibrosis of rats treated with CCly for 8
weeks may be based on a positive balance of MMP-2 and MT1-MMP compared to TIMP:s.
On the other hand, resolution of fibrous tissue in liver cirrhosis of rats treated with CCly for 12
weeks may need the enzyme of MMP-13, expressed by the stem cells derived from hematopoi-
etic system, mainly bone marrow, in particular, neural progenitor cells.

The stem cells expressing MMP-13 mRNA proliferate and differentiate into hepatocytes,
stellate cells and other cells. Some stem cells change their phenotype and express MMP-2 and
MT1-MMP followed by TIMPs. MMP-2, MT1-MMP and TIMP participate in the destruc-
tion of the extracellular matrix.”>*® MMP-2, MT1-MMP and TIMPs promote proliferation
of liver cells, in particular hepatocytes and stellate cells. Hepatocyte growth factor (HGF) pro-
motes the gene expression of MMP-13 as well as the proliferation of liver cells.

As one of the necessary cytokines, HGF is known to reduce experimental liver fibro-
sis./!1112 Ueki, et al''* showed that in dimethylnitrosamine-induced liver fibrosis, HGF
down-regulated TGFf3 expression, followed by the disappearance of predeposited fibrous tis-
sue. Ozaki, et al'?? proposed that HGF induces MMP-1 expression in LI 90 (a cell line of
human stellate cells) via Ets —1 in the promoter region of MMP-1. The recovery from liver
fibrosis by external HGF treatment indicates that fibrolysis induced by increased collagenase
activity could be related to regeneration of the liver.

Our results raise the possibility thar hematopoietic stem cells could be used for the treat-
ment of human liver fibrosis or cirrhosis. We are now investigating the possibility of gene
therapy to expand stem cells in the liver and to enhance MMP-1 gene expression in stem cells
with or without transfusion of stem cells derived from bone marrow in patients with liver
cirrhosis.

The most important problems to be resolved are whether stem cells expressing MMP-13
mRNA transdifferentiate into cancer cells and whether HGF promotes this process. We previ-
ously reported that transient expression of interstitial collagenase was observed in differenti-
ated, very early hepatocellular carcinomas (less than 2 cm), but not in moderately or undiffer-
entiated hepatocellular carcinomas.!!4
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Molecular mechanism of the transcriptional regulation of the MMP-1/MMP-13 gene has
not been studied in hepatic stellate cells. Inflammatory cytokines such as tumor necrosis factor
(TNF)-ot and interleukin (IL)-1P are known to be involved in the activation of hepatic stellate
cells. Most such cytokines activate the retrovirus-associated DNA-mitogen-activated protein
kinase (Ras-MAPK) signaling pathway including c-Jun NH2-terminal kinase (JNK) and ex-
tracellular signal-regulated kinase (ERK), which in turn activate the transcription of early genes
such as c-fos and c-jun. The Fos and Jun proteins contribute to the induction of MMP-1 gene
transcription by their binding to the proximal AP-1 sites of the promoter in fibroblasts and
immortalized cells.!!>!! In addition to the role of AP-1, Vincenti et al''® recently reported the
role of NF-XB in the induction of rabbit MMP-1 expression in IL1-treated synovial fibro-
blasts. TNF-o and IL-1P increase MAPK activity including JNK and ERK in rat hepatic stel-
late cells, by stimulating AP-1 activity in the hepatic stellate cells.””® Activation of hepatic
stellate cells is also closely related to NF-xB activity.!?® Activation of transcriptional factors
such as AP-1 and NF-xB may also contribute to gene regulation of MMP-1 in hepatic stellate
cells. The molecular mechanisms of the regulation of MMP-1 expression are still unknown. It
should be determined how such transcriptional factors as NF-xB or AP-1 may be involved in
MMP-1 gene expression in hepatic stellate cells. Hozawa et al'?! reported that Racl GTP may
direct transcriptional induction of MMP-1 expression by TNF-a predominantly via NF-xB in
human hepatic stellate cells.

Stem cells derived from bone marrow may be applied to patients with liver cirrhosis in
near future. Stem cells should be programmed to proliferate, differentiate and express MMP-1
mRNA through the mechanisms mentioned above.

Conclusion

Reversibility of liver cirrhosis occurs under some conditions if the cause of liver damage is
removed or adequately treated. The participation of MMPs, especially MMP-1/MMP-13, in
the spontaneous resolution of liver fibrosis, has been clearly demonstrated by our group. Cells
responsible for MMP-13 mRNA expression in the recovery phase may be neural stem/pregenitor
cells. Transfusion of stem cells derived from bone marrow will be applied to patients with fiver
cirrhosis in near future. We will make efforts to find suitable conditions for stem cells to prolif-
erate and differentiate for the expression of MMP-13.
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CHAPTER 13

Can Manipulation of Apoptotic Cell Death

Benefit Tissue Scarring?

Wesam Ahmed, Mohammed S. Razzaque and Takashi Taguchi

Abstract
( : ell death by apoptosis is an active process of cell removal that is initiated and regulated
by activation of specific enzymes and signaling molecules. In contrast to necrotic cell
death, apoptotic cell death holds the potential for therapeutic manipulation. Recent
studies document important roles for apoptosis in both normal and pathological processes,
ranging from embryonic development to tissue scarring. Apoptosis is thought to help reduce
inflammation by the selective removal of inflammatory cells and to help change fibroproliferative
mass into an acellular scar tissue by deleting cellular components. Our understanding of the
mechanisms of cell-specific apoptosis during various pathophysiological processes show the
opportunity to modulate the rate of apoptosis in a cell type-specific manner, to delay or sup-
press the progression of such immunoinflammatory diseases as pulmonary fibrosis and forma-
tions of pathologic scar tissue. We will briefly present the possible mechanisms of apoptotic cell
death and their impact on the formation of fibrotic mass.

Introduction

Tissue scarring is an active process which is closely involved in end-stage organ failure.
Although advanced tissue scarring is believed to be mostly irreversible, identification of impor-
tant molecules that regulate crucial steps of fibrogenesis has provided an opportunity to delay
or reverse the disease process. The nature of initiating events and subsequent healing responses
after an injury partly determine whether the outcome will be controlled wound healing, or
uncontrolled tissue scarring. It is the persistent activation of fibrogenic molecules that differen-
tiates uncontrolled tissue scarring from controlled wound healing. Therefore, regulating the
healing response by exogenous manipulation of fibrogenic molecules in patients with scarring
diseases offers the tantalizing prospect of modulating uncontrolled tissue scarring to a con-
trolled healing.

Advanced-stage tissue scar is mostly composed of matrix proteins with no (or very few)
cellular components. Recent studies have documented the role of cell death in the pathogen-
esis of tissue scarring. The presence of dead cells during the early inflammatory phase of
scarring diseases triggers the body’s defensive responses, such as the release of additional
cytokines, chemokines, and growth factors, resulting in a vicious cycle of inflammation, cell
death, and scarring. During the late-stage of wound healing, a decrease in matrix-producing
cells is seen along with an increased rate of apoptosis. This mechanism has been implicated
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in evolution of granulation tissue into an acellular scar tissue.! However, when removal of
cellular components from granulation tissue is not adequate, keloid and hypertrophic scars
form, both of which are characterized by an increased degree of cellular components.

Apoptosis has a determinant role in the clinical outcome of such human scarring diseases
as atherosclerosis. Atherosclerotic plaques are delicate tissue, composed of smooth muscle cells,
lymphocytes, macrophages, and matrix proteins. Apoptotic deletion of smooth muscle cells
from atherosclerotic lesions has been linked to destabilizing plaque, which is then prone to
rupture and form emboli, but apoptotic deletion of macrophages has been linked to plaque
stabilization, and thus reducing the risk of plaque rupture.” In the following chapter, Kuwano
and colleagues describe the role of apoptosis in pulmonary fibrosis, and present beneficial
effects of modulation of apoptosis by targeting proapoptotic molecules in the experimental
models. To provide readers with background information on different modes of cell death, we
will review molecular mechanisms of cell death, emphasizing apoptosis.

Apoptosis

Apoptosis is a major form of cell death. This term was coined because the release of apoptotic
bodies by dying cells resembled the picture of falling leaves from deciduous trees, called in
Greek “apoptosis”.* During apoptosis, cells induce their own death by chopping their DNA
into small fragments after receiving either internal or external death signals. Apoprosis is a
multistep, and multifactorial complex process, which occurs in a well-choreographed sequence.
These morphological events begin with nuclear and cytoplasmic condensation and blebbing of
the plasma membrane. Consequently, the cell breaks up into apoptotic bodies, which are
membrane-bound fragments containing structurally intact organelles as well as portions of the
nucleus. The apoptotic bodies are rapidly recognized by neighboring cells, then ingested and
cleared by degradation.

Mechanisms of Apoptosis

The molecular basis for classical apoptosis is related to the activation of a family of intra-
cellular cysteine proteases, termed caspases. Caspases are present in the cell in a latent state
(pro-caspases), but are activated in response to a wide variety of cell death stimuli.> Caspases
are organized in a cascade which contains the initiator (upstream) caspases (caspase 8 and 9)
responsible for activating the effector (downstream) caspases to perform proteolytic cleavage.
Once activated, the downstream caspases cleave specific protein substrates to induce apoptosis.*®
At present, at least two major pathways of caspase activation have been identified: (i) The
mitochondria-mediated apoptosis pathway, in which cytochrome c is released and activates
upstream caspase 9 in the presence of cytosolic protein Apaf-1° and, (i) The receptor-mediated
apoptosis pathway, in which the stimulation of death receptors activate upstream caspase 8.'°
Both pathways activate a major downstream effector caspase 3."" A third, less common, path-
way of caspase activation involving granzyme B has also been demonstrated. It bypasses both
the mitochondria-mediated and receptor-mediated pathways of caspase activation.' Granzyme
B is a serine protease synthesized in cytotoxic T lymphocytes and stored in secretory granules.
Once activated, the cytotoxic T cells secrete perforin, which induces pores in the membrane of
the target cells. These pores will be used by the cytotoxic T cells to inject granzyme B into target
cells. The enzymatic activity of granzyme B is crucial to its ability to induce apoptosis through
the direct activation of caspases like the downstream caspase 3. In addition, it has been re-
ported that granzyme B can induce apoptosis in a mitochondria-dependent mechanism via
Bid-dependent’? or independent'® pathways. Bid is a proapoptotic member of the BH3-only
family.
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Although the molecular basis of classical apoptosis is related to caspase activation, cell
death with apoptotic features can also occur independent of caspase'” through the release of
apoptosis-inducing factor (AIF).!® The two major apoptotic pathways, i.¢., the intrinsic (mito-
chondrial) and the extrinsic (receptor-mediated) are described in the following sections.

The Intrinsic (Mitochondrial) Death Pathway

The mitochondria, which are known collectively as the powerhouse of the cell because it
is the place where the oxidative phosphorylation and ATP synthesis take place, play a critical
role in apoptosis. Various cell death pathways involve permeabilisation of mitochondrial mem-
branes and release of mitochondrial proteins.!” Two types of stimuli can induce the mitochon-
dria to release proteins which activate apoptosis. These stimuli are internal, such as DNA dam-
age, or external, e.g., cytotoxic drugs, heat-shock, hypoxia, growth-factor withdrawal, and
irradiation. Several chemotherapeutic agents and anticancer drugs also act on mitochondria,
although their exact mechanism of action is unclear.!3

The intrinsic {mitochondrial) apoptotic pathway begins with the release of some mito-
chondrial proteins to the cytoplasm (Fig. 1). One protein is cytochrome c. The discovery that
cytochrome c is released from mitochondria during cell death, as well as its role in triggering
apoprtosis, has had a dramatic impact on our understanding of the mechanism by which apoptosis
is activated and regulated.!® Cytochrome c is normally located in the space between the outer
and inner membranes of mitochondria where it participates in the process of oxidative phos-
phorylation. Cytochrome c is released from the mitochondria into the cytosol in response to
apoptotic stimuli. The released cytochrome c forms a complex with the cytosolic protein Apaf-1
and caspase 9 in the presence of either ATP or ADP. This complex induces autocatalytic activa-
tion of caspase 9, the first step in the proteolytic activation of caspase 3 and the other effector
caspases 2, 6, 7 and 10, which are instrumental in causing cell death.?>?! Although it is widely
accepted that cytochrome c release is secondary to the loss of the mitochondrial membrane
potential, cytochrome c release can also precede this loss.?

