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1. ABSTRACT

Renal fibrosis causes significant morbidity and
mortality as the primary acquired lesion leading to the need
for dialysis or kidney transplantation.  Fibrosis can occur in
either the filtering or reabsorptive component of the
nephron, the functional unit of the kidney.  Experimental
models have identified a number of factors that contribute
to renal scarring, particularly derangements of physiology
involved in the autoregulation of glomerular filtration.
This in turn leads to replacement of normal structures with
accumulated extracellular matrix (ECM).  A spectrum of
changes in the physiology of individual cells leads to the
production of numerous peptide and non-peptide fibrogens
that stimulate alterations in the balance between ECM
synthesis and degradation to favor scarring.  Other proteins
and small molecules may have anti-fibrotic effects.
Manipulation of these opposing systems holds the promise
of effective treatments for chronic progressive kidney
disease

2.   INTRODUCTION:  RENAL FIBROSIS AND THE
FUNCTIONAL ANATOMY OF THE KIDNEY

 Renal fibrosis is the final common pathway by
which acquired kidney disease leads to the need for dialysis
or transplantation.  End stage renal disease affects over
300,000 people in the United States, costing the economy 8
to 10 billion dollars annually.  Despite the prevalence of
chronic kidney failure, we are only beginning to understand
the biology of renal fibrosis.  A number of review articles
have been published elsewhere regarding various aspects of
disease progression (1-4).  This chapter will review our
understanding of the physical, cellular, genetic and
biochemical processes that contribute to disease.

Fibrosis of the kidney can be categorized in
several ways.  A common approach to etiology is whether
or not it can be attributed to classical inflammatory
mechanisms.  Other, finely balanced systems regulating
fibrosis determine extracellular matrix production vs.
degradation, cell proliferation vs. apoptosis, increased
circulation vs. vasoconstriction, or functional adaptation vs.
excessive workload and hypertrophy.  Fibrosis also can be
approached based upon the renal compartment in which the
sclerotic process initiates.  The kidney can be considered to
have two functional or structural components:  a filtering
function accomplished in the renal glomerulus and a
reabsorptive function via the renal tubule.  Together, the
glomerulus and tubule comprise the nephron (Figure 1).
There are approximately 106 nephrons in the human
kidney.  In a 24-hour period, the glomeruli filter the
equivalent of 4- to 5 times the total body water.  To prevent
dehydration, modulate the fluid volume, and achieve
electrolyte and acid-base balance, the tubules reabsorb
about 99% of the glomerular filtrate.  Although the vast
majority of the renal mass is in the tubules and interstitium,
significant fibrosis of either the glomerular or
tubulointerstitial compartment will impair kidney function.
However, the stimuli for fibrosis, the potential effector
mechanisms, and the biology of the cells involved are
likely to be different in the two compartments.  Moreover,

Figure 1. Schematic depiction of the nephron, the
functional unit of the kidney.  After being extruded from
the capillaries in the glomerulus, 99% of the filtrate is
reabsorbed in the tubule.

Figure 2. Histopathology of the glomerulus in health and
glomerulosclerosis.  (A) Cross-section of a normal
glomerulus.  The capillaries are clustered around a
mesangial stalk, creating the impression of a “bunch of
grapes” structure.  (B) Mild FSGS.  There is an area of
extracellular matrix accumulation at 11 o’clock and two
fibrous adhesions (synechiae) are denoted by the dark
arrowheads.  (C) Moderate FSGS.  The area of matrix
accumulation and collapse (white arrow) occupies more
than half of the glomerulus.  The matrix is predominant in a
centripetal distribution centered at the hilus, the area where
the small vessels enter and leave the glomerulus.  Note that,
despite the severity of the lesion in some areas, other
capillaries in the same glomerulus appear unaffected.
Photomicrographs courtesy of Dr. W. Hsueh, Children's
Memorial Hospital, Chicago, IL.

because of the requirement for strict balance between the
amount filtered and the amount reabsorbed, a sensitive
system of tubuloglomerular feedback ensures that any
process that has an impact on one compartment will have
implications for the other.

When fibrosis impairs the filtering activity of the
glomerulus, this process is termed glomerulosclerosis .
Figure 2 shows normal glomerular histology and typical
lesions from patients with one form of glomerulosclerosis,
termed focal segmental glomerulosclerosis (FSGS).  The
glomerulus is a tuft of capillaries that undergo collapse and
replacement with extracellular matrix in
glomerulosclerosis.  Under normal conditions the
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Figure 3. Arrangement of the structures within the
glomerulus.  The capillaries are adjacent to a mesangial cell
stalk (A).  A fenestrated endothelium lines the capillaries,
and a specialized epithelial cell called the podocyte
provides external support but its interdigitations provide
sufficient space for the passage of filtrate.  Filtration occurs
from the capillaries into the urinary space.  A basement
membrane surrounds all of the cells (gray line in figure
3A).  In the case of the capillary basement membrane, it
has a trilaminar structure (B) since it is produced by both
the podocyte and the endothelial cell.  LRE, lamina rara
externa; LD, lamina densa; LRI, lamina rara interna.  The
epithelial slit pore is the final steric barrier to the filtration
of macromolecules.

capillaries are surrounded by a structure of epithelial cells
that have long, interdigitating processes that serve to
regulate glomerular filtration of macromolecules through a
system of pores (Figure 3).  These pores begin to hinder the
passage of molecules about 20 Å in effective radius,
reaching complete restriction at about 50 Å.  Thus, the
larger proteins in the plasma are retained in the blood,
despite the freer passage of water and electrolytes.  This
entire structure is supported by a stalk-like mesangium.
The mesangial cell is of mesenchymal origin and has some
functional and structural similarities to smooth muscle cells
and macrophages.  A basement membrane separating the
capillary endothelium and the visceral epithelial cells is
trilaminar, probably due to its derivation from both cell
layers.  The mesangium also contains an extracellular
matrix that is unusual in that it has characteristics more like
basement membrane (including primarily collagen IV) than
matrices found in most interstitial compartments in the
body.  In glomerulosclerosis, any one of these cell types
can contribute to fibrosis (5-7), depending upon the

initiating stimulus; interestingly, much of the accumulated
matrix appears to be produced by cells native to the
glomerulus.

In contrast, the origin of tubulointerstitial fibrosis
is less well characterized and could be derived from cells
intrinsic to the region or migrating in from other tissues.  In
addition to the tubules, which comprise the bulk of the
kidney, this anatomical compartment includes numerous
blood and lymph vessels that serve to transport reabsorbed
fluid and electrolytes back to the general circulation.  Cells
native to the tubule (8) or interstitium (9) can contribute to
fibrosis in this compartment.

3. GLOMERULOSCLEROSIS AND INTERSTITIAL
FIBROSIS: LESSONS FROM HUMAN DISEASES

3.1.  Glomerulosclerosis
Normally, the glomerulus in cross section has a

“bunch of grapes” appearance with multiple open loops
representing capillaries cut in cross section (Figure 2).  In
glomerulosclerosis, this pattern is altered.  Accumulating
matrix proteins, and the collapse of normal structures, often
occurs first in the area nearest the mesangial stalk.  In focal
segmental glomerulosclerosis (FSGS), not all of the
glomeruli are affected (that is, the process is focal) and the
spread of the lesion from the mesangium accentuates the
lobular appearance of the glomerulus (hence, the segmental
nature of the lesion).  This picture can present with
increased or decreased cellularity.  If the process initiates in
the periphery of the glomerulus (in particular if it initiates
from the glomerular epithelial cell), the segmental nature
may not be apparent.

Glomerulosclerosis denotes increased deposition
of extracellular matrix proteins within the glomerulus.  The
critical final event of extracellular matrix accumulation
may result from a variety of chronic renal diseases,
including chronic glomerulonephritis (inflammatory
process in the filter), chronic obstructive kidney disease or
transplant nephropathy (Table 1) (10).  This common result
suggests that a variety of factors may contribute to the
development of glomerulosclerosis, and that local
disruptions of physiology may lead to conditions that
support the accumulation of extracellular matrix in fibrosis.
The FSGS lesion shown in Figure 2 occurs as part of
several distinct clinical syndromes, including idiopathic
FSGS, HIV-associated FSGS and hyperfiltration injury due
to reduced numbers of functioning nephrons.

