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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 in reduce
inflammation by the selective removal of inflammatory cells, and help change fibroproliferative
mass into an acellular scar tissue, by deleting cellular components. Our understanding on 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 process, however, iden-
tification of important molecules that regulate crucial steps of fibrogenesis has provided an
opportunity to delay or reverse the disease process. The nature of initiating events, and subse-
quent healing responses after an injury partly determine whether the outcome will be con-
trolled wound healing, or uncontrolled tissue scarring. It is the persistent activation of fibrogenic
molecules that differentiates uncontrolled tissue scarring from controlled wound healing. There-
fore, regulating the healing response by exogenous manipulation of fibrogenic molecules in
patients with scarring diseases tantalizing the prospect of modulating uncontrolled tissue scar-
ring to a controlled 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 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. Apoptosis 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 zlpoptosis.é‘8
At present, at least two major pathways of caspase activation have been identified: (i) The
mitochondria-mediated apoptosis pathway, in which cytochrome ¢ is released and activates
upstream caspase 9 in the presence of cytosolic protein Apaf-1” and, (ii) 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.c., 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.'®

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
apoptosis, 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 ¢ 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.22! 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.** 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 c 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.?



4 Fibrogenesis: Cellular and Molecular Basis

JNK

~ v
Bcl-2 ”/\

Cytochrome C
Apaf-1
.- Smac
Caspase 9

/}—

Caspase 3-7

v

Apoptosis

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.
AIF 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.’®?” TAPs
inhibit cell death by binding to procaspases and activated caspases, blocking their processing
and activity. Smac/Diablo is released from the mitochondria along with cytochrome c 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—S,29 in some cells, Smac/Diablo is more crucial in induction
of apoptosis than cytochrome c. Other proteins, in addition to cytochrome ¢ 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 AIFE, 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, where 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
c-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 mitochondsria fail
to release cytochrome c.'*

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
receptor-mediated pathway. On the other hand, BAR inhibits the mitochondrial-mediated
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pathway through an unknown mechanism that involves interactions with Bcl-2 and Bax.*°
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.

Bcl-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.*? 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-2.44%

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).%

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 yet 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, JNKs 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 PI3Ks 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,
AKT2, 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 PIPs, where it is phosphorylated and activated by phosphoinositide-dependent
kinase 1 (PDK1).

Many AKT substrates have been identified such as BAD, CREB, procaspase 9, p21WAF1,
members of the forkhead family of transcriptions factor, Ix-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
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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 c-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.

¢-FLIP. In addition, it inhibits many proapoptotic 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. 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
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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 NFkB are downstream targets for both pathways.
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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
a single cell surrounded by a group of viable cells, necrosis simultaneously involves a group of cells
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 p16/™4, p21CP1/¥afl "5nd
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
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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.”

Sublethal stress may induce a state that closely resembles replicative senescence.”’
Stress-induced senescence may occur following H,O; or hyperoxia-induced oxidative stress,” >3
UV- or irradiation-induced DNA damagf:,nj4 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 nonapoptotic 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,81 increased
rates of apoptotic cell deletion have been documented during hepatic fibrogenesis.®** Hepatic
stellate cell-secreted TGFp1 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.
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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.5¢ Suppressing such apoptosis by caspase inhibitors attenuated the fibrotic process in the
lung,¥ suggesting that selective modulation of apoptosis has therapeutic implications in
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 altered 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 (TGF-f3) and fibroblast growth factor (FGF) have both profibrogenic
and proapoprotic effects.”’”? PDGE, TGF-B; and bEGE not only have proliferating and mi-
grating effects on both fibroblasts and myofibroblasts, butalso 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.'®® Similatly, a cyclic peptide ana-
log of PDGE-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 anacellular 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 apoptotic deletion of mesangial cells.'%®

Although, apoptotic removal of proliferating mesangial cells and infiltrating 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 inflammatory 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.
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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
344 rats. "1 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.!'®

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. H7-119 A the fibrotic tissue matures, a striking decrease in cellularity occurs, due to
apoptotic removal of cellular components, forming mostly an acellular fibrotic mass.'2%'%*
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.