The detailed mechanisms of the mitochondrial membrane’s permeabilization during
apoptosis are not clear yet. Many competing models are trying to explain this mechanism.” In
one model, mitochondrial swelling and rupture is induced by the opening of megachannel
permeability transition pores which are formed by the adenine nucleotide translocator (ANT),
located in the inner mitochondrial membrane, and the voltage-dependent anion channel
(VDAC), located in the outer mitochondrial membrane. These pores span both the inner and
the outer mitochondrial membranes where the two membranes are opposed. Bax, the
pro-apoptotic Bcl-2 family member, binds to the ATN. This binding induces mitochondrial
depolarization and increases the permeability of the inner membrane, which opens the perme-
ability transition pores.2* Consequently, water and solutes enter into the matrix, causing mito-
chondrial swelling. Another model proposes that mitochondrial swelling occurs as a conse-
quence of defects in the mitochondrial ATP/ADP exchange induced by the closure of the
VDAC:s, which causes hyperpolarization of the inner mitochondrial membrane and subse-
quent matrix swelling. On the other hand, at least in some cell types, the decline in membrane
potential follows the release of cytochrome ¢, which contradicts the previous scenario.

Other models predict the formation of pores in the outer mitochondrial membrane, al-
lowing the passage of cytochrome ¢ and other mitochondrial proteins into the cytosol without
damaging the membrane. Bax, in addition to its ability to bind to the ANT in the inner
mitochondrial membrane, as mentioned above, forms large conducting channels in lipid pla-
nar bilayers.?? Addition of Bax directly to isolated mitochondria induces the release of cyto-
chrome ¢ through a mechanism that is not blocked by permeability transition pore blockers
and does not involve mitochondrial swelling. In addition, Bax cooperates with VDAC to form
a cytochrome c-conducting channel.?
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Figure 1. The intrinsic (mitochondrial) apoptotic pathway. Triggering the mitochondria induce the release
of certain mitochondrial proteins. Cytochrome C release, with the interaction of Apaf-1, activates caspase
9, which activates caspase 3, among others, inducing apoptosis. Smac, another mitochondrial protein, is
released in response to mitochondrial triggering to relieve the inhibitory effect of IAP on caspase activation.
ATF release from the mitochondria induces apoptosis in a caspase-independent mechanism. Bcl-2 blocks
apoptosis by inhibiting the release of mitochondrial proteins.

In addition to cytochrome c, several proteins are released from mitochondria in cells un-
dergoing apoptosis. The recently identified Smac/Diablo molecule that binds to, and inacti-
vates, the inhibitors of apoptosis proteins (IAPs), is an example of these proteins.”®?” IAPs
inhibir cell death by binding to procaspases and activated caspases, blocking their processing
and activity. Smac/Diablo is released from the mitochondria along with cytochrome ¢ during
apoptosis and inactivates the IAPs, thus removing inhibition of caspase 9 activation.?® Because
Smac/Diablo is required for the inactivation of IAP by preventing the caspase 8-dependent
cleavage and activation of caspase-3,% in some cells, Smac/Diablo is more crucial in induction
of apoptosis than cytochrome c. Other proteins, in addition to cytochrome c and Smac/Diablo,
which regulate caspase activation and apoptosis, are localized between the outer and the inner
mitochondrial membrane. Caspase 9, caspase 3, caspase 2, and AIF, which induce
caspase-independent apoptosis,'® are examples of these proteins. These proteins can be released
from the mitochondria to the cytosol during the induction of apoptosis.*®
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Figure 2. A proposed model for an extrinsic (cell receptor-mediated) apoptotic pathway. Binding of death
ligand to a cell membrane receptor activates caspase 8. Activated caspase 8 stimulates downstream caspases
like caspase 3, which induces apoptosis.

The Extrinsic (Receptor Mediated) Death Pathway

The other major mechanism of apoptosis induction is the receptor-mediated pathway
which involves the activation of death cell receptors. Ligand binding stimulates downstream
effectors (Fig. 2). The tumor necrosis factor (TNF) family of cytokine receptors, which differ
in their ligand specificity, is an example of the death receptors. Upon ligand binding, the recep-
tor is activated then it recruits and binds the death effector cell protein Fadd/Mort-1.3! Fadd/
Mort-1 binding recruits and cleaves procaspase 8.> Cleavage of procaspase 8 induces the active
caspase 8, which is released to the cytosol, whete it cleaves and activates the downstream effec-
tor caspase 3.!!

Caspase 8 is not the only link between death receptors and induction of apoptosis. Activa-
tion of Fas can induce apoptosis by alternative pathways. For example, Fas receptors, via adapter
proteins, activate the mitogen-activated protein 3 (MAP3) kinase, ASK1. When triggered, the
proapoptotic ASK1 activates a phosphorylation cascade that culminates in the stimulation of
¢-Jun N terminal kinase (JNK).*! Activated JNK phosphorylates c-Jun and p53, among other
substrates, and induces apoptosis through modifying and transcriptionally regulating proteins
in the Bcl-2 family. Activation of Fas can induce apoptosis through multiple pathways.?
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Figure 3. The cross talk between the intrinsic (mitochondrial) and the extrinsic (cell receptor-mediated)
apoptotic pathways. One level of cross talk occurs at the level of Bid, where Bid cleavage by caspase 8 triggers
the mitochondria to induce apoptosis. Another level of cross talk occurs when receptor mediated apoptotic
pathway activates ASK 1. Active ASK 1 activates JNK, which stimulates the mitochondria to induce
apoptosis. This figures also shows a different mechanism of inducing apoptosis, by the ability of granzyme
B to directly activate caspase 3.

Cross Talk between Pathways

Despite the fact that mitochondrial-mediated and receptor-mediated pathways are sepa-
rate, cross talk between them occurs (Fig. 3). Bid is an example of the cross talk between the
two pathways. Bid is cleaved and activated by caspase 8. When cleaved, Bid activates the
mitochondria-mediated apoptotic pathways via the interaction with Bax as well as ANT.** In
addition, cleaved Bid forms ion channels in liposomes in vitro suggesting that it can directly
disrupt the mitochondria and induce cytochrome c release.’

The mechanisms by which Bid rapidly and selectively targets the mitochondria are not
known. Granzyme B, the cytotoxic T-cell specific serine protease, cleaves Bid and activates the
mitochondrial pathway.'?> Granzyme B also affects mitochondria in a Bid-independent way
resulting in mitochondrial depolarization and cell death, even though these mitochondria fail
to release cytochrome c.'4

Another level of cross talk is BAR, which inhibits apoptosis in both pathways. BAR con-
tains a protein-interacting domain that binds and inhibits procaspase 8 and thereby blocks the
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receptor-mediated pathway. On the other hand, BAR inhibits the mitochondrial-mediated
pathway through an unknown mechanism that involves interactions with Bcl-2 and Bax.3
ASK1 is another example of the cross talk between the two pathways. As mentioned before,
stimulation of death receptors can induce activation of ASK1, which phosphorylates and acti-
vates the JNK pathway. JNK activation induces mitochondria-mediated cell death in some cell
lines.

Bcl-2 Proteins and Apoptosis

The Bcl-2 gene family includes genes that either suppress or promote apoptosis.”’”*® The
anti-apoptotic members Bcl-2 and Bcl-x|, reside in the outer mitochondrial membrane, where
they suppress apoptosis either by blocking cytochrome c release or binding to Apaf-1 to pre-
vent activation of caspase 9. On the other hand, the mammalian pro-apoptotic Bcl-2 family
members, such as Bak, Bax, and Bik, may promote apoptosis by displacing Apaf-1 from Bcl-2
and Bcl-x;.

Bdl-2, the prototype of the family, exerts an anti-apoptotic action. Bcl-2 over-expression
in some cell lines protects them from apoptosis.>>*® Conversely, inhibition of Bcl-2 expression
increases apoptosis and sensitivity to chemotherapeutic agents. !

The final cell death decision either towards or against apoptosis could be a result of
protein-protein interactions between Bcl-2 and other members of the Bcl-2 family.
Heterodimerization of Bcl-2 and the proapoptotic Bax prevent Bax-mediated apoptosis. 2 Similar
results have been reported between Bcl-2 and Bak, another member of the same family.** Bcl-2
phosphorylation at serine-70 and serine-87 results in inhibition of Bcl-2 dimidiation with Bax.
Many microtubule-damaging agents can trigger this phosphorylation, which releases Bax from
the inhibitory effect of Bcl-2.#4%

Signal Transduction (MAP Kinase) Pathways and Apoptosis

During the last decade, considerable research has been focused on the role of signaling
transduction pathways in cell proliferation, differentiation, and survival. mitogen-activated
protein kinase (MAPK) represents one of the most extensively studied pathways (Fig. 4).46

The MAPK family comprises c-Jun N-terminal kinase (JNK), p38 MAPK, and extracel-
lular signal-regulated kinase (ERK). The ERK pathway is activated by such stimuli as growth
factors,” lipopolysaccharide,*® and chemotherapeutic agents.*> ERK activation exerts in most
cases an antiapoptotic,’®>! and less commonly proapoptotic?*>? influence, depending upon
the cellular context and by yer unclarified regulatory mechanisms. The JNK and p38 MAPK
signaling pathways are also activated by various and overlapping stimuli, such as heat or os-
motic shock, radiation, and growth factors.#”>3 The JNK and p38 MAPK signaling pathways
are associated, with few exceptions, with enhanced activation of the apoptotic pathway.

The JNK family was first described as stress kinases, and their response to cellular stress
has been studied extensively.”” The JNK family consists of JNK1 and JNK2, which are widely
distributed, and of JNK3, which is primarily expressed in the heart, brain and testis. Differen-
tial splicing yields a total of 10 different isoforms.>® After activation, ]NKs phosphorylate
various substrates in the nucleus, e.g., c-Jun or activating transcription factor-2 (ATF-2) and in
the cytoplasm, e.g,, Bcl-2.%

PI3K/AKT Pathway and Apoptosis

An important pathway downstream of the receptor tyrosine kinase (RTK), in many cases
via RAS, involves the phosphatidylinositol 3-kinase (PI3K) cascade. This pathway is a major
regulator of mammalian cell proliferation and survival became apparent when it was described
that PI3KSs activity was physically and functionally associated with the transforming activity of
viral oncogenes.’®
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Figure 4. Different MAP kinases pathways: ERK, JNK, and p38 pathways, with the possible cross talk
between them at the level of downstream targets.

In addition to their roles in signaling pathways, PI3Ks also control many important cell
responses.>*%" Members of the PI3K family can also be considered oncogenes because they
control cell cycle progression, differentiation, survival, invasion and metastasis, and angiogen-
esis.! Several downstream targets for PI3Ks have been detected, and many biological effects of
PI3Ks are mediated through the activation of the downstream target AKT/protein kinase B
(PKB).

At present, three members of the AKT family have been identified and are termed AKT1,
AKT?2, and AKT3. They are closely related, exhibiting more than 80% sequence homology,
although they are products of different genes.®? After exposure to hormones, growth factors, or
cytokines, inactive (cytosolic) AKT is translocated to the plasma membrane by the products of
PI3K, PIP,, and PIP3, where it is phosphorylated and activated by phosphoinositide-dependent
kinase 1 (PDK1).

Many AKT substrates have been identified such as BAD, CREB, procaspase 9, p21¥AF!,
members of the forkhead family of transcriptions factor, Ik-B kinase, GSK-3- kinase, and
mTOR/FRAP® The large number of downstream targets of AKT explains why this kinase is
rapidly emerging as a key mediator of cell proliferation, differentiation, and survival, and an
inhibitor of apoptosis (Fig. 5). AKT stimulates many anti-apoptotic proteins like NFkB, and
<FLIP. In addition, it inhibits many proapoptotic proteins such as BAD and ASKI. AKT also
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Figure 5. The schematic illustration of the large number of downstream targets of AKT and the roles that
they play in cell proliferation, differentiation, and survival. AKT stimulates many anti-apoptotic proteins
like NFxB, and ¢-FLIP. In addition, it inhibits many pro-apoptotic proteins such as BAD and ASKI. AKT
also stimulates cyclin D, which is needed for the cell cycle and inhibits p21, the cyclin-dependent kinase
inhibitor that blocks the cell cycle. The overall effects of AKT are to antagonize apoptosis and stimulate cell
survival.

stimulates cyclin D, which is needed for the cell cycle and inhibits p21, the cyclin-dependent
kinase inhibitor that blocks the cell cycle. The overall effects of AKT are to antagonize apoptosis
and stimulate cell survival. Because both the MAPK (ERK) pathway and the PI3/AKT path-
way play important roles in cell survival, cross talks occur between these two pathways at
different levels (Fig. 6).

Other Modes of Cell Death

Necrosis

Necrosis represents another form of cell death, which occurs as a consequence of a cell
exposure to toxic stimuli such as hyperthermia, hypoxia, ischemia, complement attack, metabolic
poisons, and direct cell trauma. Necrosis is characterized by irreversible swelling of the cytoplasm
and organelles, including the mitochondria, followed by loss of membrane integrity, resulting in
cell lysing and release of noxious cellular constituents.®* In contrast to apoptosis that can occur in
asingle cell surrounded by a group of viable cells, necrosis simultaneously involves a group of cells
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Figure 6. The possible cross talk between the MAPK (ERK) pathway and the PI3/AKT pathway at different
levels. RAS, the upstream activator of the RAF/MEK/ERK pathway, activates PI3K, which stimulates AKT.
AKT can inhibit RAF activity. CREB and NF«B are downstream targets for both pathways.

in which the necrotic cell ruptures and releases chemical mediators that induce inflammatory
reactions. However, under some pathological conditions, both necrosis and apoptosis may occur
concurrently. For example, ischemic injury is frequently characterized by damaged necrotic cells
surrounded by cells that undergo delayed apoptotic death.% The severity and nature of the stimu-
lus may determine if the cell will die by necrosis or apoptosis.””