Several clues regarding mechanisms involved in
glomerulosclerosis can be derived from clinical
observations.  One is that the presence of unremitting,
massive proteinuria (urinary protein excretion) is associated
with progressive renal scarring (11).  This observation
could indicate that heavy proteinuria is in itself fibrogenic,
but patients with some forms of heavy proteinuria do not
necessarily develop FSGS (12).  Thus, it is equally possible
that patients with more severe (and therefore more
progressive) diseases also are more likely to have large
amounts of proteinuria.
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Table 1.  Diseases associated with FSGS
Idiopathic (primary) FSGS

Secondary glomerulosclerosis
• Drugs

1. Analgesics
2. Heroin

• Reflux/ obstructive nephropathy
• Loss of renal mass/hyperfiltration

1. Unilateral renal agenesis
2. Oligomeganephronia
3. Segmental hypoplasia

• Obesity
• Pre-eclampsia
• Human immunodeficiency virus
• Hereditary disorders

1. Glycogen storage disease (type I)
2. Familial dysautonomia
3. Spondyloepiphyseal dysplasia
4. Epidermolysis bullosa
5. Sickle cell disease

• Aging
• Malignancy
• Transplantation

1. Recurrence
2. De novo

• Miscellaneous
1. Radiation nephritis
2. Schistosomiasis
3. Tuberculosis
4. Infantile spasms

Glomerular diseases
1. Alport’s
2. Membranous nephropathy

Other progressive renal diseases

Adapted from (10).

A second source of potential mechanistic insight
is to be found in recent progress in identifying genetic
determinants of glomerulosclerosis.  For some time,
anecdotal reports have described a familial incidence.
Some HLA-related predispositions have been identified,
including HLA-DR4 in all American patients and HLA-
A28 in African Americans (13); -B8 in children (14); –
DRw8 in nephrotic Hispanic children (15), and -B8
combined with -DR3 and -DR7 in German children (16).
HLA-Bw53 has been related to heroin nephropathy-
associated FSGS (17).  Not all studies have found such
associations (18-20), but the data suggest a predisposition
related to immune responsiveness. Another analysis
suggests that there is a gene or gene cluster predisposing to
progressive scarring regardless of disease.   African
American and Hispanic children appear more likely than
Caucasian children to progress to renal failure with a
diagnosis FSGS (21), and certain Pima Indian families with
type II diabetes mellitus show much higher rates of
progression to chronic renal failure compared to patients
with diabetes in other PIMA families (22).

Most recently, specific gene mutations have been
associated with glomerulosclerosis.  These include the
nephrin gene (NPHS1) associated with Finnish-type
congenital nephrotic syndrome (23), and the podocin gene
(NPHS2) associated with FSGS (24).  Both of these genes
encode proteins expressed by the glomerular visceral
epithelial cell, also called the podocyte because of its
characteristic foot-processes.  Nephrin, which is localized
to the slit diaphragm, mediates podocyte cell-cell
interactions and likely contributes to the filtration barrier in
the kidney.  Podocin is a molecule that is associated with
the cytoskeleton and cell shape.  Another mutation
associated with FSGS is in the ACTN4 (α-actinin 4) gene,
which binds actin filaments to adhesive structures located
in the cell membrane (25).  Together, the involvement of
these genes suggests a role for deranged glomerular
epithelial cell structure and function in glomerular
sclerosis.  Mutations of the WT1 (Wilms’ tumor
suppressor) gene, particularly in exon 8 or 9, are associated
with glomerulosclerosis in children with Denys-Drash or
Frasier syndromes (26).  These two syndromes include
varied forms of glomerular scarring and gonadal
dysgenesis.  Interestingly, the differences in the syndromes
are not explained by differences in mutations, and there is
variability of organ involvement even among family
members with identical mutations.  Thus, disease
expression is likely influenced by other factors, and
multiple genes can affect the development of renal
fibrogenesis.

3.2.  Tubulointerstitial fibrosis
Glomerular scarring may not represent the most

significant form of fibrosis in progressive renal disease.
Two lines of evidence suggest a critical role for
tubulointerstitial fibrosis.  First, progression may occur
primarily as the result of chronic tubulointerstitial disease
of an inflammatory nature (most directly apparent in
chronic pyelonephritis or reflux of urine from the lower
urinary tract into the kidney with voiding) or toxic nature
(chronic exposure to heavy metals or certain inherited
disorders involving tubular cell protein accumulation).  A
probable functional scenario for this sort of injury leading
to loss of kidney mass is that irreversible damage to the
reabsorptive part of the nephron causes atrophy of the
filtration apparatus.  This process may involve
tubuloglomerular feedback, where decreased capacity of
the tubule leads to feedback “shutting down” of filtration.
Alternatively, fibrosis of the tubule may cause a poorly
understood process that leads to sclerosis of the
corresponding glomerulus, either directly or through some
sort of alteration in vascular supply.  A second line of
evidence supporting a critical role for tubulointerstitial
fibrosis is derived from the observation that the single
finding on renal biopsy that best predicts progression of
glomerular disease is the presence of interstitial infiltrates
of inflammatory cells (27, 28).  It is not clear whether these
cells are present in order to reabsorb damaged tubules or
are themselves agents of an inflammatory effector
mechanism leading to tubular damage and loss.  Moreover,
if the latter is true, the stimulus for this effector mechanism
is not known.  It has been postulated that the delivery of
toxins, cytokines, lipids or reactive oxygen species to the
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tubule increases as a result of increased glomerular passage
of macromolecules.  These materials could then lead to
further tissue damage and nephron loss by stimulating
inflammation.

4.  ANIMAL MODELS OF RENAL FIBROSIS

4.1.  Stimuli of fibrogenesis
To understand how renal fibrosis occurs,

investigators have studied a number of animal models of
renal scarring.  There are no true models of primary FSGS,
so the goal of animal studies has been to identify conditions
that lead to this histopathology in order to define the factors
that contribute to glomerulosclerosis and renal fibrosis.
Some of these models involve the “spontaneous”
occurrence of fibrosis.  Several are related to hypertension,
including the spontaneously hypertensive rat (SHR) (29)
and the Dahl salt-sensitive rat (30).  Aging leads to
sclerosis in the Wistar rat (31), a process that is accelerated
in the fawn-hooded rat (32).  In some of these models, the
rat may develop severe arteriolar lesions rather than true
glomerulosclerosis.  Another model in which rats develop
glomerulosclerosis is the obese Zucker rat (33).  This
model suggests that either increased filtered load due to
body mass, or hyperlipidemia itself, could stimulate
fibrogenesis.

Altering systemic or local physiology
experimentally can lead to glomerulosclerosis.
Streptozotocin has been used to induce insulin-dependent
diabetes mellitus in rats (34), mice and hamsters (35),
leading eventually to glomerulosclerosis (see also section
4.4.2.1).  Feeding of high-cholesterol diets to rats (36) or
guinea pigs (37) also may cause sclerosis.  Given the
increasing incidence of obesity and diabetes in the
industrial world, these are important models for study.
Inducing glomerulosclerosis by direct manipulation of the
kidney also represents a major experimental approach.
Sclerosis can be stimulated by nephron “overload” through
either excessive protein administration (38) or reduction in
total renal mass (39).  Either approach increases the amount
of filtration per nephron unit.  Inflammation-induced
glomerulosclerosis occurs after the administration of anti-
thymocyte antibody (anti Thy-1) to rats or mice.  This
treatment causes mesangiolysis, which is followed by a
transient expansion of the glomerular extracellular matrix.
The lesion can be rendered permanent and progressive by a
second dose of antibody at the height of the initial episode
(40).  Biochemically, FSGS-like histopathology can be
induced by treatment with adriamycin or toxins such as
puromycin aminonucleoside (41).  In puromycin injury,
acute nephrotic syndrome heals over a few weeks and is
followed months later by FSGS.  Bromoethlyamine induces
acute papillary necrosis in rats, followed by focal
interstitial fibrosis.  Cyclosporine induces interstitial
fibrosis in rats and mice, at least in part due to ischemia
consequent to endothelial dysfunction.  Unilateral ureteral
obstruction stimulates both glomerulosclerosis and
tubulointerstitial fibrosis (42, 43).  Finally, transgenic
models have implicated a number of cytokines and growth
factors, including growth hormone (44), interleukin-6 (45),

Src-related tyrosine kinases (46), transforming growth
factor (TGF)-β (47), and reactive oxygen species (48).