Acknowledgements

Our apology goes to the authors whose primary works could not be cited due to limita-
tion of space. Part of this chapter is modified from the review article entitled “Role of apoptosis
in fibrogenesis”, by Razzaque et al and published in Nephron 2002; 90:365-372. We appreci-
ate Jeena Ahmed and Joan Merriman's help in language editing.

References

1. Desmouliere A, Redard M, Darby I et al. Apoptosis mediates the decrease in cellularity during the
transition between granulation tissue and scar. Am ] Pathol 1995; 146:56-66.

2. Rockwell WB, Cohen IK, Ehrlich HP. Keloids and hypertrophic scars: A comprehensive review.
Plast Reconstr Surg 1989; 84:827-837.

3. Kockx MM, Herman AG: Apoptosis in atherosclerosis: Beneficial or detrimental? Cardiovasc Res
2000; 45:736-746.

4. Kerr JF, Wyllie AH, Currie AR. Apoptosis: A basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer 1972; 26:239-257.

5. Nunez G, Benedict MA, Hu Y et al. Caspases: The proteases of the apoptotic pathway. Oncogene
1998; 17:3237-3245.

6. Hengartner MO. The biochemistry of apoptosis. Nature 2000 ; 407:770-776.

7. Nagata S. Apoptotic DNA fragmentation. Exp Cell Res 2000; 256:12-18.



14

Fibrogenesis: Cellular and Molecular Basis

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Stegh AH, Herrmann H, Lampel S et al. Identification of the cytolinker plectin as a major early in

vivo substrate for caspase 8 during. Mol Cell Biol 2000; 20:5665-5679.

. Saleh A, Srinivasula SM, Acharya S et al. Cytochrome ¢ and dATP-mediated oligomerization of

Apaf-1 is a prerequisite for procaspase-9 activation. ] Biol Chem 1999; 274:17941-17945.

. Fadeel B, Orrenius S, Zhivotovsky B. The most unkindest cut of all: On the multiple roles of

mammalian caspases. Leukemia 2000; 14:1514-1525.

. Stennicke HR, Jurgensmeier JM, Shin H et al. Pro-caspase-3 is a major physiologic target of

caspase-8. ] Biol Chem 1998; 273:27084-27090.

. Barry M, Heibein JA, Pinkoski M] et al. Granzyme B short-circuits the need for caspase 8 activity

during granule-mediated cytotoxic T-lymphocyte killing by directly cleaving Bid. Mol Cell Biol
2000; 20:3781-3794.

. Heibein JA, Goping IS, Barry M et al. Granzyme B-mediated cytochrome c release is regulated by

the Bcl-2 family members bid and Bax. ] Exp Med 2000; 192:1391-1402.

. Alimonti JB, Shi L, Baijal PK et al. Granzyme B induces BID-mediated cytochrome ¢ release and

mitochondrial permeability transition. J Biol Chem 2001; 276:6974-6982.

. Joza N, Susin SA, Daugas E et al. Essential role of the mitochondrial apoptosis-inducing factor in

programmed cell death. Nature 2001; 410:549-554.

. Susin SA, Lorenzo HK, Zamzami N et al. Molecular characterization of mitochondrial

apoptosis-inducing factor. Nature 1999; 397:441-446.

. Ferri KF, Kroemer G. Mitochondria-the suicide organelles. Bioessays 2001; 23:111-115.
. Costantini P, Jacotot E, Decaudin D et al. Mitochondrion as a novel target of anticancer chemo-

therapy. ] Natl Cancer Inst 2000; 92:1042-1053.

. Liu X, Kim CN, Yang ] et al. Induction of ‘apoptotic program in cell-free extracts: Requirement

for dATP and cytochrome c. Cell 1996; 86:147-157.

Slee EA, Harte MT, Kluck RM et al. Ordering the cytochrome c-initiated caspase cascade: Hierar-
chical activation of caspases-2, -3, -6, -7, -8, and -10 in a caspase-9-dependent manner. J Cell Biol
1999; 144:281-292.

Zou H, Henzel W], Liu X et al. Apaf-1, a human protein homologous to C. elegans CED-4,
participates in cytochrome c-dependent activation of caspase-3. Cell 1997; 90:405-413.