Senescense

Senescense is another mechanism of cell death. Normal human cells in culture, after di-
viding for about 60 populations, undergo growth arrest known as replicative senescence in
which the cells remain metabolically active, but lose permanently their proliferating activi-
ties.® Senescense is characterized by a cell enlargement and elevated expression of a
pH-dependent galactosidase activity, the cyclin-dependent kinases p16142, p219°1/Wafl 4nd
hypophosphorylated Rb.% The exact underlying mechanisms of senescence are not known yet.
Progressive telomere shortening, which occurs at every cell division, is a proposed mechanism
for the induction of replicative senescence. When telomeres reach the critical length of less
than 5 kb, the Rb and p53 pathways become activated by a mechanism that is not yet well
understood. This activation triggers irreversible growth arrest.”®
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Sublethal stress may induce a state that closely resembles replicative senescence.”!
Stress-induced senescence may occur following H,O; or hyperoxia-induced oxidative stress,”>”
UV- or irradiation-induced DNA damage,”"”# and treatment with histone deacetylase inhibi-
tors.”” The mechanisms of stress-induced senescence are very similar to replicative senescence,”®
but neither is fully understood. In chronic hyperoxia, telomere shortening occurs 5 to 10 times
faster.””® In addition, it has been reported that induction of stress-induced senescence is trig-
gered when the p53-dependent cell cycle is arrested via generation of nonspecific as well as
telomerespecific DNA damage.”!

It has been suggested that senescence represents a barrier against tumorgenesis,”” and that
an essential step in the malignant transformation of normal cells, comes when they acquire
ability to proliferate an unlimited number of times (immortalization).

Paraptosis

Paraptosis, another mechanism of cell death, is a nonapoprotic programmed cell death
with somewhat different cellular features, characterized by cytoplasmic vacuolation without
nuclear fragmentation. Similar to apoptosis, it appears to be an active process requiring tran-
scription and protein synthesis.®

Apoptosis and Tissue Scarring

Although scar formation is part of the normal wound-healing process, excessive scarring is
the hallmark of fibrotic disease. Extensive scarring from chronic injury severely compromises
the function of the affected tissues or organs, and eventually becomes irreversible. Irreversible
fibrotic diseases are major causes of morbidity and mortality in clinical practice. For instance,
cirrhosis of the liver is the seventh leading cause of death among young and middle-aged adults
in the United States. Approximately 10,000 to 24,000 deaths from cirrhosis may be attribut-
able to alcohol consumption each year. This number goes higher when other causes of liver
cirrhosis, such as hepatitis, are taken into consideration. Alcohol-induced cell death and in-
flammation can initiate the scarring process that distorts structural integrity of the liver and
impairs its functional abilities.

Similar to other fibrotic diseases, the complex interaction of certain cytokines, chemokines,
and growth factors with resident hepatic cells (i.e., stellate cells) could initiate and propagate
the disease process, which eventually lead to advanced stages of cirrhosis. Upon activation by
cytokines and other factors, stellate cells start to proliferate, and begin to produce excessive
amounts of matrix proteins, which are the main components of scar tissue. In addition to
hepatic stellate cell activation, proliferation, differentiation and matrix synthesis,®! increased
rates of apoptotic cell deletion have been documented during hepatic fibrogenesis.®*#> Hepatic
stellate cell-secreted TGFBI in alcoholic liver disease might have a dual impact on the hepatic
injury, possibly by promoting fibrogenesis and eliminating hepatocytes by apoptosis.®*

In a similar study, experimental ligation of the common bile duct initiated inflammatory
events, proliferation of ductal epithelial cells and periportal fibrosis but release of such obstruc-
tion resulted in reversal of the fibrotic process, presumably due to apoptotic deletion of
matrix-producing cells and matrix degradation.®> Theoretically, the inhibition or inactivation
of hepatic stellate cells in the early fibroproliferative phase could serve as a basis for developing
new therapeutic strategies to control the progression of fibrotic liver diseases; such a therapeu-
tic approach might have clinical impact in the general treatment of fibrotic diseases. Although
this hypothetical concept is provocative, it still needs to be proven.

Recent studies have documented that selective induction of an increased rate of apoptosis
of lung cells, by activating the proapoptotic system in mice, could develop pulmonary fibro-
sis.® Suppressing such apoptosis by caspase inhibitors attenuated the fibrotic process in the
lung,®” suggesting that selective modulation of apoptosis has therapeutic implications in
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fibrotic diseases. Similarly, a recent study with a rat glomerulonephritis model showed that
inducing apoptosis of the mesangial cells could attenuate the matrix accumulation in the
glomeruli.®

The pathogenesis of fibrotic disorders is mostly similar regardless of the tissues or organs
involved.®> Early phases of fibrosis show inflammatory changes such as inflammatory infil-
trates and proliferation of matrix-producing cells. In later stages, most of these infiltrating and
proliferating cells are cleared (possibly by apoptosis), leaving mostly an acellular fibrotic mass.
The microenvironment influences the intracellular signaling cascade. The alered microenvi-
ronment during fibrosis might facilitate the apoptotic removal of cellular components, by ei-
ther influencing apoptotic stimuli or by immobilizing the survival state of the surrounding and
neighboring cells.”® Such cytokines and growth factors as platelet-derived growth factor (PDGF),
transforming growth factor (TGE-f) and fibroblast growth factor (FGF) have both profibrogenic
and proapoptotic effects.”’*® PDGE, TGF-B; and bFGF not only have proliferating and mi-
grating effects on both fibroblasts and myofibroblasts, but also induce excessive matrix produc-
tion, 100-103

For instance, PDGF is a potent mitogen for various types of cells including vascular smooth
muscle cells. Interestingly, PDGF-BB has the ability to induce apoptosis in the vascular smooth
muscle cells, while PDGF-AA could prevent such apoptosis.'%® Similarly, a cyclic peptide ana-
log of PDGF-BB could induce apoptotic cell death in growing cardiac fibroblasts.'™ In con-
trast to the vascular smooth muscle cells, normal rat kidney fibroblasts undergo apoptosis,
when stimulated by either PDGF-AA or PDGF-BB homodimers.'%® Similarly, bFGF-induced
apoptosis was much higher in fibroblasts isolated from the rat palatal scar tissue than normal
palatal fibroblasts.'® TGF-B1 is able to induce apoptosis in a wide range of cells, such as
microglia.'®”

Although knowledge about the contribution of apoptosis to fibrotic diseases is expanding,
the exact pathways leading to the development of fibrosis remain to be elucidated. The slow
and progressive nature of the disease process in humans may explain why the direct role of
apoptosis and its initiating events during fibrogenesis is not always conclusive. In some cases, it
takes years to form a fibroproliferative mass into an acellular scar tissue. In experimental mod-
els, where fibrotic lesions can be induced in relatively short period of time, it has been demon-
strated that an increased rate of apoptosis is closely associated with fibrotic changes in the
affected organs. For instance, in an experimental model of Thy 1.1 nephritis, glomerular
hypercellularity and expansion of mesangial matrix is followed by resolution of glomerular
hypercellularity, which is mediated by apoprotic deletion of mesangial cells.'®

Although, apoptotic removal of proliferating mesangial cells and infilerating inflamma-
tory cells has a beneficial effect on the resolution of glomerular hypercellularity in anti-Thy1.1
nephritis, an injurious role for apoptosis has been documented in several human and experi-
mental renal diseases. In nephrotoxic nephritis, an increased rate of apoptosis is related to
tubular atrophy and subsequent interstitial fibrosis.® The degree of apoptosis was not only
associated with renal scarring, but also positively correlated with levels of serum creatinine and
proteinuria in the remnant kidney model.!'®!"! The types of cells undergoing apoptosis dur-
ing renal scarring varied with different phases of the disease process. For instance, apoptosis of
such infiltrating inflammatory cells as neutrophils and macrophages contributed to the resolu-
tion of relatively early inflammarory events,!'>'3 but apoptotic deletion of resident and trans-
forming cells was noted in the later stages of the disease process, and led to interstitial fibrosis.
Using a nephrotoxic nephritis model, El Nahas and colleagues have shown two distinct peaks
of apoptosis on day 7 and at 4 to 6 weeks.'® The first peak of apoptosis was mostly inflamma-
tory infiltrates of glomeruli, while the second peak was due to removal of tubulointerstitial
cells, resulting in tubular atrophy and interstitial fibrosis. Association between apoptotic cell
death and accumulation of matrix proteins was found in age-associated renal scarring in Fischer
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344 rats.! 115 Similar induction of apoptosis in the kidney has been documented in hyperten-
sive nephrosclerosis of Dahl rat, which was associated with augmented expression of the
pro-apoptotic molecules Fas, Bax, and Bcl-Xs.'1¢

Conclusions

Fibrosis is a complex pathological process that involves prolonged inflammation, prolif-
eration of matrix-producing cells, increased deposition of matrix proteins, and eventual tissue
remodeling,!71% As the fibrotic tissue matures, a striking decrease in cellularity occurs, due to
apoptotic removal of cellular components, forming mostly an acellular fibrotic mass.'2%1%
Given the dire consequences of scarring diseases, to find more effective therapies to reverse or
prevent the damage related to widespread tissue scarring is an active field of study. The search
continues to develop novel treatments that can modulate the scarring response to control heal-
ing, but the complexity of the scarring process makes it difficult to develop such magical therapy.
Will the advances in molecular biology open doors to new magical therapies? The molecular
knowledge of nonmammalian systems allows us to selectively transfect human cells to target a
specific cell population to modulate their undesirable functions. Targeted removal of the un-
wanted cells, or rescuing essential cells from dying, might move us closer to develop site- and
phase-specific therapeutic strategies to treat mostly irreversible scarring diseases. Finally, fur-
ther research is needed to understand how normal cells may switch to fibrotic phenotypes in
response to stimuli received from the extracellular environment. For example diverse stimuli
that induce inflammatory and fibrotic responses generate such complex intracellular molecular
events as synthesis of second messengers, initiation of phosphorylation cascades, and
protein-protein interactions. Understanding the precise nature of such intracellular events is
pivotal for the development of effective strategies of artificial manipulation to alter, amplify, or
prevent cellular responses, so as to control the progression of fibrosis.
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CHAPTER 14

Pulmonary Fibrogenesis:
The Role of Apoptosis and Its Clinical Potentials

Kazuyoshi Kuwano, Naoki Hagimata and Nobuyuki Hara

Abstract

ulmonary fibrosis is a common response to various insults or injuries to the lung.
P Although there are various initiating factors or causes, the terminal stages are characterized

by proliferation and progressive accumulation of connective tissue replacing normal
functional parenchyma. Conventional therapy consisting of glucocorticoids or immunosup-
pressive drugs is usually ineffective in preventing progression of the disease. Further under-
standing of the molecular mechanisms of endothelial and epithelial cell injury, inflammarory
reaction, fibroblast proliferation, collagen deposition and tissue remodeling, should lead to the
development of effective treatments against pulmonary fibrosis. An overview is presented re-
garding each of pathogenic events in pulmonary fibrosis, especially the role of apoptosis and its
clinical potentials, which have emerged from the animal models and human tissue studies.

Introduction

Lung injury is believed to be due to inhalation of injurious agents or to blood- borne
agents. Both acute and chronic inflammation can lead to an irreversible process characterized
by pulmonary fibrosis. The term “idiopathic pulmonary fibrosis (IPF)” is used for those cases
where there are no causative agents. The incidence of this devastating disease is estimated at 7
to 10 cases per 100,000 people per year, and its mortality is 50 to 70% at 5 years after the
diagnosis.! Familial occurrence of IPF is well known. There have been studies into the association
between genetic factors, such as HLA typing and gene polymorphism,>? immunological ab-
normalities, viral infection, mineral dust, smoking and the development of IPE The mecha-
nisms by which these factors initiate or affect the development of IPF still need to be deter-
mined.

Alveolar epithelial damage is an important initial event in pulmonary fibrosis. Epithelial
cell damage and cell death during alveolitis induce the formation of gaps in the epithelial
basement membranes. The migration of fibroblasts through these gaps into the alveolar space
facilitates intra-alveolar fibrosis. Interstitial fibrosis and the subsequent relining of intra-alveolar
fibrosis by alveolar and bronchiolar epithelial cells results in structural remodeling after lung
injury. The fibrosing process is common to all interstitial lung diseases, including IPE interstitial
pneumonia associated with collagen vascular diseases, drug-induced pneumonitis, and sarcoidosis,
as well as radiation pneumonitis, pneumoconiosis, asbestosis, and chronic hypersensitivity
pneumnonitis (Fig. 1).