4.2.  Pathophysiological events
4.2.1.  Intraglomerular hypertension, hyperfiltration
and hypertrophy

Increased systemic blood pressure is transmitted
imperfectly to the glomerulus as a result of the defense
mechanism of autoregulation.  Thus, increased blood
pressure within the glomerular afferent arteriole is a potent
stimulus to vasoconstriction.  Renal autoregulation may not
be entirely successful, because of host (possibly genetic)
limitations or severe systemic hypertension, leading to
glomerular capillary hypertension.  Decreasing intrarenal
hypertension (more than systemic hypertension) decreases
the amount of glomerulosclerosis or its rate of progression
in humans (49) and in animal models (50).  A corollary of
this observation is the possibility that the critical variable is
not blood flow or pressure per se, but the increased filtered
load per nephron that results.  This increased flow is
accomplished at the cost of glomerular capillary
hypertension and glomerular enlargement, which are
associated with increased production of mesangial matrix.
As mentioned previously, excessive proteinuria has been
associated with renal scarring in human disease and in
animal models.  Maneuvers that reduce glomerular
capillary hypertension, such as angiotensin antagonist
therapy, reduce glomerulosclerosis (51).  The precise
signaling pathways linking hemodynamic forces to
mesangial cell activation are not well understood, although
one clue may be that cyclic stretch increases collagen and
TGF-β production by cultured mesangial cells (52).
Interestingly, in many animal models, a moderate reduction
of renal mass without an additional insult to the kidney is
insufficient to induce scarring (consistent with the
observation that most humans who lose a kidney due to
trauma or transplant donation show no untoward effects).
But humans and rats with more severe reductions in renal
mass are at risk for progressive renal failure, suggesting
that the degree of functional compensation that is required
is an important determinant of scarring.

A potential mediator of this fibrotic effect is the
resulting hypertrophy of the nephron.  It is known that
enlarged glomeruli are a harbinger of glomerulosclerosis in
humans (53).  Addressing the potential direct effects of
nephron overload vs. subsequent hypertrophic effects, Fogo
and colleagues removed 2/3 of the left kidney from rats and
diverted the ureter from the right kidney so that it released
the urine back into the rats’ abdominal cavities.  These rats
showed less scarring in the left kidney than did rats in
which the right kidney had been removed.  Since both
groups of rats had identical levels of net renal function, the
study was interpreted as demonstrating a role for
hypertrophy, stimulated by the greater loss of renal mass in
the group undergoing right nephrectomy (54).  To further
support the possibility that hypertrophic stimuli may cause
fibrotic changes independent of direct filtration load in
response to subtotal nephrectomy, the anatomical location
of nephrons where sclerosis first occurs differs from that
where the greatest increase in filtration occurs (55).
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4.2.2.  Other pathophysiological mechanisms
Additional physical events may contribute to

scarring.  Lipid nephrotoxicity is suggested by similarities
between atherosclerosis and glomerulosclerosis (56).  It
should be noted that glomerulosclerosis occurs in
capillaries, whereas atherosclerosis occurs primarily in
larger arterial vessels.  Nonetheless, it has been proposed
that the mesangial cell, which takes up and metabolizes
lipid (57), could play a role in glomerulosclerosis similar to
that of the vascular smooth muscle cell in atherosclerosis.
Modulation of hyperlipidemia alters rates of progression in
animal models (58).  Direct effects of lipids on renal cell
function also may be important (57).  In addition, the
effects of lipids could be hemodynamic (59) or
immunostimulatory (60).  Immunostimulation is reflected
by increased mononuclear cells in both the glomerulus (61)
and the tubulointerstital compartment (62).

Another potential mechanism takes into account
the anatomy of the glomerular lesion.  Many authors now
believe that an early event after injury is loss of podocytes
or podocyte activation, leading to adhesion of the
glomerular capillary to Bowman’s capsule, which
surrounds the glomerulus (5).  An example of such an
adhesion is shown in Figure 2.  Kriz has further proposed
that this could allow glomerular filtrate, with its plasma
content of proinflammatory molecules, to be delivered
directly into the tubulointerstitium.  A reactive process
could be initiated, leading to tubulointerstitial fibrosis and
nephron loss (63).

5.  CELLULAR AND MOLECULAR MECHANISMS

5.1.  The fibrogenic process
A characteristic of idiopathic FSGS, and of many

other forms of glomerulosclerosis encountered both
clinically and in experimental models, is its focality.  Even
within a single glomerulus, there may be areas of intense
involvement and areas that appear to be spared.  Thus, the
development of this lesion does not represent a diffuse and
nonspecific manifestation of injury, but rather a highly
regulated process that reflects a number of systemic and
local factors.  A hypothetical model can be constructed
invoking a cascade of biological events.  Recent advances
in the genetic analysis of FSGS have identified a number of
gene mutations that involve proteins that govern the
structure and function of the epithelial cell (23-25).  Thus, a
change in the epithelial cell structure permitting
hyperfiltration, ballooning of the capillary and/or epithelial
podocyte dysfunction appears to initiate a lesion.  It is
possible that the mesangial cell plays a supporting role in
matrix accumulation, and in some models such as radiation
nephritis, the endothelial cell plays an important role (64).
These complex paracrine interactions (or, in the case of
overload proteinuria, perhaps simply the effect of massive
proteinuria (38)) lead to changes in the charge or
composition of the ECM, altering the ability of the matrix
to bind growth factors or to serve as a substrate to the
adjacent cells.  These alterations may change the cell
behavior in ways that, in turn, likely cause further changes
in the nature of the ECM that these cells produce.
Increased ECM synthesis, decreased degradation, or both

(65) lead to matrix accumulation and capillary obliteration,
with apoptosis making the process irreversible.  This spiral
of events results in a pathogenic process that is amplifying,
accelerating and sustaining.

From this schema, it is apparent that two types of
pathogenic event are necessary for the progression of
glomerular disease.  The first is a series of cellular
activities that stem from abnormal glomerular physiology
such as intraglomerular hypertension or hyperfiltration,
with resulting changes in cell function that include both
initiating events such as cytokine production and terminal
events leading to glomerular involution.  The second is the
matrix-accumulating process itself, with increased
production and/or decreased turnover causing fibrosis.

5.2.  Balance in extracellular matrix (ECM) turnover
5.2.1. ECM synthesis

The extracellular matrix in the kidney is
comprised of three different compartments.  The ECM
proteins found in the typical basement membranes
surrounding capillaries and other tubular structures include
collagen IV, laminin, nidogen and heparan sulfate
proteoglycans.  There are kidney-specific laminins,
primarily s-laminin in the glomerulus (66). The mature
glomerular capillary basement membrane collagen IV is
comprised of the α3(IV), α4(IV) and α5(IV) chains,
whereas the mesangial collagen is primarily α1/2(IV).
Under normal conditions, the turnover rate for the ECM
proteins is relatively low.  Mesangial cells make collagen I
only in culture and during the extended response to injury.
Increased renal cortical expression of a variety of matrix
molecules occurs soon after injury that leads to
glomerulosclerosis, and may include both proteins
normally found in the glomerulus and atypical matrices in
response to injury (reviewed in (65)).  In experimental
interstitial fibrosis, expression of collagen I, -III and -IV,
fibronectin and laminin were all increased (67).