Von Ahsen O, Waterhouse NJ, Kuwana T et al. The ‘harmless’ release of cytochrome c. Cell
Death Differ 2000; 7:1192-1199.

Martinou JC, Desagher S, Antonsson B. Cytochrome c release from mitochondria: All or nothing.
Nature Cell Biol 2000; 2:E41-E43.

Marzo I, Brenner C, Zamzami N et al. Bax and adenine nucleotide translocator cooperate in the
mitochondrial control of apoptosis. Science 1998; 281:2027-2031.

Shimizu S, Narita M, Tsujimoto Y. Bcl-2 family proteins regulate the release of apoptogenic cyto-
chrome ¢ by the mitochondrial channel VDAC. Nature 1999; 399:483-487.

Verhagen AM, Ekert PG, Pakusch M et al. Identification of DIABLO, a mammalian protein that
promotes apoptosis by binding to and antagonizing IAP proteins. Cell 2000; 102:43-53.

Du C, Fang M, Li Y et al. Smac, a mitochondrial protein that promotes cytochrome c-dependent
caspase activation by eliminating IAP inhibition. Cell 2000; 102:33-42.

Goldstein JC, Waterhouse NJ, Juin P et al. The coordinate release of cytochrome ¢ during apoptosis
is rapid, complete and kinetically invariant. Nature Cell Biol 2000; 2:156-162.

Silke J, Verhagen AM, Ekert PG et al. Sequence as well as functional similarity for DIABLO/Smac
and Grim, Reaper and Hid? Cell Death Differ 2000; 7:1275.

Vander Heiden MG, Thompson CB. Bcl-2 proteins: Regulators of apoptosis or of mitochondrial
homeostasis? Nature Cell Biol 1999; 1:E209-E216.

Chang HY, Yang X, Baltimore D. Dissecting Fas signaling with an altered-specificity death-domain
mutant: Requirement of FADD binding for apoptosis but not Jun N-terminal kinase activation.
Proc Natl Acad Sci USA 1999; 96:1252-1256.

Berglund H, Olerenshaw D, Sankar A et al. The three-dimensional solution structure and dynamic
properties of the human FADD death domain. J Mol Biol 2000; 302:171-188.

Buschmann T, Potapova O, Bar-Shira A et al. Jun NH2-terminal kinase phosphorylation of p53
on Thr-81 is important for p53 stabilization and transcriptional activities in response to stress.

Mol Cell Biol 2001; 21:2743-2754.



Can

Manipulation of Apoptotic Cell Death Benefit Tissue Scarring? 15

34

35.

36.

37.

38.
39.

40.

41.

42

43.

44.

45.

46.

47.

48.

49.

50.

S51.

52.

53.

54.

55.

56.

57.

. Zamzami N, El Hamel C, Maisse C et al. Bid acts on the permeability transition pore complex to
induce apoptosis. Oncogene 2000; 19:6342-6350.

Tang D, Lahti JM, Kidd V]. Caspase-8 activation and bid cleavage contribute to MCF7 cellular
execution in a caspase-3-dependent manner during staurosporine-mediated apoptosis. ] Biol Chem
2000; 275:9303-9307.

Zhang H, Xu Q, Krajewski S et al. BAR: An apoptosis regulator at the intersection of caspases and
Bcl-2 family proteins. Proc Natl Acad Sci USA. 2000; 97:2597-2602.

Boise LH, Gonzalez-Garcia M, Postema CE et al. bcl-x, a bcl-2-related gene that functions as a
dominant regulator of apoptotic cell death. Cell 1993; 74:597-608.

Craig RW. The bcl-2 gene family. Semin Cancer Biol 1995; 6:35-43.

Molica S, Dattilo A, Giulino C et al. Increased bcl-2/bax ratio in B-cell chronic lymphocytic leu-
kemia is associated with a progressive pattern of disease. Haematologica 1998; 83:1122-1124.
Karakas T, Maurer U, Weidmann E et al. High expression of bcl-2 mRNA as a determinant of
poor prognosis in acute myeloid leukemia. Ann Oncol 1998; 9:159-165.