Fibrogenesis: Cellular and Molecular Basis, edited by Mohammed S. Razzaque.
©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.
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Figure 1. Molecular mechanisms of pulmonary fibrosis. Recent advances in our understanding of the
molecular mechanisms of pulmonary fibrosis concerning parenchymal cell injury, inflammation, fibroblast
proliferation and remodeling, result in the increasing recognition of its complexity. Various inflammatory
mediators and death factors induce tissue damage, it is unlikely that a single treatment is effective in severe
lung injury. Once parenchymal cells are damaged, to accelerate repair and regeneration of healing of tissue
damage could be effective treatment to prevent irreversible fibrosis. Combination of effective treatments
may overcome this devastating illness.

Inflammatory Mediators

Alveolar epithelial cells are damaged or destroyed in association with the accumulation of
inflammatory cells and the presence of their mediators. Inflammatory cytokines, chemokines
and growth factors produced by inflammarory and parenchymal cells have been involved not
only in the recruitment of inflammartory cells into the alveolar walls and spaces, but also in the
remodeling process through the stimulation of fibroblast proliferation and collagen synthesis.

Neutrophils are the earliest inflammatory cells to sequestrate to lung tissue in inflamma-
tory lung diseases. Eosinophils produce toxic agents and proteases as well as neutrophils. The
number of eosinophils is correlated with the severity of clinical symptoms, and with radiologi-
cal and functional abnormalities in IPE>® Mast cell-deficient or neutrophil-depleted mice de-
velop bleomycin-induced pulmonary fibrosis,”® whereas nude mice or CD4 and CD8 T
lymphocyte-depleted mice actually attenuate bleomycin-induced pulmonary fibrosis.>'° The
CD28-deficient mice showed markedly impaired lung fibrosis after injection of bleomycin.'!
Alveolar macrophages isolated from patients with IPF and from animal models of pulmonary
fibrosis produce arachidonic acid metabolites, reactive oxygen species (ROS), and inflammatory
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cytokines and chemokines.'>'? These results suggest a central role for macrophages and lym-
phocytes in the development of pulmonary fibrosis.

Inflammatory cell accumulation is a characteristic feature of lung injury. However, in-
flammation does not always lead to tissue injury. In fact, inflammatory cell infiltration into the
alveolar walls or spaces can occur without endothelial' or epithelial cell damage.!>!® Not only
leukocyte sequestration but also retention is important for inducing tissue damage. The length
of time needed for activated leukocytes to adhere to parenchymal cells may determine the
degree of tissue injury.'® Inflammartory mediators induce the upregulation and activation of
leukocyte and endothelial cell adhesion molecules. Intracellular adhesion molecule (ICAM)-1
expression on capillary endothelial cells in fung tissues has been reported to be upregulated in
patients with IPE!” ICAM-1 is the ligand for CD11a/CD18 (LFA-1) on stimulated endothe-
lial cells, while LFA-1 is expressed by inflammatory cells. Anti-CD11 antibodies block the
induction of lung fibrosis and collagen deposition following bleomycin or silica challenge.'®
The development of bleomycin-induced pulmonary fibrosis is abrogated in soluble E-selectin
transgenic mice.'?

Integrins have important roles to play in the interaction between lung parenchymal cells
and the extracellular matrix (ECM) and they participate in cellular proliferation, migration
and the production of ECM. Leukocytes, fibroblasts, macrophages, bronchial and alveolar
cpithelial cells, and endothelial cells, express cell surface receptors, in particular integrins, and
are capable of interacting with ECM.? Pretreatment of animals with anti-integrin antibodies
specific for a member of the B, integrin subfamily prevents bleomycin- and silica-induced
pulmonary fibrosis.?! Latency-associated peptide (LAP)-B1 is a ligand for the integrin atvB6
and that ovP6-expressing cell lines could activate endogenous latent transforming growth fac-
tor (TGF)-B1. |36‘/ * mice are protected from bleomycin-induced pulmonary fibrosis. The in-
teractig;l with o6 appears to be important for the TGF-B1 activity required in response to
injury.

The chemokine superfamily is divided into two groups according to the position of the
first two-cysteine residues. The C-X-C chemokines include interleukin-8 (IL-8) and macroph-
age inflammatory protein-2 (MIP-2), which are generally chemotactic for neutrophils but not
for monocytes. The C-C chemokines include monocyte chemotactic protein-1 (MCP-1), -2,
-3, MIP-1a, -1B, and RANTES (Regulated upon Activation in Normal T cells Expressed and
Secreted), which are generally chemotactic for leukocytes other than neutrophils.” Increased
levels of MCP-1 and MIP-1a protein in BALF from patients with IPF have been demon-
strated compared to healthy volunteers. Measuring MCP-1 concentrations in both BALF
and serum may help to differentiate IPF from other interstitial lung diseases, and to predict the
clinical outcome of IPE% Immediately following intratracheal bleomycin instillation, early
proinflammatory mediators such as IL-1, IL-6, and tumor necrosis factor (TNF)-0L are present
within the lung, which induces subsequent increases in MCP-1 and MIP-1at expression by
alveolar macrophages and epithelial cells. Treatment of bleomycin-challenged mice with soluble
TNF receptor (STNFR) or anti-IL-6 antibodies significantly decreased MCP-1 and MIP-1c
protein expression in the lung.”® MIP-1at also modulates ICAM-1 expression, while MCP-1
stimulates dose-dependent expression of CD11b and CD11c¢ on the surface of monocytes.”*
CCR2, MCP-1 receptor, knockout mice are protected from bleomycin-induced pulmonary
fibrosis.” Neutralization of MCP-1 or MIP-1a protein with antibodies significantly attenu-
ates pulmonary fibrosis in mice.*

IL-8 is a potent chemoattractant and activator of neutrophils. Although alveolar mac-
rophages are the major source of IL-8 in lung tissues, many other cell types, also produce IL-8.
IL-8 recruits and activates neutrophils in vitro and in vivo to release proteases and LTB4. IL-8
levels are increased in the serum and BALF of patients with IPE, and are significantly correlated
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with the percentage of neutrophils in BALE!3? Serum I1-8 levels are correlated significantly
with impairment of lung function parameters and PaO,.”!

RANTES is expressed in macrophages, eosinophils and human airway epithelial cells.
RANTES has been shown to attract monocytes, and T-lymphocytes, particularly CD45RO*
T-cells, to activate eosinophils, and to contribute towards the progression of inflammatory
lung diseases. BALF RANTES levels are elevated in patients with interstitial lung diseases
compared with normal controls.> The expression of CCR1 mRNA is increased, parallel to the
expression of its ligands, MIP-10t and RANTES, in bleomycin-induced pulmonary fibrosis.
Furthermore, treatment with ant-CCR1 antibody significantly reduced the accumulation of
inflammatory cells and collagen deposition, resulting in dramatic improvement of survival.
Thaeze results suggest that CCR1 could be a novel target of therapy against pulmonary fibro-
sis.

TNE-a has pleiotropic effects that overlap with IL-1f as regards inflammatory and im-
munologic responses. TNF-at affects leukocyte activation, adhesion molecule expression and
endothelial cell activation. TNF-a is mitogenic and chemotactic for fibroblasts, whereas it
inhibits collagen gene expression. TNF-ot induces fibroblasts to produce PDGE, prostaglandin
E; (PGE,), collagenase, gelatinase, chemokines, granulocyte-macrophage colony-stimulating
factor (GM-CSF), IL-1P and IL-6. Although TNF-o and its mRNA have been identified in
alveolar macrophages in normal lung tissue, they are predominantly detected in type II epithe-
lial cells lining the thickened alveolar septa, as well as in macrophages in fibrotic lung tissue.>
Upregulation of TNF-tt in vivo does not always result in pulmonary fibrosis. Administration
of recombinant TNF-t to the rat lung induces neutrophilia, which resolves without any evi-
dence of tissue damage. In contrast, transgenic mice, in which TNF-ot gene expression has
been driven from the lung-specific SP-C promoter, go on to develop an early lymphocytic
alveolitis, followed by a fibrogenic response.*® Mice exposed to silica upregulate their expres-
sion of TNF-o0 mRNA and protein in lung tissue and in BAL cells. Enhanced TNF-tt expres-
sion precedes the onset of fibroblast proliferation and collagen deposition in the lung,?-*
Anti-TNF-a antibodies or soluble TNFR can prevent the development of pulmonary fibrosis
induced by silica or bleomycin exposure in mice.”” Mice deficient in two different cell surface
receptors for TNF (TNFRI and TNFR2), p55 and p75, are protected from the fibroproliferative
effects of inhaled asbestos fibers® and silica, or bleomycin instillation.

The IL-1 family of cytokines consists of IL-10t IL-18 and IL-1 receptor antagonist (IL-1ra).
IL-1ra can attenuate a variety of IL-1 actions in both in vitro and in vivo models. IL-1, both
directly and indirectly through the induction of PDGE induces fibroblast proliferation and
affects collagen synthesis.*! Although IL-1 enhances type I and type III collagen synthesis,*? it
also induces PGE,, which inhibits fibroblast proliferation.> Immunohistochemistry demon-
strates that IL-1ra is localized to hyperplastic type II pneumocytes, macrophages and reactive
fibroblasts, while IL-1B is weakly detected in the lung tissue of IPF patients.* This imbalance
between IL-1ra and IL-1B may result in disease progression through the failure of IL-1B-de-
pendent successful tissue remodeling.* In contrast, the intratracheal administration of aden-
ovirus expressing IL-1P in rat lungs induces acute inflammation followed by progressive tissue
fibrosis.> The role of IL-1 in the pathophysiology of pulmonary fibrosis would appear to be
complex.

T helper subsets are classified on the basis of cytokine profiles. The Th1 cytokines, IFN-~y
and IL-12, and the Th2 cywokines, IL-4, IL-5 and IL-10, cross-regulate with each other. These
cytokines regulate the balance between Th1 and Th2 cell-mediated allergic inflammation and
also appear to be involved in the pathophysiology of pulmonary fibrosis. IL-4 could result in
the development of fibrosis by inducing fibroblast proliferation and increased production of
extracellular collagen. IL-4 transgenic mice are susceptible to bleomycin-induced pulmonary
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fibrosis.*® There is upregulation of IL-5 mRNA and protein by T-lymphocytes and eosinophils
at the sites of active fibrosis in mice with bleomycin-induced pulmonary fibrosis.”

The cytokine profile in human pulmonary fibrosis appears to be Th2 predominant, since
Th2 cytokines such as IL-4, IL-5 and IL-10 are predominantly present in IPF and since IFN-y
is decreased.®® However, another study has shown that not only IL-5 but also IL-2 and IFN-y
are significantly increased in IPE’ IFN-y inhibits the proliferation of fibroblasts and sup-
presses collagen synthesis both in vitro and in vivo,”*>! IFN-y administration down regulates
the transcription of the TGE-B gene in mice with bleomycin-induced pulmonary fibrosis.>
Ziesche et.al demonstrated that 12 months of treatment with IFN-¥ plus prednisolone was
associated with substantial improvement in the condition of those patients with IPF who had
shown no response to prednisolone alone.*® Further studies are needed to deermine the defini-
tive roles of Th1 and Th2 cytokines in the pathophysiology of pulmonary fibrosis.

IL-6 has various functions including the regulation of immunologic and inflammatory
responses. 1L-6 is synthesized by a variety of cells, and may stimulate proliferation of lung
fibroblasts and promote accumulation of the ECM component. However, the contribution of
IL-6 to fibrogenesis is controversial. TNF-tt and IL-6 stimulate MIP-10t expression and that
these mediators participate in profibrotic inflammatory reaction in bleomycin-induced pulmo-
nary fibrosis.> On the other hand, a transgenic mouse with both human IL-6 and the IL-6 recep-
tor showed marked lung infiltration of lymphocyrtes, but no remarkable pulmonary fibrosis.>®

IL-10 is secreted by Th2 cells, B cells, monocytes, macrophages, and keratinocytes, and
suppresses various inflammatory reactions. IL-10 inhibits the synthesis of inflammatory
cyrokines, nitric oxide and ROS by monocytes/macrophages. Human IL-10 gene transfer sig-
nificantly decreases myeloperoxidase activity in BALF as well as TNF-0. mRNA expression in
BAL cells in mice with bleomycin-induced pulmonary fibrosis.”® Although persistent expres-
sion of human IL-10 by gene transfer appears to be an effective therapy for IPE, however, in
IL-10 knockout mice exposured to silica, the amount of total protein and the number of total
cells in BALF are increased, while the hydroxyproline content of the lung is decreased com-
pared with those in normal littermates.”” Therefore, although IL-10 suppresses pulmonary
inflammation, it may promote the process of pulmonary fibrosis.

IL-12 is an inducible, antigen presenting cell-derived cytokines composed of 35-kDa and
40-kDa subunits. IL-12 plays an important role in regulating Thl-dependent immune re-
sponses by priming T cells for high INF-y production and inducing them to differentiate
toward the Th1 subset. IL-12 also potentiates T and natural killer (NK) cell-mediated cytotox-
icity and stimulates their proliferation. IL-12 attenuates bleomycin-induced pulmonary fibro-
sis via modulation of IFN-y production.”® In contrast, the subunit of IL-12 p40 can antagonize
the biological activity of p70 IL-12 via competition for its receptor. The production of the p40
subunit and Th2 polarization may play important roles in fibrotic responses.”