5.2.2.  ECM proteases
Two major families of extracellular matrix

proteases are expressed in the kidney: the matrix
metalloproteinases (MMPs) and the plasminogen activators
(PAs).  The MMPs are a large family of neutral zinc
proteases that are secreted as zymogens and then activated
catalytically to expose a zinc-containing active site (68).
They have varying substrate specificities, although these
have been determined primarily in vitro and may show
different selectivity in vivo in health and disease.  The
second family, the plasminogen activators, also are
produced in pro-forms (69).  Originally characterized as a
part of the thrombolytic (anticoagulant) pathway, they have
subsequently been found to modulate ECM turnover as
well.  Tissue-type PA is produced by most of the cells in
the kidney, whereas urokinase-type PA is not usually
associated with mesangial cells but is produced by
surrounding endothelial cells and epithelial cells.  PA
activity has been associated primarily with laminin
degradation (70) but it also may play a role in the catalytic
activation of MMPs (71).

Under normal physiological circumstances, the
expression of these molecules is tightly regulated in concert
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with the ECM proteins.  However, in disease, this balance
may be altered.  In the rodent Thy1 nephritis model, initial
mesangial expansion is decreased during a remodeling
phase that coincides with increased expression of MMP-2
(72).  In contrast, MMP-2 expression appears to decrease in
certain models of ECM accumulation (73, 74).

5.2.3.   ECM protease inhibitors
The activity of the ECM proteases is regulated

post-translationally by a series of biological antagonists.
The tissue inhibitors of metalloproteinases (TIMPs) bind to
the MMPs and, depending upon the site of binding, either
facilitate activation of the protease or inhibit its activation
or activity.  TIMP-1 shows markedly increased expression
in the tubulointerstitium during chronic, progressive
tubulointerstital fibrosis (67).  Surprisingly, mice in which
specific TIMPs have been genetically deleted do not show
a marked decrease in rates of disease progression (75).
One potential explanation for this observation is that there
are multiple TIMPs that may show significant redundancy
of function.  A similar family of homologous proteins
known as the plasminogen activator inhibitors (PAIs)
regulates PA activity.  PAI-1 expression is increased by
TGF-β, and the expression and activity of PAI-1 correlates
with the matrix-accumulating phase of several glomerular
and tubulointerstitial diseases (reviewed in (76)).

5.2.4.  Matrix organization
An important and largely overlooked issue is the

organization of ECM proteins into stable matrices.  This is
a process that requires appropriate transport, post-
translational processing of the structural proteins and
subsequent interaction between the matrix proteins and
their receptors.  For example, collagens are arranged into
lattice-like or fibrillar structures in a process that requires
an intact mechanism for communication between the
cytoskeleton and the external environment (77).  FSGS has
been associated with abnormalities of either the
cytoskeleton (α-actinin-4, (78)) or the ECM receptors that
link the cytoskeleton to the external environment (β4-
integrin, (79)).  This is an area that is ripe for further
investigation.

5.3.  Cellular events
5.3.1. Regulation of ECM turnover at the cellular level

Several cellular models for regulation of ECM
turnover have been described.  The most common
glomerular cell that has been studied is the mesangial cell.
In part, the rationale for this choice is that it is the cell that
is specific to the initial localization of most forms of focal
segmental glomerulosclerosis.  Moreover, it is the cell most
easily propagated from glomerular tissue.  Mesangial cells
are responsive to a number of mediators (see next section)
such as transforming growth factor (TGF)-β, platelet-
derived growth factor (PDGF), basic fibroblast growth
factor (bFGF), angiotensin II and prostaglandins.  These
mediators and others stimulate mesangial cell proliferation,
apoptosis or changes in ECM turnover.  The stimuli for
specific cellular events depend upon the initial pathogenic
event.  For example, mesangial cell proliferation may result
from activity of bFGF (80) or PDGF (81) in different
models.  Angiotensin II may stimulate mesangial cell

contraction (82) and also stimulates the production of TGF-
β (83), which in turn could act in an autocrine or paracrine
fashion to decrease net cellular ECM turnover at the level
of ECM production (84) or ECM protease inhibitor activity
(85).

The mechanisms of action of these mediators is
currently under intensive investigation.  A number of
cellular signaling pathways have been identified as
activated and potentially leading to changes consistent with
renal fibrosis.  These include the activities or protein kinase
C and the ERK MAP kinase pathway during hyperglycemia
(86) and the Smad signal transduction pathway stimulated
by TGF-β (87).  Although many of these pathways are
characterized as acting at the level of gene transcription in
regulating ECM turnover, other mechanisms may
contribute as well.  For example, an effect on laminin
mRNA expression has been postulated to enhance
production of that molecule in high-insulin states (88).  The
regulation of apoptosis occurs in the cytoplasm at the level
of MAP kinase and ceramide signaling, as well as in the
nucleus via regulation of expression of pro- and anti-
apoptotic proteins.

5.3.2.  Transdifferentiation of renal cells into those with
fibrogenic function

Increasing attention has been paid in renal
disease to the concept of resident tissue cells differentiating
into fibroblasts as a critical event in fibrogenesis.  In the
blood vessel, the fibrous plaque appears to require the
differentiation of the vascular smooth muscle cell into a
“myofibroblastoid phenotype.”  In the kidney, this has been
best characterized as a transition from an epithelial cell
phenotype (tubular epithelium) to a fibroblastoid cell that
produces and secretes ECM (89).  This epithelial-to-
mesenchymal transdifferentiation is felt to represent a
transition to a less-differentiated state since the cell’s
function is less specific than it was when it was acting as a
tubular epithelial cell, regulating transport.  Recent data
suggest that this process involves a change in the adhesion
of the cell to both its underlying basement membrane and
neighboring cells.  The amount of smooth muscle α-actin
that the cell produces increases, and the cell migrates into
the interstitium where it begins to secrete excess ECM (89).
This model also may apply to the glomerulus, since mouse
mesangial cells begin to produce smooth muscle α-actin
before they produce collagen, and blocking smooth muscle
α-actin expression inhibits collagen production (90).

The potential contribution to fibrosis of cells that
migrate into the kidney is not known.  Clearly,
macrophages play an important role by promoting
inflammation and activating profibrotic cascades (91).  In
addition, it is uncertain whether these cells also undergo
transition to a fibroblastoid state and contribute to the net
accumulation of ECM.

5.3.3.  Interaction among cells specific to the kidney
Investigators studying the pathogenesis of

progressive kidney disease have differed regarding the
primary cell involved in the pathogenesis of ECM
accumulation.  Human genetic data implicating a variety of
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podocyte proteins that connect the cytoskeleton to its
external milieu suggest that the epithelial cell is paramount
in progressive glomerular disease.  Additional data in
support of this notion include the enhancing effect of
stretch and hypertension on the cell synthesis of, and
response to, TGF-β (92) (in vivo, likely to be transmitted
through the capillary to the podocyte) and the finding of
shed podocytes in the urine of patients (93).  Data
attributing sclerosis to a hypertrophic stimulus also suggest
a feedback mechanism, from the glomerular or tubular
epithelium to the other cells of the glomerulus.  In contrast,
those who favor a critical role for the mesangial cell point
to its central location in the glomerulus where much of the
ECM accumulates, its role as a phagocytic cell and possibly
as a regulator of the microcirculation, and its ready
transformation to a matrix-accumulating phenotype.  It is
likely that the mesangial cell and the podocyte interact via
paracrine mechanisms, modulating each other’s function.
It is possible that the epithelial cell interaction with its
ECM could be disrupted by inflammation, hydrostatic
pressure, matrix derangements or cytokines and respond
with detachment or the production of factors that stimulate
mesangial cell ECM accumulation.