Konopleva M, Tari AM, Estrov Z et al. Liposomal Bcl-2 antisense oligonucleotides enhance prolif-
eration, sensitize acute myeloid leukemia to cytosine-arabinoside, and induce apoptosis indepen-
dent of other antiapoptotic proteins. Blood 2000; 95:3929-3938.

. Oltvai ZN, Milliman CL, Korsmeyer S]. Bcl-2 heterodimerizes in vivo with a conserved homolog,
Bax, that accelerates programmed cell death. Cell 1993; 74:609-619.

Chittenden T, Flemington C, Houghton AB et al. A conserved domain in Bak, distinct from BH1
and BH2, mediates cell death and protein binding functions. EMBO ] 1995; 14:5589-5596.
Shitashige M, Toi M, Yano T et al. Dissociation of Bax from a Bcl-2/Bax heterodimer triggered by
phosphorylation of serine 70 of Bcl-2. J Biochem (Tokyo) 2001; 130:741-748.

Wang LG, Liu XM, Kreis W et al. The effect of antimicrotubule agents on signal transduction
pathways of apoptosis: A review. Cancer Chemother Pharmacol 1999; 44:355-361.

Cobb MH. MAP kinase pathways. Prog Biophys Mol Biol 1999; 71:479-500.

McCawley L], Li S, Wattenberg EV et al. Sustained activation of the mitogen-activated protein
kinase pathway. A mechanism underlying receptor tyrosine kinase specificity for matrix
metalloproteinase-9 induction and cell migration. ] Biol Chem 1999; 274:4347-4353.

Foey AD, Parry SL, Williams LM et al. Regulation of monocyte IL-10 synthesis by endogenous
IL-1 and TNF-alpha: Role of the p38 and p42/44 mitogen-activated protein kinases. J Immunol
1998; 160:920-928.

Persons DL, Yazlovitskaya EM, Pelling JC. Effect of extracellular signal-regulated kinase on p53
accumulation in response to cisplatin. J Biol Chem 2000; 275:35778-35785.

Bueno OF, De Windt L], Tymitz KM et al. The MEKI1-ERK1/2 signaling pathway promotes
compensated cardiac hypertrophy in transgenic mice. EMBO ] 2000; 19:6341-6350.
Remacle-Bonnet MM, Garrouste FL, Heller S et al. Insulin-like growth factor-I protects colon
cancer cells from death factor-induced apoptosis by potentiating tumor necrosis factor alpha-induced
mitogen-activated protein kinase and nuclear factor kappaB signaling pathways. Cancer Res 2000;
60:2007-2017.

Bhat NR, Zhang P. Hydrogen peroxide activation of multiple mitogen-activated protein kinases in
an oligodendrocyte cell line: Role of extracellular signal-regulated kinase in hydrogen
peroxide-induced cell death. ] Neurochem 1999; 72:112-119.

Paumelle R, Tulasne D, Leroy C et al. Sequential activation of ERK and repression of JNK by
scatter factor/hepatocyte growth factor in madin-darby canine kidney epithelial cells. Mol Biol Cell
2000; 11:3751-3763.

Ichijo H, Nishida E, Irie K et al. Induction of apoptosis by ASK1, a mammalian MAPKKK that
activates SAPK/JNK and p38 signaling pathways. Science 1997; 275:90-94.

Kyriakis JM, Avruch J. Mammalian mitogen-activated protein kinase signal transduction pathways
activated by stress and inflammation. Physiol Rev 2001; 81:807-869.

Ip YT, Davis R]. Signal transduction by the c-Jun N-terminal kinase (JNK)—from inflammation
to development. Curr Opin Cell Biol 1998; 10:205-219.

Widmann C, Gibson S, Jarpe MB et al. Mitogen-activated protein kinase: Conservation of a
three-kinase module from yeast to human. Physiol Rev 1999; 79:143-180.



16

Fibrogenesis: Cellular and Molecular Basis

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

. Penuel E, Martin GS. Transformation by v-Src: Ras-MAPK and PI3K-mTOR mediate parallel
pathways. Mol Biol Cell 1999; 10:1693-1703.

Vanhaesebroeck B, Waterfield MD. Signaling by distinct classes of phosphoinositide 3-kinases. Exp
Cell Res 1999; 253:239-254.