Endothelin-1 was originally identified as a potent vasoconstrictor, and is also recognized
1o be a chemoattractant and stimulant of fibroblast collagen synthesis. In patients with IPFE,
there is an increase in endothelin-converting enzyme-1 (ECE-1) and ET-1 production in lung
tissue.** ECE-1 immunoreactivity is seen predominantly in the macrophages and neutrophils
in the lung tissue of IPE®! In bleomycin-induced pulmonary fibrosis, ET-1 is detected in
macrophages, bronchiolar and alveolar epithelial cells and endothelial cells in fibrotic regions,
but not in unaffected areas using immunohistochemistry.®! These results suggest a potential
role for ET-1 in the development of pulmonary fibrosis. The endothelin receptor antagonist
significantly abrogates bleomycin-induced pulmonary fibrosis in mice.?
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Growth Factors

TGF-Ps are multifunctional cytokines that exist in three isoforms designed as TGF-B1,
TGF-B2 and TGF-B3. Although the biological activity of these isoforms ovetlaps, TGF-B1
appears to be predominant among them in being expressed in pulmonary fibrosis.*> There are
three TGF-B receptors, type I (TGFR1), type II (TGFRII) and type III (TGFRIII). All three
receptors bind to all three TGF-Bs with a high affinity. TGF-f is the most potent promoter of
ECM production, and also a strong chemotactic factor for monocytes and macrophages. TGF-8
activates them to release a number of cytokines such as PDGE IL-1B, basic fibroblast growth
factor (bFGF), TNF-, and TGE- autoregulates its own expression. There is a consistent
increase in TGF-B production in epithelial cells and macrophages in lung tissue from patients
with IPF* and in bleomycin-induced pulmonary fibrosis in rodents.%® Transient overexpression
of active TGF-B through the transfection of porcine TGF-B cDNA to the rat lung, results in
prolonged and severe interstitial and pleural fibrosis.%® The increase in lung collagen accumu-
lation in bleomycin-induced lung fibrosis is reduced by treatment with either TGF-B2, TGF-B1
antibody, or the recombinant TGFRIL®"%® Decorin, a naturally occurring biological molecule
that antagonizes TGF bioactivity, may ameliorate excessive TGF signaling in injured hungs.
Adenovirus-mediated decorin gene transfer reduces fibrotic response to bleomycin.®” Smad
proteins regulate intracellular signals from the membrane to the nucleus of TGF-B.”® The
activated TGF-P receptors induce phosphorylation of Smad2 and Smad3 by association with
activated TGF-f receptors. The complexes translocate to the nucleus and regulate transcrip-
tional responses. Smad 3 deficiency attenuates bleomycin-induced pulmonary fibrosis in mice.”!
Smad?7 prevents the phosphorylation of Smad2 and Smad3 by association with activated TGF-8
receptors.’>”? Transient gene transfer and the expression of exogenous Smad?7 into the lung by
adenoviral vectors prevent bleomycin-induced lung fibrosis.”*

PDGEF is one of the most potent mitogens and chemoattractants for mesenchymal cells
and induces the proliferation of fibroblasts and the synthesis of extracellular matrix. Active
PDGEF consists of two homologous subunits, A and B, which can form three dimeric PDGF
isoforms. Alveolar macrophages in the lung tissue of patients with IPF produce increased amounts
of PDGF-B mRNA and protein.”>”® Alveolar macrophages, type II epithelial cells and mesen-
chymal cells abnormally express PDGF in animal models.”” The B chain of PDGF transgenic
mice shows the development of lung disease with diffusely distributed emphysematous lesions,
as well as inflammation and fibrosis within the focal area.”® Intratracheal instillation of recom-
binant human PDGF-BB into rats produces fibrosis concentrated around the large airways
and blood vessels.”” In vivo gene transfer of an extracellular domain of the PDGF receptor
ameliorates bleomycin-induced pulmonary fibrosis in mice.®® IGF-1 acts synergistically with
PGDF to promote fibroblast proliferation.?! IGE-1 and PDGF mRNA expression are signifi-
cantly upregulated in BAL cells in mice with bleomycin-induced pulmonary fibrosis.®* Alveo-
lar macrophages obtained from patients with IPF express more IGF-1 mRNA and protein
compared with normal alveolar macrophages.8'"83

Basic FGF is a potent stimulator of both fibroblast and endothelial cell proliferation and
is associated with the fibroproliferative response, similar to PDGFE Basic FGF expression has
been found to be upregulated in healing wounds, recombinant bFGF has been shown to accel-
erate wound healing, and anti-bFGF antibody inhibits granulation tissue formation and nor-
mal wound repair. Alveolar macrophages are predominant source of bFGF in intra-alveolar
fibrotic lesions following acute lung injury.34 Mast cells are predominant bFGF-producing
cells in IPE, and bFGF levels are correlated with bronchoalveolar lavage cellularity and with the
severity of gas exchange abnormality.%

TGF-o.induces the proliferation of endothelial and epithelial cells, and fibroblasts. TGF-ot
is detected in fibrotic areas.%® TGF-0. expression is upregulated in alveolar epithelial cells and
macrophages in fibroproliferative lesions in rats with asbestos- or bleomycin-induced pulmonary
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fibrosis.¥” Transgenic mice, in which human TGF-tt is expressed in the lung in an epithelial
cell-specific manner, develop a fibroproliferative response in the interstitium and pleural sur-
face.®® These results suggest that TGF-ot may participate in fibroproliferative response follow-
ing lung injury.

Keratinocyte growth factor (KGF) has been demonstrated to enhance the functional dif-
ferentiation of rat alveolar type II cells, to increase DNA synthesis in these cells in vitro, and to
stimulate the proliferation of these cells in vivo. KGF is produced in the mesenchymal cells,
and the KGF receptor is expressed in the epithelium of the developing lung. Intratracheal
instillation of KGF significantly attenuates bleomycin-induced pulmonary fibrosis in rats.®’
KGF may participate in maintaining and repairing the alveolar epithelium and has the poten-
tial to become an effective agent against lung injury and pulmonary fibrosis.

Hepatocyte Growth Factor (HGF), composed of B-subunit (35 kDa) and oi-subunit (64
kDa), is produced by mesenchymal cells and has been identified as a potent mitogen for ma-
ture hepatocytes. HGF is known to act not only as a mitogen but also as a motogen or a
morphogen for many kinds of epithelial cells. The receptor for HGF is the c-Met proto-oncogene
product, which is predominantly expressed in various types of epithelial cells. HGF levels in
BALF and the sera of patients with IPF are higher than those of healthy control subjects.”®”!
Hyperplastic alveolar epithelial cells as well as macrophages strongly express HGF in lung
tissues from patients with IPE*® As well as other epithelial cells, HGF promotes DNA synthe-
sis in alveolar type II cells in vitro.”? A simultaneous or delayed administration of HGF equally
represses the fibrotic changes in murine lung injury induced by bleomycin.” The combination
of HGF and IFN-Y enhances the migratory activity of A549 cells through the upregulation of
the -Met/HGF receptor.”® HGF administration may be a novel strategy in the effort to pro-
mote repairing and healing of inflammatory lung damage in cases of pulmonary fibrosis.

Epithelial Cell Apoptosis and Its Clinical Potentials

Lung epithelium is not only the primary site of lung damage bur it also participates in
inflammarory reaction through a number of mechanisms, including the release of inflamma-
tory mediators. Alterations in the structure and function of lung epithelial cells may affect the
expression of these molecules. Epithelial cells in IPF can secrete a number of molecules, such as
growth factors and their receptors, proteases, surfactant proteins, adhesion molecules and ma-
trix component, which may regulate the inflammatory and fibrotic response within the lung.
Prominent alveolar epithelial cell injury is the characteristic feature of IPE. Although type |
pneumocytes comprise 40% of the alveolar epithelial cell population and over 90% of the
alveolar surface in the normal lung,” they are markedly decreased in the area of severe inflam-
mation following extensive injury and cell death in the lung tissue from patients with IPE The
alveolar type II cell is a reparative cell and rapidly proliferates following epithelial cell injury. In
areas most severely damaged, the basement membrane is covered by proliferating type 11
pneumocytes which are cuboidal, and death of both type I and type II pneumocytes are re-
placed by abundant fibroblasts and smooth muscle cells.”® Apoptotic type IT pneumocyte death
occurs also in normal alveoli of IPF?7 (Fig. 2).

Apoptosis plays a major role in homeostasis to maintain a balance between cell prolifera-
tion and cell death. There are two principle signaling pathways of apoptosis, one is the death
recepror-mediated pathway while the other pathway, which is triggered by many stimuli such
as reactive oxygen radicals, anti-cancer drugs, radiation, and growth factor deprivation, is initi-
ated within the mitochondria. The vulnerability to apoptosis induced by death receptors or
other apoptosis stimulators, and the ability to survive by inhibitors of apoptosis varies accord-
ing to the cell type. Apoptosis may play important roles in lung diseases in two different ways.
First, failure to clear unwanted cells by apoptosis will prolong the inflammation because of the
release of their toxic contents. Repair after an acute lung injury requires the elimination of
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Figure 2. The alveolitis as an initial event in the pathogenesis of pulmonary fibrosis. The alveolitis is an early
event in pulmonary fibrosis, regardless of etiology. When the damage on epithelial cells and basement
membranes is too severe to be repaired, the migration of fibroblasts into alveolar space leads to intraalveolar

fibrosis.

proliferating mesenchymal and inflammatory cells from the alveolar airspace or alveolar wall.”®
Secondary, excessive apoptosis may cause diseases. Repeated inhalation of agonistic anti-Fas
antibody into adult mice causes epithelial cell apoptosis and lung inflammation, which subse-
quently leads to pulmonary fibrosis.”

Bleomycin rapidly produces extensive DNA damage in the lung,'® In vitro, bleomycin
can induce apoptosis.'%! The persistence of DNA damage rather than the initial level of strand
scission is associated with pulmonary fibrosis.'® Biphasic DNA fragmentation is observed by
the gel electrophoretic results of DNA extracted from lung tissues in mice with
bleomycin-induced pulmonary fibrosis. Electron microscopic findings show the characreristic
features of apoptosis in bronchiolar and alveolar epithelial cells.!® Therefore, DNA damage
and the apoptosis of epithelial cells may be associated with pulmonary fibrosis. There is DNA
damage or apoptosis in bronchiolar and alveolar epithelial cells in IPF using an in situ DNA
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nick end-labeling method.'” DNA damage and apoptosis in lung epithelial cells have been
reported in acute lung injury’® and diffuse alveolar damage,'® as well as IPE. Although the
mechanism of how epithelial cell apoptosis leads to pulmonary fibrosis is not clear, it probably
has an important role in the pathogenesis of pulmonary fibrosis.

The tumor suppressor p53 protein is a transcription factor, which plays a central role in the
cellular response to DNA damage, resulting in either G1 arrest or apoptosis. 1% p21 ¥af1/Cipl/Sdil
(p21) is induced in wild-type p53-containing cells following exposure to DNA-damaging agents.
p21 inhibits cyclin-CDK complex kinase activity and is a critical downstream effector in the
p53-specific pathway of growth control in mammalian cells.'”” p53 and p21 are expressed in the
hyperplastic bronchial and alveolar epithelial cells of lung tissue from patients with IPF using
immunohistochemistry.’®® The association between p53 expression and pulmonary fibrosis
has also been demonstrated in mice with bleomycin-induced pulmonary fibrosis.'%% These
results suggest that p53 and p21 are upregulated in association with chronic DNA damage,
resulting in either G1 arrest or apoptosis in lung epithelial cells. In contrast, p53 knockout
mice shows more severe inflammation and fibrosis in bleomycin-induced pulmonary fibrosis
in mice."'? The expression and balance between pro- and anti-apoptotic molecules may be
critical in lung injury associated with p53 upregulation.