5.4.  Mediators of fibrosis
Numerous mediators of tissue fibrosis have been

described.  Space is too limited here for a comprehensive
review.  Therefore, the focus in this section will be briefly
discuss selected recent developments, and will emphasize
for references recent review articles.  For simplicity, we
will offer the term fibrogen to define a peptide or non-
peptide mediator of the fibrotic process, defined as an agent
which directly or indirectly stimulates the proliferation or
activation of fibroblasts, the transdifferentiation of cells
into fibroblasts, the conversion of mesenchymal cells (eg.,
mesangial cells) into an activated producer of fibrotic
matrix protein, or the production of fibrotic matrix protein
by mesenchymal cells.

5.4.1. Peptide fibrogens
5.4.1.1. Transforming growth factor-β

Transforming growth factor-β (TGF-β) is
secreted as a latent protein and, following activation to
mature TGF-β, serves as the prototypical fibrogen.  TGF-β
expression in the kidney is increased in both infiltrating
cells and most parenchymal cells in one or more models of
experimental renal disease, and increased circulating levels
of TGF-β also induce renal fibrosis (94).  TGF-β receptor
stimulation is associated with activation of the Smad
pathway as well as MAP kinase pathways (95), resulting in
production of other mediators such as PAI-1, as well as
matrix proteins including collagens and fibronectin.

5.4.1.2. Connective tissue growth factor
Connective tissue growth factor (CTGF) is a

member of the CCN protein family, named for members
Cyr61 (cysteine rich protein), CTGF, and Nov
(nephroblastoma overexpressed gene) (96, 97).   A major
regulator of CTGF expression is TGF-β, leading to the
suggestion that CTGF serves to mediate TGF-β action.
However, ablation of the TGF-β/Smad signaling pathway
inhibits collagen promoter activation, indicating a direct

link that obviates a role for CTGF as the sole mediator of
TGF-β-stimulated fibrosis. CTGF expression is increased
in cultured mesangial cells exposed to TGF-β, high glucose
medium, or cyclic stretch (98) and in vivo in interstitial
fibroblasts in the remnant nephron model (99).

5.4.1.3.  Angiotensin II
Angiotensin II (AII) has come of age as a driver

of tissue fibrosis in heart, blood vessels, and kidney  (100-
104).  AII may be delivered via the circulation or produced
locally, and promotes fibrosis both directly, acting on
parenchymal cells, and indirectly, acting via inflammatory
cells.  Mechanical strain and oxidized low-density
lipoproteins increase the expression of angiotensin type I
receptors, suggesting that angiotensin-mediated stimulatory
effects may not require an absolute increase in AII levels.
AII stimulates production of TGF-β by mesangial cells and
possibly other renal cell types as well.  It also stimulates
cultured interstitial fibroblast proliferation; converts
fibroblasts to activated, smooth muscle actin-positive
myofibroblasts (a property shared with PDGF and TGF-β);
and increases matrix production by these cells.  AII
stimulates production of PAI-1, thereby inhibiting
activation of matrix degrading enzymes.  As mentioned
above, AII stimulates chemotaxis of inflammatory cells and
by increasing production of MCP-1 by mesangial cells and
osteopontin by tubular epithelial cells.

5.4.1.4.  Plasminogen activator inhibitor-1
Plasminogen activator inhibitor-1 (PAI-1) is

upregulated in fibrotic renal disease and may contribute to
impaired matrix degradation (105).  PAI-1 knockout mice
have reduced interstitial collagen and TGF-β1 content and
reduced interstitial fibrosis following unilateral ureteral
obstruction, although there was no change in plasmin
activity (105).  The authors concluded that the favorable
effects of the absence of PAI-1 were due to the role of PAI-
1 in the recruitment and activation of macrophages and
fibroblasts.

5.4.1.5.  Insulin
Insulin increases mesangial cell expression of

collagens I and IV and fibronectin (106).  It enhances renal
proximal tubular epithelial cell translation of laminin
mRNA into protein through a PI-3-kinase- and mTOR-
dependent mechanism (88), suggesting a novel mechanism
for ECM accumulation.  In view of the exploding incidence
of non-insulin-dependent diabetes mellitus in the developed
countries, this mechanism may have increasing importance
for progressive renal disease.

5.4.1.6.  Growth hormone and insulin-like growth
factor-1

Mice transgenic for the overexpression of growth
hormone (GH) develop glomerulosclerosis (107).
Interestingly, although many GH effects are mediated
through insulin-like growth factor-1 (IGF-1), which is
present in glomerular filtrate under conditions of
proteinuria (108), mice transgenic for IGF-1 do not develop
glomerulosclerosis spontaneously.  However, mice
transgenic for IGF-binding protein-1 do develop sclerosis
(109).  GH effects could be indirect, related to
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hyperfiltration (110).  Further, GH antagonism prevents
glomerular hypertrophy and albuminuria in nonobese
diabetic mice (111).

5.4.1.7.  Basic fibroblast growth factor
Basic fibroblast growth factor (FGF2) has

prominent angiogenic and mitogenic activity.  FGF-2 is up-
regulated in the mesangial proliferative phase of fibrotic
renal disease (80) and chronic administration to rats
accelerates glomerulosclerosis initiated by other stimuli
(112).

5.4.1.8.  Epidermal growth factor
Epidermal growth factor (EGF) supplementation

attenuates the course of acute renal failure, but interruption
of EGF signaling in a transgenic mouse bearing an EGF
dominant negative receptor was associated with reduced
interstitial fibrosis in 3/4 nephrectomized mice (113).  This
suggests that EGF may play some role in fibroblast
recruitment or differentiation.  In contrast, in congenital
obstructive uropathy, EGF appears to protect against
fibrosis (114).

5.4.1.9.  Platelet-derived growth factor
Platelet-derived growth factor (PDGF) is potent

mitogen for mesenchymal cells, in particular mesangial
cells.  It has been shown to be active in mesangial cell
migration in glomerular sclerosis (80).

5.4.1.10.  Endothelin
Endothelin is a potent vasoconstrictor that may

also have direct pro-fibrotic effects.  Pharmacologic
antagonism reduces fibrosis in experimental models
including remnant nephron (115), and endothelin
transgenic mice develop glomerulosclerosis and interstitial
fibrosis (116).

5.4.1.11.  Tumor necrosis factor-α  (TNF-α )
TNF-α has a major role in inflammation; its role

as a fibrogen has not been extensively investigated.  Mice
lacking either of the TNF-α receptors, p55 or p75, manifest
reduced fibrosis following unilateral ureteral ligation (117).

5.4.1.12.  Osteopontin
Osteoponin is a secreted extracellular matrix

protein bearing an RGD motif (classic for integrin binding).
Its functions include promoting cell-matrix adhesion and a
cytokine regulating inflammation and tissue repair (118).
Osteopontin is produced by macrophages and also by renal
parenchymal cells, including tubular epithelial cells (119).
Osteopontin knockout mice manifest reduced inflammation
and fibrosis following ureteral ligation, supporting a
pathogenic role (120).

5.4.1.13. Leptin
Leptin is a peptide product of adipocytes that

binds a hypothalamic receptor, thereby regulating satiety.
Leptin stimulates production of TGF-β1 and collagen IV
production by cultured mouse glomerular endothelial cells,
as well as cellular proliferation (121).  Leptin also
stimulates expression of the type II TGF-β receptor and
collagen I by cultured mouse mesangial cells (122).  These

data suggest a possible role for leptin in diabetes and
obesity-related FSGS.

5.4.1.14.  Osteonectin
Osteonectin (also known as SPARC, secreted

protein rich in cysteine) is a counter-adhesive protein, in a
family that includes thrombospondin and tenascin.
Osteonectin induces TGF-β in glomerulonephritis (123).  It
has been proposed that osteonectin and TGF-β constitute an
autocrine feedback loop, in which each stimulates the other
and both stimulate the activation of mesangial cells to a
collagen I-producing phenotype (124).

5.4.1.15.  Transcription factors
Ets family transcription factors promote

epithelial-mesenchymal transition (125), and thereby may
have important roles in renal fibrosis.  Ets family members
heterodimerize with AP1 to increase transcription of MMP,
which increases matrix degradation, and Ets
heterodimerizes with Sp1 to increase transcription of
tenascin-C and collagen I, promoting matrix accumulation.
This area is a fruitful one for future development.