Cantrell DA. Phosphoinositide 3-kinase signalling pathways. J Cell Sci 2001; 114:1439-1445.
Roymans D, Slegers H. Phosphatidylinositol 3-kinases in tumor progression. Eur J Biochem 2001;
268:487-498.

Brazil DP, Hemmings BA. Ten years of protein kinase B signalling: A hard Akt to follow. Trends
Biochem Sci 2001; 26:657-664.

Lawlor MA, Alessi DR. PKB/Akt: A key mediator of cell proliferation, survival and insulin re-
sponses? ] Cell Sci 2001; 114:2903-2910.

Nicholson KM, Anderson NG. The protein kinase B/Akt signalling pathway in human malig-
nancy. Cell Signal 2002; 14:381-395.

Wryllie AH, Kerr JF, Currie AR. Cell death: The significance of apoptosis. Int Rev Cytol 1980;
68:251-306.

Schulz JB, Weller M, Moskowitz MA. Caspases as treatment targets in stroke and neurodegenerative
diseases. Ann Neurol 1999; 45:421-429.

Bonfoco E, Krainc D, Ankarcrona M et al. Apoptosis and necrosis: Two distinct events induced,
respectively, by mild and intense insults with N-methyl-D-aspartate or nitric oxide/superoxide in
cortical cell cultures. Proc Natl Acad Sci USA 1995; 92:7162-7166.

Campisi J. Replicative senescence: An old lives’ tale? Cell 1996; 84:497-500.

Dimri GP, Lee X, Basile G et al. A biomarker that identifies senescent human cells in culture and
in aging skin in vivo. Proc Natl Acad Sci USA 1995; 92:9363-9367.

von Zglinicki T, Burkle A, Kirkwood TB. Stress, DNA damage and ageing-an integrative approach.
Exp Gerontol 2001; 36:1049-1062.

Toussaint O, Medrano EE, von Zglinicki T. Cellular and molecular mechanisms of stress-induced
premature senescence (SIPS) of human diploid fibroblasts and melanocytes. Exp Gerontol 2000;
35:927-945.

Chen QM, Bartholomew JC, Campisi J et al. Molecular analysis of H202-induced senescent-like
growth arrest in normal human fibroblasts: p53 and Rb control G1 arrest but not cell replication.
Biochem J 1998; 332(Pt 1):43-50.

Dumont P, Burton M, Chen QM et al. Induction of replicative senescence biomarkers by suble-
thal oxidative stresses in normal human fibroblast. Free Radic Biol Med 2000; 28:361-373.

Oh CW, Bump EA, Kim JS et al. Induction of a senescence-like phenotype in bovine aortic en-
dothelial cells by ionizing radiation. Radiat Res 2001; 156:232-240.

Ogryzko VV, Hirai TH, Russanova VR et al. Human fibroblast commitment to a senescence-like
state in response to.histone deacetylase inhibitors is cell cycle dependent. Mol Cell Biol 1996;
16:5210-5218.

Saretzki G, Feng J, von Zglinicki T et al. Similar gene expression pattern in senescent and
hyperoxic-treated fibroblasts. ] Gerontol. A Biol Sci Med Sci 1998; 53:B438-B442.

von Zglinicki T, Saretzki G, Docke W et al. Mild hyperoxia shortens telomeres and inhibits pro-
liferation of fibroblasts: A model for senescence? Exp Cell Res 1995; 220:186-193.

Vaziri H, West MD, Allsopp RC et al. ATM-dependent telomere loss in aging human diploid
fibroblasts and DNA damage lead to the post-translational activation of p53 protein involving
poly(ADP-ribose) polymerase. EMBO ] 1997; 16:6018-6033.

Sager R. Senescence as a mode of tumor suppression. Environ Health Perspect 1991; 93:59-62.
Sperandio S, de BI, Bredesen DE. An alternative, nonapoptotic form of programmed cell death.
Proc Natl Acad Sci USA 2000; 97:14376-14381.