The Fas-Fas ligand (FasL) pathway is a representative system of apoptosis- signaling recep-
tor molecules. Bleomycin-induced pulmonary fibrosis is an animal model for lung injury and
fibrosis. In this model, FasL mRNA is upregulated in infiltrating lymphocytes, and Fas is
upregulated in bronchiolar and alveolar epithelial cells, in which excessive apoptosis is de-
tected.'%” The repeated inhalation of anti-Fas antibody mimicking Fas-FasL cross-linking in-
duces excessive apoptosis of epithelial cells and inflammation, which resulted in pulmonary
fibrosis in mice.!!! The neutralization of FasL. by Fas-Ig fusion protein or neutralizing anti-FasL
antibody could prevent the development of this model, and Fas- or FasL-deficient mice are
resistant to the induction of fibrosis in this model.''? Furthermore, Fas ligation not only in-
duces apoptosis but also induces IL-8 expression via NF-kB activation in bronchiolar epithelial
cells in vitro.'!® The involvement of the Fas-FasL pathway in IPF has been demonstrated.’'
Soluble FasL levels in BALF were significantly increased in ARDS'!> and in the active phase of
IPE 6 TGF-B, which has multiple effects on the process of fibrogenesis, can induce apoptosis
in lung epithelial cell,''” and also Fas-mediated apoptosis on lung epithelial cells in vitro and in
vivo.!!8 BALF obtained from patients with IPF induces apoptosis on lung epithelial cells, which
is blocked by anti-Fas or by anti-TGF-B antibody in vitro.''® These results may indicate that
excessive apoptosis induced by the Fas-FasL pathway is not only critical for the development of
pulmonary fibrosis, but is also of possible therapeutic use for molecules that prevent the Fas-FasL
pathway in patients with lung injury and pulmonary fibrosis. Protecting epithelial cells from
injury may be a more effective therapeutic target than inhibiting fibroblast proliferation fol-
lowing epithelial cell damage (Fig. 3).

Angijotensin converting enzyme (ACE) levels in BALF and serum are increased in fibrosing
lung diseases, including sarcoidosis, IPE asbestosis, silicosis and ARDS. Angiotensin II con-
centrations increase during radiation-induced pulmonary fibrosis.!"” Angiotensin II induces
human lung fibroblast proliferation in vitro via activation of the angiotensin type I receptor
and the autocrine action of TGF-B.1%® Angiotensin II receptor antagonist or ACE inhibitors
artenuate cardiac and renal fibrosis in animal models. The ACE inhibitor captopril ameliorates
pulmonary fibrosis induced by monocrotaline in rats.'* Captopril inhibits the accumulation
of collagens and mast cells in the irradiated rat lung, and also inhibits fibroblast proliferation in
the presence of bFGF in vitro."”*'?? Fas-induced apoptosis of human lung epithelial cells in
culture is potently inhibited by captopril at concentrations readily attained in vivo.'* The
inhibitory actions of captopril on pulmonary fibrosis may be due to the prevention of lung
epithelial cell apoptosis.



Pulmonary Fibrogenesis 187

Lymphocyte Macrophage

Neutrophil , \

Fas ligand IFN-y "4
IL-1B

§ X ol

Protease ROS TNF-a

* TGF-B

p53

p21 Fibroblast
PCNA  Caspase cascade
IAP
FLIP
Bcl-2 Apoptosis
Pro-apoptotic factors Anti-apoptotic factors
TNF  TGF-p IAP Bcl-2
IL-13  p53 FLIP  Bcl-X
IFN-y Bax Integrin signals

Figure 3. Lung epithelial cell apoptosis. Apoptosis plays a major role in homeostasis to maintain a balance
between cell proliferation and cell death. There is increasing attention in the importance of epithelial cell

death. The imbalance between pro- and anti-apoptotic factors may regulate the course of pulmonary
fibrosis.

Oxidant-Mediated Lung Injury in Pulmonary Fibrosis

Inflammatory cells sequestrating alveolar walls can release oxidants capable of directly
damaging lung epithelial cells. In patients with acute lung injury caused by viral infection,
shock, severe trauma, or drugs, it is often necessary to administer oxygen. Pulmonary lesions
seen in patients dying from ARDS are not only caused by the initial disease, but also by the
toxic effects of oxygen therapy. It has been reported that a damaged lung is more susceptible to
oxygen than an undamaged one.!?# Experimental animal studies with the intratracheal instilla-
tion of proteases and oxidants, phorbol myristate acetate, formylated notleu-leu-phe, or immune
complexes, have demonstrated that an oxidant burden in the lower respiratory tract results in

severe lung damage that includes epithelial cell death.!?>? These changes are followed by
severe interstitial fibrosis.
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Spontaneous production of oxidants by lung inflammatory cells, and myeloperoxidase
concentration are increased in the alveolar epithelial lining fluid of patients with IPE'?® Glu-
tathione is one of the major antioxidant molecules present in normal epithelial lining fluid and
it plays a role in protecting epithelial cells against oxidant-mediated injury. Therefore, epithe-
lial cell damage in IPF may be augmented by a deficiency of glutathione in the epithelial lining
fluid.’?® In this regard, strategies to reduce oxidants may be beneficial in decreasing alveolar
epithelial cell injury and may consequently reduce the progressive deterioration of patients
with IPE A significant increase of glutathione (GSH) in BAL fluid was found after a period of
treatment with high-dose oral N-acetylcysteine (NAC), the glutathione precursor NAC, in
patients with IPE'**13! Aerosolized NAC ameliorates the acute pulmonary inflammation in-
duced by bleomycin injection via the repression of chemokines and lipid hydroperoxide pro-
duction, resulting in the attenuation of pulmonary fibrosis in mice.'*?

Nitric oxide (NO) is produced by three isoforms of NO synthases. Constitutive NOS
(cNOS) including neuronal NOS (nNOS) and endothelial NOS (eNOS) are expressed consti-
tutively, and expression of inducible NOS (iNOS) is induced by some stimulus, such as in-
flammatory cytokines in a variety of cell types. NO is a potent vasodilator that has various
functions including antimicrobial, antiproliferative, and anticoagulant effects. Peroxynitrite,
which is produced by the rapid reaction of NO and superoxide, mediates the cytotoxic effect of
nitric NO. Peroxynitrite is increased in acute lung injury and ARDS,'**'* and the source of
both NO and peroxynitrite is activated macrophages.'>> Normal epithelial cells express high
levels of cNOS and only limited amounts of iNOS. However, there is downregulation of the
cNOS and upregulation of iNOS in lung tissue from patients with IPF and that the active
stage of IPF is associated with increased formation of NO and peroxynitrite.'3® Increased
peroxynitrite may have an important role in IPF, either through oxidation of glutathione, inhi-
bition of surfactant function, or direct epithelial cell damage.'¥”"!* Recently, it has been
demonstrated that iNOS plays as anti-apoptotic and protective roles on lung epithelialc ells in
bleomycin-induced pulmonary fibrosis in mice.!'® The roles of NO in pulmonary fibrosis
seem to be complicated and remain to be addressed.

Endothelium in Pulmonary Fibrosis

Pulmonary endothelial cells are involved in homeostasis and gas exchange in the lung.
Damage to endothelial cells is associated with interstitial edema, leukocyte invasion and de-
creased gas exchange. The structural or functional deficiency of endothelial cells may lead to
malfunction or cell death of type II epithelial cells and may promote pulmonary fibrosis.'>
Ultrastructural findings show that injured epithelial and endothelial cells are found in early
fibrosing alveolitis.'** Wendt et.al demonstrated that alveolar type 11 cells release a peptide(s)
that protects endothelial cells from the apoptosis induced by TNF-o..!4! Alveolar epithelial
cells may regulate endothelial cell apoptosis during injury and repair.

Pulmonary endothelial cells are activated in a variety of inflammatory lung diseases, and
their dysfunction may be important in pulmonary fibrosis. Endothelial cells express inflamma-
tory and fibrogenic cytokines, which have an important role in inflammatory infiltration, cel-
lular growth and matrix synthesis.!%! Apoptosis occurrs within the intra-alveolar granulation
tissue during lung injury and BALF from these patients induces apoptosis in mesenchymal
cells.”® Endothelial cell proliferation and angiogenesis are essential in intra-alveolar granulation
of injured lungs.

The existence of neovascularization in bleomycin-induced pulmonary fibrosis has been
identified.'? Keane et al demonstrated that the CXC chemokine, IFN-y-inducible protein-10
(IP-10) was inversely correlated to total lung collagen and a greater angiogenic response in
mice with bleomycin-induced pulmonary fibrosis compared with control lung tissue.'*3 A
significant increase in macrophage inflammartory protein (MIP)-2 is correlated with a significant
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increase in angiogenesis in mice with bleomycin-induced pulmonary fibrosis compared with
the controls. Moreover, angiogenesis and pulmonary fibrosis are significantly attenuated with
anti-MIP-2 antibody.'** In addition to the fibroproliferative effect, the angiogenic effect of
bFGF may play a role in pulmonary fibrosis. ** These results suggest that antiangiogenic therapy
could be another possible strategy in the search for a treatment for pulmonary fibrosis.

Epithelial-Fibroblast Interaction in Pulmonary Fibrosis

Severe injury and insufficient repair of lung epithelial cells impair normal
epithelial-fibroblast interaction, which leads to pulmonary fibrosis. If epithelial cell repair does
not proceed smoothly and completely, fibroblasts will proliferate, eventually leading to pulmo-
nary fibrosis. Mouse lung explants with severe epithelial damage induced by prior hyperoxic
lung injury exhibit marked fibroblast proliferation and collagen deposition in culture, whereas
less severely injured explants do not.'*> Normal repair of the epithelial layer occurs through the
proliferation and differentiation of type Il alveolar epithelial cells. This process is affected by
factors produced by lung fibroblasts.'**'¥” The cuboidal epithelium of the fibrotic human
lung is composed of both proliferating and dying cells, and that apoptotic and necrotic epithe-
lial cells are observed in proximity to G-actin-positive interstitial cells.!*® Abnormal fibroblast
phenotypes isolated from the fibrotic human lung produce factors capable of inducing apoptosis
and necrosis of alveolar epithelial cells in vitro.'*” Neither inflammation nor fibrosis correlates
with survival, and the only pathological data that showed a significant correlation with mortal-
ity are numbers of areas with fibroblastic foci.!*® Studies on the repopulation of denuded tracheal
explants by epithelial cells show that the denuded tracheal implants are rapidly replaced by
fibroblasts, unless enough epithelial cells are introduced into the lumen to control fibroblast
proliferation.'>' Alternatively, epithelial cells may control fibroblasts by releasing cytokines
that downregulate fibroblast activity. These abnormal epithelial-mesenchymal interactions con-
tribute to the pathogenesis and exacerbation of fibrotic lung disease by preventing normal
epithelial repair and progression of abnormal fibroblast proliferation. Lovastatin is an HMG-CoA
reductase inhibitor widely used in the treatment of hypercholesteremia. Lovastatin induces
apoptosis in normal and fibrotic fibroblasts both in vitro and in vivo, and dramatically reduces
granulation tissue formation in a guinea pig wound chamber model with ultrastructural evi-
dence of fibroblast apoptosis.'*? To induce apoptosis of fibroblasts may be one possible ap-
proach in the attempt to block fibroblast proliferation and collagen synthesis.

The persistence of fibrin and insufficient function of plasmin promote fibrosis. Fibrin
forms within the interstitium and alveolar spaces during acute and chronic inflammatory lung
diseases. Fibrin is generated from plasma that leaks from the vasculature to the overlying lung
epithelial cells due to a deficiency in normal alveolar fibrinolytic activity.'>® Tissue factor and
plasminogen activator inhibitors (PAI) are both strongly upregulated in alveolar epithelial cells
of IPE1>*13% Adenovirus-mediated transfer of urokinase-type plasminogen activator genes suc-
cessfully upregulates fibrinolysis both in vitro and in vivo, and attenuates the development of
bleomycin-induced pulmonary fibrosis.!>> Mice with targeted deletion of PAI-1 genes develop
less intra-alveolar fibrin or fibrosis in bleomycin-induced pulmonary fibrosis.!*® Therefore,
upregulation of fibrinolytic activity may be beneficial for fibroproliferative lung injury.

Matrix Remodeling in Pulmonary Fibrosis

The extracellular matrix in lung tissue is composed of collagen (especially types I and ITI),
elastin, proteoglycans, fibronectin and other assorted proteins. Insufficient production and
degradation of the ECM in tissue remodeling after injury may lead to the accumulation of
ECM in the alveolar walls and spaces in pulmonary fibrosis. Various lung cells, such as mac-
rophages, endothelial cells, alveolar and bronchiolar epithelial cells, and fibroblasts, can pro-
duce ECM components following lung injury in human diseases and animal models. It was
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demonstrated that the phenotype of the altered fibroblasts was one of the causes of exaggerated
ECM production in fibrosing lung diseases.””” ECM has many biological effects and modu-
lates inflammarory and fibrotic processes. ECM is chemotactic to many types of cells, and
activates immune cells to produce inflammatory factors, such as prostaglandins, superoxide
and cytokines that enhance inflammation and fibrosis.!*®!>® Cell adhesion to ECM activates
transcription factors, such as AP-1 and NF-kB, which bind to promoter regions of genes that
encode for proinflammarory mediators such as IL-1 and TNF-o..'° ECM-derived signals may
regulate cell proliferation and differentiation, as well as apoptosis.'®!

Degradation of ECM is controlled primarily by matrix metalloproteinases (MMPs). The
levels of expression, the activation of proenzyme, and interactions berween tissue inhibitors of
MMPs (TIMPs) and MMPs are closely associated with the metabolism of ECM. The MMPs
are a family of zinc-dependent, secreted enzymes comprising at least 18 members, which in-
clude the collagenases, gelatinases, stromelysins, macrophage metalloelastase, matrilysin and
membrane type MMPs. MMPs are secreted in a latent form, whereby they are cleaved and
activated by other enzymes and autocatalytic cleavage. Catalytic activity is specifically inhib-
ited by TIMPs, which bind to the MMP active site and also to latent forms of MMPs. The
TIMP family consists of TIMP-1, -2, -3 and -4.