5.4.2.  Non-peptide fibrogens
5.4.2.1.  Glucose and related molecules

A sizable literature documents that renal cell
culture in the presence of increasing concentrations of
glucose alters cellular metabolism toward matrix
accumulation, suggesting that ambient glucose level may
contribute to fibrosis.  Mesangial cells and tubular
epithelial cells cultured in high glucose medium have
increased collagen I and -IV mRNA levels, possibly due to
increased gene transcription (126).  Mesangial cells
exposed to high glucose produce large amounts of CTGF
(127).

Chronic hyperglycemia increases advanced
glycosylation end-products (AGE) and these are potential
mediators of glycemia-associated pathology (128).  AGE
increase production of PDGF by mesangial cells (129) and
production of CTGF by fibroblasts (130), and induce
proteinuria and glomerulosclerosis in rats (131).
Glycosylation of ECM may make it less susceptible to
degradation by MMPs (132), altering the balance between
synthesis and breakdown to favor accumulation.  Inhibition
of AGE accumulation with aminoguanidine ameliorates
glomerulosclerosis in diabetic mice, more (albeit indirect)
evidence for the role AGE in matrix expansion.  Whereas
most murine models of diabetic nephropathy have shown
limited histopathologic change, mice that have insulin
deficiency and over-express the AGE receptor develop
diabetic glomerulosclerosis, adding weight to the argument
that AGE are important as mediators of diabetic
glomerulopathy (133).

5.4.2.3.  Reactive oxygen species (ROS)
Several mechanisms may contribute to generation

of oxidant species that act to promote fibrosis.  First,
ischemia-reperfusion injury may enhance the production of
ROS by two enzyme families.  NADPH-oxidase dependent
enzymes are expressed in phagocytic cells (including
macrophages and neutrophils) and in renal parenchymal
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cells (the recently-described NADPH-oxidase 4 (NOX4) is
present in mesangial cells and tubular epithelial cells
(134)).  Xanthine oxidase is present and active in
endothelial cells.  Second, oxidized low-density
lipoproteins are endocytosed by monocytes and mesangial
cells, serving to activate those cells and promote fibrosis.
Oxysterols increase production of TGF-β by mouse
macrophages (135).  Toxic free radicals include superoxide
anion (O2•-), reactive nitrogen species such as nitric oxide
(NO•-) and hydroxyl radicals (OH•-); all of these are
unstable and attack a plethora of cellular targets which have
been the subject of extensive study.  One such product is an
aldehyde derived from oxidation of membrane lipids, 4-
hydroxy-nonenal (HNE).  HNE serves as a marker of
oxidative stress and stimulates production of TGF-β (135).
Markers of oxidative stress, including expression of heme
oxygnase-1 and the isoprostane 8-iso prostaglandin F2α,
rise in kidneys subjected to unilateral ureteral obstruction,
prior to the development of fibrosis (136).

5.4.2.4.  Hypoxia
Exposure of cultured tubular epithelial cells and

renal interstitial fibroblasts to a low-oxygen environment
(<1% O2) induces a pro-fibrotic phenotype characterized by
increased production of collagen I, TIMP-1 and TGF-β
production and decreased production of MMP-1 and MMP-
2 (137).  Antibodies to TGF-β did not neutralize this effect,
suggesting that this mediator was not responsible for the
cell transformation.  Instead, the authors suggest that an
oxygen sensor increases production of the transcription
factor hypoxemia inducible factor-1 (HIF-1), which in turn
activates particular genes.

5.4.2.5.  Aldosterone
Aldosterone has recently been recognized as a

potent fibrogen in the heart and kidney.  Pharmacologic
antagonists (spironolactone or the more selective
aldosterone receptor antagonist eplerenone) ameliorates
glomerulosclerosis in the salt-sensitive hypertensive rat
model, even without a reduction in blood pressure
(reviewed in (138)).  The mechanisms of aldosterone action
may include upregulation of AII receptors, increased
synthesis of TGF-β and PAI-1, generation of reactive
oxygen species, and endothelial dysfunction.

6.  ANTI-FIBROTIC THERAPIES

There are many potential fibrogen targets and one
must consider carefully which targets are likely to be
therapeutically important (139).  We propose that anti-
fibrotic agents only be tested in clinical studies when all of
the following criteria are met.  (This approach is modified
from criteria proposed for anti-cytokine therapy in
pulmonary fibrosis by Coker et al. (140)).

1.  The fibrogen must stimulate in vitro mesenchymal cell
proliferation or activation (as manifested by increased
matrix production), or promote transdifferentiation of
epithelial cells into fibroblastic cells.

2.  Fibrogen protein expression or activity must be
increased in vivo in a relevant animal model of tissue
fibrosis, if available, and in human disease tissue.

3.   Inhibitors of fibrogen expression or function must
reduce fibrosis in a relevant animal model, if available.

6.1. Peptide inhibitors of fibrosis
6.1.1.  Interferon-γ

Interferon-γ (IFN-γ) and TGF-β act in opposing
manners on fibroblasts and lymphocytes, suggesting the
possibility of an interaction.  The molecular mechanism
responsible for this observation appears to be induction by
IFN-γ of Smad 7, an antagonistic Smad which prevents the
interaction of the Smad 3 with the TGF-β receptor complex
and thereby prevents phosphorylation and activation of
Smad 3 (141).  In cultured renal interstitial fibroblasts
stimulated by TGF-β, IFN-γ reduces FGF-2 mRNA and
inhibits fibronectin production and, to a lesser extent,
collagen I production (142).  In vivo, IFN-γ inhibits
fibroblast conversion to the activated, myofibroblast
phenotype and reduces collagen production in the remnant
nephron model (143).  In clinical trials, IFN-γ reduces
idiopathic pulmonary fibrosis (144).  While it has the
disadvantage of requiring parenteral injection, IFN-γ is an
attractive candidate for future clinical trials of progressive
renal disease.

6.1.2.  Hepatocyte growth factor
Hepatocyte growth factor (HGF) and TGF-β may

constitute a counter-regulatory feedback system, with HGF
acting to down-regulate TGF-β, prevent the
transdifferentiation of tubular epithelial cells, and limit
progressive interstitial fibrosis (145, 146).  In vitro, TGF-β
increases α-smooth muscle actin expression and decreases
E-cadherin expression, while HGF reverses these effects
(147).  Exogenous HGF, or HGF-expressing plasmid,
reduces fibrosis in two mouse models of interstitial fibrosis,
genetic and ureteral obstruction  (148, 149). On the other
hand, over-expression of HGF in the proximal tubule is
associated with tubular injury, suggesting that the quantity
or timing of HGF expression may influence whether HGF
acts to stabilize or compromise epithelial cell phenotype
(150).

6.1.3.  Bone morphogenetic protein-7
Bone morphogenetic protein-7 (BMP7) is a

member of the TGF-β superfamily which is required for
normal metanephric development (reviewed in (151)).  In
cultured chondroblasts, TGF-β and BMP7 have opposing
roles in matrix production; this important work has not
been extended to renal parenchymal cells.  Exogenous
BMP7 reduces fibrosis unilateral ureteral obstruction (152,
153).

6.1.4.  Relaxin
Relaxin, a protein associated with increased

ligament flexibility during pregnancy, has been shown to
reduce collagen accumulation in bleomycin-induced
pulmonary fibrosis in mice and to reduce collagen
production by lung fibroblasts and hepatic stellate cells, the
latter a modified pericyte resembling mesangial cells (154,
155).  Relaxin administration by minipump over 28 days
reduced macrophage infiltration, TGF-β immunostaining,
and interstitial fibrosis in the rat bromoethylamine
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interstitial fibrosis model (156); studies in other
experimental models would be of interest.