Gressner AM, Bachem MG. Cellular communications and cell-matrix interactions in the pathogen-
esis of fibroproliferative diseases: Liver fibrosis as a paradigm. Ann Biol Clin (Paris) 1994; 52:205-26.
Desmouliere A, Badid C, Bochaton-Piallat ML et al. Apoptosis during wound healing,
fibrocontractive diseases and vascular wall injury. Int ] Biochem Cell Biol 1997; 29:19-30.
Gressner AM. The cell biology of liver fibrogenesis - an imbalance of proliferation, growth arrest
and apoptosis of myofibroblasts. Cell Tissue Res 1998; 292:447-452.

Rust C, Gores GJ. Apoptosis and liver disease. Am ] Med 2000; 108:567-74.



Can Manipulation of Apoprotic Cell Death Benefit Tissue Scarring? 17

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.
99.

100.

101.

102

103.

104.

105.

106.

107.

108.

109.

110.

Abdel-Aziz G, Lebeau G, Rescan PY et al. Reversibility of hepatic fibrosis in experimentally in-
duced cholestasis in rat. Am ] Pathol 1990; 137:1333-1342.

Hagimoto N, Kuwano K, Miyazaki H et al. Induction of apoptosis and pulmonary fibrosis in mice
in response to ligation of Fas antigen. Am ] Respir Cell Mol Biol 1997; 17:272-8.

Wang R, Ibarra-Sunga O, Verlinski L et al. Abrogation of bleomycin-induced epithelial apoptosis
and lung fibrosis by captopril or by a caspase inhibitor. Am ] Physiol Lung Cell Mol Physiol
2000; 279:L143-51.

Daniel C, Duffield J, Brunner T et al. Matrix metalloproteinase inhibitors cause cell cycle arrest
and apoptosis in glomerular mesangial cells. ] Pharmacol Exp Ther 2001; 297:57-68.

Razzaque MS, Foster CS, Ahmed AR. Role of collagen-binding heat shock protein 47 and trans-
forming growth factor beta 1 in conjunctival scarring in ocular cicatritial pemphigoid. Invest
Ophthalmol Vis Sci 2003; 44:1616-1621.

Marshall RP, McAnulty R], Laurent GJ. The pathogenesis of pulmonary fibrosis: Is there a fibrosis
gene? Int J Biochem Cell Biol 1997; 129:107-120.

Razzaque MS, Nazneen A, Taguchi T. Immunolocalization of collagen and collagen-binding heat
shock protein 47 in fibrotic lung diseases. Modern Pathol 1998; 11:1183-1188.

Mutsaers SE, Bishop JE, McGrouther G et al. Mechanisms of tissue repair: From wound healing
to fibrosis. Int J Biochem Cell Biol 1997; 29:5-17.

Desmouliere A, Gabbiani G. Myofibroblast differentiation during fibrosis. Exp Nephrol 1995;
3:134-139.

Razzaque MS, Taguchi T. Factors that influence and contribute to the regulation of fibrosis. Contrib
Nephrol 2003; 139:1-11.

Phan SH, Zhang K, Zhang HY et al. The myofibroblast as an inflammatory cell in pulmonary
fibrosis. Curr Top Pathol 1999; 93:173-182.

Ruoslahti E, Reed JC. Anchorage dependence, integrins, and apoptosis. Cell 1994; 177:477-478.
Betsholtz C, Raines EW. Platelet-derived growth factor: A key regulator of connective tissue cells
in embryogenesis and pathogenesis. Kidney Int 1997; 51:1361-1369.

Gauldie ], Sime PJ, Xing Z et al. Transforming growth factor-beta gene transfer to the lung in-
duces myofibroblast presence and pulmonary fibrosis. Curr Top Pathol 1999; 93:35-45.

Zhang K, Phan SH. Cytokines and pulmonary fibrosis. Biol Signals 1996; 5:232-239.

Hishikawa K, Nakaki T, Fujii T. Transforming growth factor-beta (1) induces apoptosis via con-
nective tissue growth factor in human aortic smooth muscle cells. Eur J Pharmacol 1999;
385:287-290.

Coleman AB, Momand J, Kane SE. Basic fibroblast growth factor sensitizes NIH 3T3 cells to
apoptosis induced by cisplatin. Mol Pharmacol 2000; 57:324-333.

. Inman GJ, Allday MJ. Apoptosis induced by TGE-betal in Burkitt's lymphoma cells is caspase 8

dependent but is death receptor independent. ] Immunol 2000; 165:2500-2510.