The occurrence of intra-alveolar fibrosis in the pathogenesis of IPF suggests that there are
defects in the alveolar epithelial lining and basement membrane through which mesenchymal
cells such as fibroblasts and inflammatory cells migrate from the interstitium into the alveolar
space.'®? Fibronectin and collagens-I, I1I and IV are detected in the intra-alveolar fibrosis in
addition to the interstitial fibrosis in IPE!6> MMP-1, MMP-2, MMP-9 and TIMP-2 are de-
tected in the regenerated epithelial cells covering the intra-alveolar fibrosis. TIMP-2 in
myofibroblasts in IPF may contribute to stable ECM deposition and irreversible pulmonary
structural remodeling,'%> MMP-9 expression is increased in alveolar macrophages and treat-
ment with steroids and immunosuppressive agents normalizes the MMP-9 expression in pa-
tients with IPE!% TGF-B inhibits the expression of MMP-1 and MMP-2 in fibroblasts, stimu-
lates the synthesis and secretion of TIMP, and attenuates collagen degradation.'®> The differential
expression of MMP and TIMP genes is observed in mice with bleomycin-induced pulmonary
fibrosis,'® and activation of MMP-2 may lead to the elongation and migration of alveolar
epithelial cells in the repair process of this model.'®” A regulated balance of active MMPs and
TIMPs is maintained during normal tissue metabolism, and accordingly an imbalance between
MMPs and TIMPs could play a critical role in the pathogenesis of pulmonary fibrosis.

Conclusions

Recentadvances with regard to the molecular mechanisms of pulmonary fibrosis concern-
ing endothelial and epithelial cell injury, inflammatory reactions, fibroblast proliferation, col-
lagen deposition and lung repair result in increasing recognition of its complexity. The major
targets of therapy have focused on inflammatory cells, and this has led to the use of
anti-inflammatory agents. However, conventional therapies, such as corticosteroids and cyto-
toxic agents, have been reported to be only minimaily effective. In animal models of pulmo-
nary fibrosis or human diseases such as IPE, various inflammatory mediators and death factors
induce epithelial cell damage. The survival and recovery of epithelial cells, and the prevention
of fibroblast proliferation and ECM deposition appear to be the key in the prognosis of pa-
tients. Protecting parenchymal cells from injury and maintaining their function may be an
effective therapeutic strategy against pulmonary fibrosis.
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CHAPTER 15

Silica-Induced Inflammatory Mediators
and Pulmonary Fibrosis

Andrea K. Hubbard, Sarah Mowbray, Michael Thibodeau
and Charles Giardina

Abstract

ilicosis continues to be a lung disease with significant morbidity and mortality. Although
S silica-induced lung injury and cell activation and/or death have been investigated over the

past several years, basic research continues to reveal the cell: cell and cell: mediator inter-
actions critical to these events. This chapter will emphasize the production and participation of
several inflammatory cytokines, mediators and cell processes in the development of silica-induced
lung injury and fibrosis. Mediators to be discussed will include TNFe, IFNY, IL-18, IL-12,
IL-18, IL-9, TGFB, MMPs/TIMPs, ROS/RNS, caspases and Fas/FasL in the processes of cell
activation, cell proliferation and cell death. The mediator networks and apoptotic pathways
elicited by this inorganic particle are complex, driven by many cell types and affect numerous
cell functions. Understanding these interactions will help in developing strategies for therapeu-
tic intervention at different stages of the disease.

Silica and Silicosis

In the United States alone, silicosis was listed as a primary or contributing cause of death
in 4313 individuals from 1979-1990.! With the significant occupational health risk posed by
silica exposure,® research endeavors to explore the cellular and inflammatory mechanisms un-
detlying silica induced lung injury are critical.

Silica-Induced Lung Injury (Fig. 1)

Much of the research that describes human silicosis is the result of investigations in animal
models of silica-induced lung injury. In instances of low levels of silica exposure, there can be
sufficient clearance to result in minimal toxicity and resolution of cell injury. At higher levels of
exposure, there is crystal deposition at the alveolar duct bifurcations, phagocytosis of particles®
and a rapid influx of neutrophils (PMNs) and monocytes into the alveoli.** Phagocytosis by
alveolar inflammatory cells may result in cell activation or cell death due to apoprosis® or
necrosis-the latter resulting in the release of lysosomal enzymes® and lactate dehydrogenase
(LDH).? In addition, there is the generation of inflammatory cytokines, reactive oxygen spe-
cies (ROS)”8 and reactive nitrogen species (RNS)*! by pulmonary macrophages, lympho-
cytes and bronchiolar and alveolar epithelial cells eliciting focal damage to type I epithelial

cells." In response to this damage, silica exposure is documented to cause proliferation of type
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Figure 1. Silica-induced cell injury and resulting mediator release. At levels of low silica exposure, there may
be little cell damage and ultimate resolution of injury with return to normal structure. Alrernately, at higher
levels of exposure, there may be cell death by either apoptotic and/or necrotic pathways with compensatory
cell proliferation. With the initiation of a leukocyte inflammarory response, there is resulting activation of
multiple cell types including macrophages, lymphocytes, and epithelial cells (bronchiolar, alveolar) with the
production of numerous mediators leading to the dysregulation of collagen production by fibroblasts and
ensuing fibrosis.

I epithelial cells at low doses and cell death at higher doses.!? Silica induced activation of
pulmonary cells, and the subsequent release of inflammatory mediators and fibrogenic fac-
tors,” appears to lead to pulmonary fibrosis.** As a reflection of this fibrotic response, animals
exposed to silica also evidence impaired lung function (e.g., decreased lung compliance, vital
capacity and diffusion capacity).!

Silica-Induced Mediators in Pulmonary Fibrosis

Most pulmonary fibrosis begins in the alveolus and develops in definable stages over time
with epithelial cell injury and alveolar inflammation, organization of the ensuing alveolar exu-
dates and incorporation of the alveolar fibroproliferative process into alveolar walls. Repeating
cycles of these events can lead to the characteristic signature of distorted and dysfunctional
lung parenchyma.'®” Integral in the understanding of the cellular and molecular basis of silica
induced pulmonary fibrosis is the examination of silica induced inflammatory mediators in
this process.

Tumor Necrosis Factor o (TNFo)

TNFa primarily produced by activated macrophages is a cytokine with numerous
pro-inflammatory effects (e.g., macrophage activation, adhesion molecule expression, lympho-
cyte development, etc).'® Many reports in the literature have documented the induction of



Silica and Lung Fibrosis 201

TNFa following silica exposure in vitro or in vivo. Driscoll et al.!® demonstrated that silica
exposure in vivo primed alveolar macrophages (AM) to release both interleukin-1 (IL-1) and
TNFa following in vitro exposure to lipopolysaccharide (LPS). In the murine macrophage-like
cell line RAW?264.7, silica elicited a significant increase in TNFa secretion after 48 hrs of
culture.”® Intratracheal instillation of silica crystals into mice also elicited an increase in TNFa.
mRNA synthesis in lung tissue.”! There appears to be a direct relationship between TNFat
expression and silica induced pulmonary fibrosis. For example, Piguet et al confirmed that
silica -induced collagen deposition could be attenuated by an anti-TNFa antibody, but signifi-
cantly increased by continuous infusion of mouse recombinant TNE This same group noted
that infusion of a recombinant soluble TNF receptor prevented silica-induced fibrosis evi-
denced by decreased lung hydroxyproline.?? In silica instilled mice there were significantly
elevated levels of TNFa. released from lavaged cells 28 days after exposure.” Similarly, Gossart
et al®* noted in rats increased TNFQ in the bronchoalveolar lavage (BAL) and from lavaged
AM three days after silica instillation. Rats exposed to silica aerosol increased TNFet produc-
tion by BAL cells after 30 days of exposure with continued increases throughout the remaining
86 days. In addition, silica has been found to increase the expression of mRNA of both TNFo.
and the p75 TNFa receptor (R), but not the p55 TNFa rcceptor.25 These authors also noted
in double TNFR knockout mice that although silica could increase TNFat expression in these
animals, they were protected from the fibrogenic effects of the particle.?® In contrast, in an-
other mouse model of silica induced lung damage, Huaux et al* noted increased TNFa mRNA
in lung tissue without concomitant increases in TNF protein.

Interferon y (IFNy)

IFNY is a cytokine produced by the TH1 CD4"* lymphocyte population and by natural
killer (NK) cells, which participates in the activation of macrophages.”® Garn et al® reported a
threefold increase in IFN'Y mRNA in enlarged thoracic lymph nodes of rats exposed to silica by
aerosol. In addition, in mice exposed to silica by acrosol, there was an increase in [IFNY mRNA
in lung tissue and increased IENY in BAL cells (e.g., CD4" lymphocytes, CD8" lymphocyres,
NK cells and 8 TCR lymphocytes). These authors speculated that IFNY might contribute to
silica-induced fibrosis through the activation of lung macrophages and concomitant TNFa
production.”® They supported their hypothesis by examining the silicotic response in IFNYKO
mice. These animals evidenced much less fibrotic disease in response to silica aerosol as mea-
sured by histopathological analysis and by reduced lung collagen content.®!

Interleukin-10 (IL-1P)

IL-1PB is released by activated macrophages and participates in the activation of CD4*
lymphocytes® and has been implicated in collagen production.?® Approximately 10 years ago,
release of IL-1B by silica activated resident peritoneal cells was first reported.** Since then other
reports have documented the expression and participation of IL-1P in silica induced lung
injury. Mice exposed to silica by inhalation increased production of both TNFat and IL-1B in
alveolar mononuclear cells, in lung silicotic nodules and in lymphoid tissue.? In rats exposed
to silica by inhalation, increased IL-1B was detected in BAL cells.?® Mice genetically deficient
in IL-1B (knockout) evidenced significantly fewer silicotic lesions 12 weeks after silica inhalation
exposure.*® These studies would suggest that silica activated pulmonary macrophages release
IL-1P that in turn stimulates collagen synthesis.

Interleukin-12 (IL-12) / Interleukin-18 (IL-18)

IL-12 is a cytokine produced by macrophages, monocytes, dendritic cells and B cells and
reported to induce IFNY production by TH1 lymphocytes and NK cells.”” Interleukin 18
produced by monocytes and macrophages is a weak inducer of IFNY directly, but a potent
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inducer of IL-12, which in turn can induce IFNY.? In mice exposed to silica by aerosol, there
was increased mRNA expression for both the I1L-12 p40 subunit and IL-18 in lung tissue.
IL-12 mRNA was increased early (2 wks) and late (16 wks) whereas IL-18 was increased late
during the fibroproliferative phase.?' Garn et al*® noted increased IL-12, but not IL-18 mRNA
in the enlarged lymph nodes of silicotic rats and Huaux et al*® reported increased 11-12 p40
subunit protein and mRNA in mice instilled with silica. Through their indirect activation of
macrophages by augmenting IFNY production, these mediators would also most likely con-
tribute to silica induced collagen deposition.

Interleukin 9 (IL-9)

IL-9 has been implicated in the regulation of lung diseases including silica induced pul-
monary fibrosis. This interleukin is produced primarily by TH2 lymphocytes® and partici-
pates as a growth factor for T cells and mast cells. Using Tg5 transgenic mice, which over
express IL-9, Arras et al*! noted an inhibition of silica-induced lung fibrosis with an accompa-
nying decrease in TH2 responses, but an accumulation of B lymphocytes in the lung paren-
chyma. Thus, the role of TH1 and/or TH2 cells in this particle-induced fibrotic response is not
resolved with each cell type indirectdy modulating the response.

Transforming Growth Factor B (TGFp)

TGFB1 is expressed by bronchiolar alveolar epithelial cells as well as by mesenchymal cells
and lung macrophages and its expression is accompanied by collagen and fibronectin produc-
tion.*? The ability of silica to increase TGFB1 has been demonstrated in animal models and
with human cells. Rats exposed to alumina silica refractory fiber by either instillation or inha-
lation increased expression of TNFa., IL-6 and TGFB1 mRNA in lung tissue.®> The interac-
tion between TNFat and TGFP1 is also evidenced by the observation that TNF¢ receptor KO
mice do not produce TGFB! in response to fibers.* However, overexpression of TGFB1 in
mice through an adenovirus vector was sufficient to initiate fibroproliferative lung disease in
nonparticle exposed TNFR KO animals.> Other studies, however, suggest that silica can de-
crease expression of TGFB1. Investigators evaluated the effect of silica in vitro on a human lung
fibroblast cell line (WI-1003) and found that silica internalization directly stimulated collagen
synthesis, but elicited less TGFB1 than nontreated cells. Silica also antagonized TGFB1 activi-
ties though down regulation of this cytokine.®® It is clear that the precise role of TGFB1 in
silica-induced fibrosis remains to be determined.