6.1.5. Vascular endothelial growth factor
Vascular endothelial growth factor (VEGF), a

potent angiogenic factor, is expressed by podocytes and
tubular epithelial cells, and VEGF receptors are present on
endothelial cells and, in the setting of proliferative
glomerulonephritis, mesangial cells.  VEGF administration
improves function and reduces fibrosis in the remnant
nephron model, possibly by increasing interstitial capillary
growth and thereby reducing hypoxia (157).

6.1.6.  Small leucine rich proteoglycans
The Small leucine rich proteoglycan (SLRP)

family includes decorin, which has been shown to bind
TGF-β.  Parenteral administration of decorin and decorin
gene therapy have each been shown to reduce the transient
glomeruosclerosis that accompanies ant-Thy1 nephritis in
rats (158, 159).

6.2. Small molecule inhibitors of fibrosis
6.2.1.  Angiotensin antagonists

Angiotensin converting enzyme (ACE) inhibitors
have emerged as widely-used inhibitors of fibrosis in the
cardiovascular tissues and kidney.  Numerous studies
document reduction of fibrosis in animal models of kidney
disease (for review see Table 1 in (1)).  Angiotensin
receptor blockers (ARB) have effects limited to blocking
the binding of AII to its major receptor. ACE inhibitors, by
contrast, inhibit degradation of several peptides, including
not only AII but also bradykinin.  Presumably, both ACE
inhibitors and ARB decrease intraglomerular hypertension
and the hyperfiltration of potentially fibrogenic serum
components to the tubulo-interstitium.  However, other
antihypertensive agents do not have this effect, and it has
been postulated that ACE inhibition interferes with
hypertrophic effects of the renin-angiotensin system,
independent of its effects on hydrostatic pressure.  Cardiac
fibroblasts have both AII and bradykinin receptors, and the
bradykinin receptor blocker HOE140 antagonizes the
therapeutic effects of ACE inhibitors on cardiac remodeling
(160).  While it is unknown as yet whether the same is true
for renal fibrosis, the effects of ARB are of considerable
interest.

Losartan reduces glomerulosclerosis and renal
collagen content (predominantly an index of interstitial
fibrosis) in aging rats (161) and has similar effects in
radiation nephropathy (162).  Recent clinical studies
suggest a benefit in nephropathy in type 2 diabetes by
reduced progression to macroalbuminuria and subsequent
impaired glomerular filtration, although morphologic
studies have not been performed (163, 164).

6.2.2.  Aldosterone antagonists
Aldosterone antagonism has emerged as a potent

anti-fibrotic approach to slowing or reversing the
progression of cardiac fibrosis, and is the subject of
considerable interest in renal fibrosis.  The aldosterone
antagonist spironolactone reduced glomerulosclerosis in a
rat radiation nephropathy model, although to a lesser extent

than losartan (162).  Studies in human patients have not
been reported.

6.2.3.  Pirfenidone
Pirfenidone is a potent anti-fibrotic whose

mechanism of action is unknown.  Possible actions include
suppression of TGF-β production, suppression of PDGF
production (165), inhibition of TNF-α signaling (166),
suppression of ICAM-1 expression in cultured fibroblasts
(167) and scavenging of ROS (168).  Pirfenidone has an
anti-fibrotic effect in the various rat models including
remnant nephron (169) and ureteral obstruction (170).
Human clinical trials are in progress for patients with FSGS
and patients with nephropathy associated with type 1
diabetes.

6.2.4.  Pentosan polysulfate
Pentosan polysulfate is a non-anticoagulant

heparinoid that shares with heparin the ability to bind many
growth factors.  Therapy with pentosan polysulfate reduces
matrix production by cultured mesangial cells  and prevents
glomerulosclerosis in the remnant nephron model in rats
(171).

6.2.5.  PPAR-γ  ligands
The peroxisome proliferator-activated receptor-γ,

one of a family of nuclear receptors, binds physiologic
ligands (particularly linoleic acid derivatives) and
pharmacologic ligands (including the hypoglycemic agents
troglitazone, rosiglitazone, and piaglitazone).  Besides
experimental diabetic nephropathy, it is been recently
shown that these agents have efficacy in nondiabetic
glomerulosclerosis, specifically the remnant nephron model
(172).  This was associated with decreased PAI-1 and TGF-
β expression, although the molecular pathways remain to
be dissected.

6.2.6.  Methyl-xanthines
Pentoxifylline (and its precursor, pentafylline) are

substituted methyl-xanthines have been used for their
rheologic effects on erythrocytes, to improve blood flow.
These agents have other effects, including scavenging free
radicals (173) and antifibrotic activity.  Pentoxifylline
inhibits matrix protein production by cultured renal
interstitial fibroblasts and mesangial cells (174).  The drug
attenuates Thy-1 nephritis (175); studies in progressively
fibrotic renal models have not been reported.
Pentoxifylline reduces proteinuria in patients with
membranous nephropathy (176) and diabetic nephropathy
(177), although it is unclear whether this is associated with
anti-fibrotic effect.

6.2.7.  Anti-oxidants
While it is likely that oxidant species play a role

in tissue fibrosis, it is less clear that anti-oxidant therapy
with the agents currently available retards fibrosis.  Anti-
oxidants typically exist in a dual system composed of anti-
oxidant and pro-oxidant, which are inter-convertable.  For
example, ascorbic acid is paired with its oxidation product,
deydroascorbic acid.  A potent anti-oxidant is associated
with a weak pro-oxidant, and vice versa.  Thus, anti-
oxidant therapy does have the potential for a deleterious
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effect.  Agents include ascorbic acid (vitamin C), α-
tocopherol (vitamin E), selenium, lazaroids (21-
aminosteroids), and probucol.  Probucol was approved for
clinical use for a number of years as a cholesterol lowering
agent; it also is somewhat weak anti-oxidant.  Fluvastatin
inhibits HMG-coA and also acts as a hydroxyl radical
scavenger.

Vitamin E reduced glomerulosclerosis in the
remnant nephron model (178-181).  On the other hand, in
the puromycin model of FSGS, neither probucol nor
lovastatin therapy reduced interstitial fibrosis (182).

Other anti-oxidant agents appear to act as enzyme
inhibitors.  Allopurinol inhibits xanthine oxidase, a source
of free radicals.  Resveratrol (a phytoalexin present in red
wine) is a tyrosine kinase inhibitor, although its mechanism
of anti-oxidant activity is not well defined.  Given the wide
therapeutic indications for anti-oxidant therapies in many
diseases, including tissue fibrosis, it is hoped that further
pharmaceutical development will make new compounds
available.

6.2.8.   Tamoxifen and estrogen
The anti-estrogen tamoxifen has been shown to

reduce dermal scarring, in association with reduced TGF-β
and FGF-2 (183). The mechanisms are not well understood,
although it was shown that tamoxifen reduces the
production of TGF-β by cultured keloid fibroblasts (184).
Little is known about the role of anti-estrogens in renal
fibrosis, although these agents reduce mesangial collagen
production in vitro (185).

Somewhat paradoxically, estradiol also has been
shown to inhibit collagen production by murine mesangial
cells (186) and to enhance MMP-9 expression by mouse
mesangial cells (187).  The literature regarding estrogen
effects on renal fibrosis is controversial.  One study of
human diseases raises the possibility of protective effects
(188).  In animal studies, female sex appears to be
protective in some cases and exacerbating in others.

6.2.9.  Prolyl hydroxylases inhibitors
Prolyl-hydroxylases act on collagen, converting

proline to hydroxyproline, and also act on nuclear factors,
including hypoxia-inducible factor (189).  Small molecule
inhibitors of prolyl-hydroxylases (190) reduce fibrosis in
liver and heart; they have not been tested in kidney models
(191-193).