Okura T, Igase M, Kitami Y et al. Platelet-derived growth factor induces apoptosis in vascular
smooth muscle cells: Roles of the Bcl-2 family. Biochim Biophys Acta 1998; 1403:245-253.
Brennand DM, Scully MF, Kakkar VV et al. A cyclic peptide analogue of loop III of PDGF-BB
causes apoptosis in human fibroblasts. FEBS Lett 1997; 419:166-170.

Kim HR, Upadhyay S, Li G et al. Platelet-derived growth factor induces apoptosis in growth-arrested
murine fibroblasts. Proc Natl Acad Sci USA 1995; 92:9500-9504.

Funato N, Moriyama K, Shimokawa H et al. Basic fibroblast growth factor induces apoptosis in
myofibroblastic cells isolated from rat palatal mucosa. Biochem Biophys Res Commun 1997;
240:21-26.

Xiao BG, Bai XF, Zhang GX et al. Transforming growth factor-betal induces apoptosis of rat
microglia without relation to bcl-2 oncoprotein expression. Neurosci Lett 1997; 226:71-74.
Shimizu A, Kitamura H, Masuda Y et al. Glomerular capillary regeneration and endothelial cell
apoptosis in both reversible and progressive models of glomerulonephritis. Contrib Nephrol 1996;
118:29-40.

Yang B, Johnson TS, Thomas GL et al. Apoptosis and caspase-3 in experimental anti-glomerular
basement membrane nephritis. ] Am Soc Nephrol 2001; 12:485-495.

Kitamura H, Shimizu A, Masuda Y et al. Apoptosis in glomerular endothelial cells during the
development of glomerulosclerosis in the remnant-kidney model. Exp Nephrol 1998; 6:328-336.



18

Fibrogenesis: Cellular and Molecular Basis

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Yang B, Johnson TS, Thomas GL et al. Expression of apoptosis-related genes and proteins in
experimental chronic renal scarring. ] Am Soc Nephrol 2001; 12:275-288.

Lan HY, Mitsuhashi H, Ng YY et al. Macrophage apoptosis in rat crescentic glomerulonephritis.
Am ] Pathol 1997; 151:531-538.

Savill J, Smith J, Sarraf C et al. Glomerular mesangial cells and inflammatory macrophages ingest
neutrophils undergoing apoptosis. Kidney Int 1992; 42:924-936.

Razzaque MS, Shimokawa I, Nazneen A et al. Age-related nephropathy in the Fischer 344 rat is
associated with overexpression of collagens and collagen-binding heat shock protein 47. Cell Tissue
Res 1998; 293:471-478.

Razzaque MS, Shimokawa I, Koji T et al. Life-long caloric restriction suppresses age-associated Fas
expression in the Fischer 344 rat kidney. Mol Cell Biol Res Commun 1999; 1:82-85.

Ying WZ, Wang PX, Sanders PW. Induction of apoptosis during development of hypertensive
nephrosclerosis. Kidney Int 2001; 58:2007-2017.

Razzaque MS, Taguchi T. Pulmonary fibrosis: Cellular and molecular events. Pathol Int 2003;
53:133-145.

Razzaque MS, Taguchi T. Cellular and molecular events leading to renal tubulointerstitial fibrosis.
Med Electron Microsc 2002; 35:68-80

Razzaque MS, Taguchi T. The possible role of colligin/HSP47, a collagen-binding protein, in the
pathogenesis of human and experimental fibrotic diseases. Histol Histopathol 1999; 14:1199-1212.
Uhal BD, Gidea C, Bargout R et al. Captopril inhibits apoptosis in human lung epithelial cells: A
potential antifibrotic mechanism. Am ] Physiol 1998; 275:L1013-1017.

Thomas GL, Yang B, Wagner BE et al. Cellular apoptosis and proliferation in experimental renal
fibrosis. Nephrol Dial Transplant 1998; 13:2216-2226.

Thomas SE, Andoh TF, Pichler RH et al. Accelerated apoptosis characterizes cyclosporine-associated
interstitial fibrosis. Kidney Int 1998; 53:897-908.