Matrix Metalloproteinases (MMPs)

MMPs are a large group of zinc-dependent endopeptidases, distinguished from other pep-
tidases by their requirement for metal ions to degrade components of the extracellular matrix
(ECM). MMPs are typically secreted in the pro-enzyme form and require cleavage of the signal
peptide for activity. Additionally, the activity of MMD:s is tightly regulated at the transcrip-
tional level by the NFxB and AP-1 transcription factors.”” MMP activity is also influenced by
natural tissue inhibitors, tissue inhibitors of matrix metalloproteinases (TIMPs), which bind to
the active site of MMPs and render them enzymatically inactive. MMP secretion is modulated
by a variety of cytokines and growth factors including IL-1, TNF-a, and TGF-B.*® MMPs are
sub-classified according to substrate specificity and amino acid sequences to include collagena-
ses (MMP-1,-8,-13,-18), stromelysins (MMP-3,-10,-11), gelatinases (MMP-2,-9), macroph-
age metalloelastase (MMP-12), matrilysin (MMP-7,-26), and the membrane type MMPs
(MTMMPs) (MMP-14-17,-23-25).% These enzymes are made by a wide variety of cell types
including, leukocytes, epithelial cells, endothelial cells, fibroblasts, osteoclasts, and
keratinocytes.”®® Although MMP activity is integral to normal processes such as wound heal-
ing and embryogenesis, unregulated MMP acrivity has been implicated in a variety of diseases
including rheumatoid arthritis,*® asthma,® multiple sclerosis®' and pulmonary fibrosis.*>%3
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Since MMPs are the major enzyme group responsible for the degradation of extracellular
matrix, including collagen, it is postulated that MMP activity (or its dysregulation) may play a
role in the pathogenesis of the fibrotic response. In support of this theory, the gene expression
of MMP-1,-2,-7, and -9 were found to be upregulated in the lungs of patients suffering from
idiopathic pulmonary fibrosis (IPF).® In a rat model of experimental lung silicosis, the expres-
sion of MMPs-2, -9 and -13 and TIMPs-1 and -2 differed during the progression of silicosis.*>
In early silicotic nodules (day 15), immunohistochemical staining and in situ hybridization for
MMP-2, -9 and -13 and TIMP-1 and -2 was intense. In contrast, at 60 days post intratracheal
instillation, lower MMP expression was evident with only a slight reduction in TIMP expres-
sion . These results suggest that the change in MMP/TIMP balance seen over the course of a
fibrotic response is key to the regulation of ECM remodeling associated with silicosis. As dis-
cussed above, TNFa. is a cytokine found to play a major role in the cellular response to silica
exposure, as well as in the development of fibrosis.?! In a mouse model of silicosis, mice defi-
cient in either TNF receptor p55 or p75 exhibited significantly less collagen accumulation
than wild type animals with an accompanying decrease in TIMP-1, but not MMP-13.% Thus
the absence of TNFa receptor signaling may promote matrix degradation by decreasing
overexpression of TIMP1. The precise role for MMPs in silicosis has yet to be defined ad-
equately, but studies described suggest the contribution or dysregulation of MMP activity par-
ticipates in silica induced lung injury and fibrosis.

ROS/NOS

The generation of ROS following silica exposure may be derived directly from the surface
of the crystal®>® or indirectly through silica activation of inflammatory cells.%” For the former,
two distinct kinds of surface centers—silica based surface radicals and poorly coordinated iron
ions—can generate O,™* and HO® in aqueous solution.%® Cell generated radicals have also been
documented in vitro and in vivo. Gossart et al?! noted that AM lavaged from rats evidenced
increased zymosan or phorbol ester-triggered free radical production (i.e., chemiluminescence)
as early as 1 day after silica exposure. Vallyathan et al® demonstrated that silica exposure of rats
elicited significant pulmonary oxidative stress as well as increased lipid peroxidation and in-
creased levels of antioxidant enzymes as early as 2 days post silica instillation. The relationship
between generation of ROS and pulmonary fibrosis is documented by the observation that
antioxidants reduce the silicotic fibrosis. Pretreatment of rats with a free radical scavenger
(N-ter-butyl-ai-phenylnitrone) prior to silica exposure reversed pathologic changes in the lung
and decreased AM ROS and TNFo expression.24 In addition, treatment of rat AM with the
antioxidant, NAC, decreased silica induced cell injury’® and the synthesis of several cytokines
including TNFo.”!

Production of RNS may also contribute to silica induced lung injury and fibrosis. Rats
exposed to silica through intratracheal injection evidenced inducible nitric oxide synthetase
(iNOS) expression in lungs and an elevated level of NO in pulmonary lesions.'® In another
study, cells lavaged from rats demonstrated increased iNOS mRNA 24 hrs after silica instilla-
tion.” Silica exposure of mice genetically deficient in iNOS elicited significantly fewer histo-
pathologic changes including silicotic lesions. >

FasL, Caspase Activation and Apoptosis

Although silica has been documented to cause necrotic cell death, substantial evidence is
emerging in vitro and in vivo that silica also induces apoptosis. Apoptosis is an active form of
cell death requiring coordinated cellular and molecular activities. Apoptosis may contribute to
silicotic inflammation culminating in pulmenary fibrosis. The induction of macrophage
apoptosis by crystalline silica is demonstrable by cell morphology, caspase activation, and DNA
fragmentation.**”2 The DNA fragmentation induced by silica is evidenced by the formation of
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low molecular weight oligonucleosomal fragments as well as by increased formation of 3™-
hydroxyl ends detected by nuclear TUNEL staining.”74

Recently, the ability of a particle to induce alveolar macrophage apoptosis in vitro was
associated with the particle’s ability to produce pulmonary fibrosis. Under these conditions,
the more fibrogenic crystalline ot-quartz silica caused greater apoptosis than the less fibrogenic
particles, amorphous silica or titanium dioxide.”> However, this is not to say that poorly fibrogenic
particles do not cause macrophage apoptosis, since higher concentrations of either of the less
fibrogenic particles induced an apoptotic phenotype.” In addition to the induction of apoptosis
in vitro, crystalline silica also causes higher levels of apoptosis in the lung. Rats administered a
single intratracheal instillation of -quartz have apoptotic cell morphology discernible in lung
histology sections and bronchoalveolar lavage cells at 10-days post-exposure.® DNA extracts
from these bronchoalveolar lavage cells display the paradigmatic DNA laddering of apoptosis.
Similarly, mice after a 10-day inhalation exposure to @-quartz have increased TUNEL-staining
in lung histology sections at 1 and 6-wecks post-exposure.”

Although the molecular mechanisms leading to macrophage apoptosis by silica remain
uncertain, there is an apparent regulatory role by both ROS and RNS. In vitro exposure of rat
bronchoalveolar macrophages to Gi-quartz leads to the generation of ROS that precedes the
activation of cas;)ases-9 and -3, poly(ADP-ribose) polymerase (PARP) cleavage, and
TUNEL-staining.”? Additionally, nitric oxide (NO) is important to silica-induced apoptosis
since prevention of NO formation by the nitric oxide synthetase inhibitor L-NAME amelio-
rates O-quartz-induced apoptosis of the mouse macrophage cell line IC-21.% In addition, mice
lacking inducible nitric oxide synthetase (iNOS) not only have decreased TUNEL-staining in
lung histology sections after inhalation of d-quartz, but also have reduced inflammation com-
pared to wild-type controls.3

Particular importance has recently been attributed to Fas ligand (FasL), which appears to
be indispensable for apoptosis and lung injury elicited by silica. BALB.gld mice deficient in
FasL are particularly resistant to the development of silica-induced inflammation, TNF-o pro-
duction, and fibrosis.”® Similar resistance to pulmonary injury occurs in wild type mice admin-
istered neutralizing antibody against FasL after intratracheal instillation of 0i-quartz.”® The
Fas-FasL pathway is already well established as an important molecular mechanism in the patho-
genesis of pulmonary fibrosis.”’”? In the mouse model of silica-induced pulmonary injury, the
macrophage is presumed to be the cell type responsible for FasL mediated lung injury and
inflammation. Wild-type mice reconstituted with BALB.gid FasL deficient bone marrow fail to
develop silica-induced inflammation, indicating bone marrow-derived cells, not lung paren-
chyma, initiate the pulmonary injury.”® Likewise, FasL has increased expression in silicotic
mouse lungs, and the majority of Fasl-expressing cells stain for the F4/80 marker of murine
macrophages.”® Although FasL is important to apoptosis, increased FasL. activity could also
potentially contribute to inflammation and fibrosis because trimerization of the Fas receptor
can activate the transcription factor NF-kB, which may lead to the downstream elaboration of
pro-inflammatory mediators.”” 8082

Further strengthening the link berween apoptosis and silica-induced injury are recent
observations that the prevention of apoptosis by the administration of caspase inhibitors can
abrogate the development of pulmonary inflammation and fibrosis.®>®* Caspases are a family
of cysteine-containing aspartate-specific proteases that cleave after aspartic acid residues of
certain protein substrates. Although caspase-independent apoprosis is reported, these proteases
are a usual component of apoptosis, such as that induced by silica. Caspases-1, -2, -3, -6, and -9
are activated in silica treated macrophages.”>#* Macrophage apoptosis as measured by cell
morphology or DNA fragmentation can be partially abolished by the irreversible pancaspase
inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-FMK).”? In addi-
tion, the caspase-3 inhibitor N-benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl ketone
(Z-DEVD-FMK) also prevents silica-induced apoptosis of macrophages.”’ Caspase inhibi-
tion studies have since been expanded to a mouse model of silica-induced lung injury in vivo.
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Mice administered an intratracheal instillation of ®t-quartz will accumulate neutrophils in
bronchoalveolar lavages and deposit collagen at sites of silicotic inflammation. Such changes
are significantly decreased by the administration of the pancaspase inhibitor Z-VAD-FMK 34
These findings corroborate reports of others that caspase inhibition ameliorates parenchymal
injury, inflammation, and fibrosis occurring with stimuli as diverse as bleomycin and
ischemnia-reperfusion. 338

How caspase activation and apoptosis may influence pulmonary inflammation and fibro-
sis remains unknown. It is accepted as dogma that apoptotic activation of caspases leads to the
degradation of homeostatic and structural proteins such as PARP, lamins, fodrin, cytokeratin
18, and transglutaminase I1.2” However, multiple lines of evidence also show a requirement for
caspase activity in the proteolytic maturation of several pro-inflammatory cytokines. For ex-
ample, caspase-1 contributes to the maturation of IL-1B and IL-18; whereas the effector
caspases-7 and -3 can process endothelial monocyte-activating polypeptide II (EMAP II) and
IL-16 to their active forms.®®%2 Both IL-1B and IL-18 have already been suggested to play a
role in mouse models of silicosis.**>4%3%> As more caspase substrates become elucidated, a
greater understanding for the role of apoptosis to the silicotic induction of inflammation and
fibrosis will surely become apparent.

Conclusions

This Chapter has emphasized the production and participation of several inflammatory
mediators and cell processes in the development of silica-induced lung injury and fibrosis (Table
1). Several key points are apparent. The mediator networks elicited by this inorganic particle

Table 1. The role of silica-induced mediators in pulmonary fibrosis

Role in Silica-

Mediator Source Function Induced Fibrosis

TNFo Macrophages Pleotrophic Pro-inflammogen +++

IFNy TH1 CD4* Activates macrophages ++
tymphocytes NK cells

IL-1B Macrophages Activates macrophages ++

Stimulates collagen synthesis

IL-12 Macrophages; Induces {FNy +
B cells

IL-18 Macrophages Induces 1L-12 +

IL-9 TH2 CD4* Growth factor for lymphocytes 1
lymphocytes

TGFB Macrophages Modulates collagen, fibronectin 17
Epithelial cells synthesis

ROS Macrophages Enhances cytokine expression; +++
PMNs Lipid peroxidation

RNS Epithelial cells +++

MMPs/TIMPs  Leukocytes Modulates collagen deposition T
Epithelial cells
Endothelial cells

Caspase Macrophages Apoptosis +++

activation Epithelial cells Cytokine activation

FasL Leukocytes Apoptosis +++

Epithelial cells
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are complex, driven by many cell types and affecting numerous cell functions to include cell
activation, cell proliferation and cell death (i.e., necrosis, apoptosis). In addition, silica-induced
mediator production is often redundant with tremendous interaction between one mediator
and another through synergy and/or antagonism. This is illustrated by the following examples:
ROS increasing TNFt expression, I1.-12 increasing IFNYand IL-18, in turn, increasing IL-12,
the interaction of TNFot with TGFB, the induction of MMPs by IL-1, TNFo and TGFJ and
the activation of IL-1 and IL-18 by caspase 1. Clearly, future research will continue to elucidate
this intricate, potent and interacting network of mediators key to silica induced lung injury
and fibrosis. It is through the exploration of these interactions that future therapeutic interven-
tion at different stages of disease may result.
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