6.3. Clinical approach to fibrotic kidney disease
At present, the therapy for renal fibrosis has two

components.  First, the underlying disease process is
treated, when this is possible.  Thus, inflammatory disease
may be susceptible to glucocorticoids or other
immunosuppressants, including cyclosporine(e.g., lupus
nephritis or FSGS).  Certainly, it has not been formally
excluded that these agents may also be of benefit due to
direct effects on the fibrotic process.  In the case of
diabetes, improved control of plasma glucose slows the
progression of renal disease and, remarkably, pancreatic
transplantation is associated with reversal of established

diabetic nephropathy.  This holds out the hope that fibrosis
may be reversed in other diseases as well (194).
Hypertension is an important progression factor for fibrotic
renal disease, and aggressive therapy is warranted to lower
blood pressure below approximately 130/80 mmHg.

Second, the fibrotic process may be targeted
directly by therapies.  Thus, ACE inhibitors have been
shown to slow progression (as measured by renal function,
glomerular basement membrane thickening,
glomerulosclerosis and interstitial fibrosis) of both diabetic
and non-diabetic glomerular disease, although not all
studies confirm this result—perhaps due to small sample
size (179-181, 195).

Unquestionably, the development of additional
therapies that halt the progression of renal fibrosis, or even
reverse established fibrosis, are of great importance.
Demonstration of reduced fibrosis may require serial renal
biopsy.  Nevertheless, approval of such therapies for renal
fibrosis by the U.S. FDA will require evidence of clinical
benefit, as measured by reduced numbers of patients
progressing to a doubling of serum creatinine and/or end-
stage disease.

7. ACKNOWLEDGEMENTS

We gratefully acknowledge helpful discussions
with Dr. Erwin Böttinger, and to Dr. Chagriya Kitiyakara
for critical review of the manuscript.  Supported in part by
grant DK49362 from the national Institute of diabetes,
Digestive and Kidney Diseases (HWS).

8. REFERENCES

1. Eddy AA: Molecular basis of renal fibrosis. Pediatr
Nephrol 15:290-301 (2000)
2. Harris DC: Tubulointerstitial renal disease. Curr Opin
Nehprol Hypertens 10:315-320 (2001)
3. Zeisberg M, F Strutz & GA Muller: Renal fibrosis: an
update. Curr Opin Nephrol Hypertens 10:315-320 (2001)
4. Waller JR & ML Nicholson: Molecular mechanisms of
renal allograft fibrosis. Br J Surg 88:1429-1441 (2001)
5. Kriz W & KV Lemley: The role of the podocyte in
glomerulosclerosis. Curr Opin Nephrol Hypertens 8:489-
497 (1999)
6. Schwartz MM: The role of podocyte injury in the
pathogenesis of focal segmental glomerulosclerosis. Ren
Fail 22:663-684 (2000)
7. Fogo AB: Mesangial matrix modulation and
glomerulosclerosis. Exp Nephrol 7:147-159 (1999)
8. van Kooten C, MR Daha & LA van Es: Tubular
epithelial cells: A critical cell type in the regulation of renal
inflammatory processes. Exp Nephrol 7:429-437 (1999)
9. Grupp C & GA Muller: Renal fibroblast culture. Exp
Nephrol 7:377-385 (1999)
10. Schnaper HW: Focal segmental glomerulosclerosis.
In: Immunologic Renal Disease, 2nd edition, Eds: Neilson
EG & Couser WG, Lippincott Williams and Willkins,
Philadelphia, 1001-1027 (2001)
11. Ruggenenti P, A Perna, L Mosconi, R Pisoni & G
Remuzzi: Urinary protein excretion rate is the best



Renal fibrosis

80

independent predictor of ESRF in non-diabetic proteinuric
chronic nephropathies. Kidney Int. 53:1209-1216 (1998)
12. Schnaper HW & AM Robson: Nephrotic syndrome:
minimal change disease, focal glomerulosclerosis, and
related disorders. In: Diseases of the Kidney and Urinary
Tract, 7th Edition, Eds: Schrier RW & Gottschalk CW,
Lippincott Williams & Wilkins, Philadelphia, 1773-1831
(2001)
13. Glicklich D, L Haskell, D Senitzer & RA Weiss:
Possible genetic predisposition to idiopathic focal
segmental glomerulosclerosis. Am. J. Kid. Dis. 12:26-30
(1988)
14. Lenhard V, DE Muller-Wiefel, J Dippell, D Schroder,
S Seidel & K Scharer: HLA in minimal change nephrotic
syndrome and focal segmental glomerulosclerosis. Pediatr.
Res. 14:1003A (1980)
15. Tejani A, A Nicastri, K Phadke, D Sen, O Adamson, I
Dunn & P Calderon: Familial focal segmental
glomerulosclerosis. Int. J. Pediatr. Nephrol. 4:231-234
(1983)
16. Ruder H, K Scharer, G Opelz, V Lenhard, R
Waldherr, DE Muller-Wiefel, A-M Wingen & J Dippell:
Human leukocyte antigens in idiopathic nephrotic
syndrome in children. Pediatr. Nephrol. 4:478-481 (1990)
17. Haskell LP, D Glicklich & D Senitzer: HLA
associations in heroin-associated nephropathy. Am. J. Kid.
Dis. 12:45-50 (1988)
18. Noel LH, B Descamps, P Jungers, JF Bach, M Busson,
C Suet, J Hors & J Dausset: HLA antigens in three types of
glomerulonephritis. Clin. Immunol. Immunopathol. 10:19-
23 (1983)
19. Freedman BI, BJ Spray & ER Heise: HLA
associations in IgA nephropathy and focal and segmental
glomerulosclerosis. Am. J. Kid. Dis. 23:352-357 (1994)
20. Komori K, Y Nose, H Inouye, K Tsuji, Y Nomoto, Y
Tomino, H Sakai, H Iwagaki, H Itoh & O Hasegawa:
Immunogenetical study in patients with chronic
glomerulonephritis. Tokai J. Exp. Clin. Med. 8:135-148
(1983)
21. Ingulli E & A Tejani: Racial differences in the
incidence and renal outcome of idiopathic focal segmental
glomerulosclerosis in children. Pediatr. Nephrol. 5:393-397
(1991)
22. Pettit DJ, MF Saad, PH Bennett, RG Nelson & WC
Knowler: Familial predisposition to renal disease in two
generations of Pima Indians with type-2 (non-insulin
dependent) diabetes mellitus. Diabetologia 33:438-443
(1990)
23. Patrakka J, M Kestila, J Wartiovaara, V Ruotsalainen,
P Tissari, U Lenkkeri, M Mannikko, V I., C Holmberg, J
Rapola, K Tryggvason & H Jalanko: Congenital nephrotic
syndrome (NPHS1): features resulting from different
mutations in Finnish patients. Kidney Int. 58:972-980
(2000)
24. Boute N, O Gribouval, S Roselli, F Benessy, H Lee, A
Fuchshuber, K Dahan, M-C Gubler, P Niaudet & C
Antignac: NPHS2, encoding the glomerular protein
podocin, is mutated in autosomal recessive steroid-resistant
nephrotic syndrome. Nature Genetics 24:349-354 (2000)
25. Kaplan JM, S-H Kim, KN North, H Rennke, LA
Correia, H-Q Tong, BJ Mathis, J-C Rodriguez-Perez, PG
Allen, AH Beggs & MR Pollak: Mutations in ACTN4,

encoding α-actinin-4, cause familial focal segmental
glomerulosclerosis. Natire Genetics  24:251-256 (2000)
26. Denamur E, N Bocquet, B Mougenot, F Da Silva, L
Martinat, C Loirat, J Elion, A Bensman & PM Ronco:
Mother-to-child transmitted WT1 splice-site mutation is
responsible for distinct glomerular disease. J. Am. Soc.
Nephrol. 10:2219-2223 (1999)
27. Wehrmann M, A Bohle, H Held, G Schumm, H
Kendziorra & H Pressler: Long-term prognosis of focal
sclerosing glomerulonephritis.  An analysis of 250 cases
with particular regard to tubulointerstitial changes. Clin.
Nephrol. 33:115-122 (1990)
28. Southwest Pediatric Nephrology Study Group: Focal
segmental glomerulosclerosis in children with idiopathic
nephrotic syndrome in children.  A report of the Southwest
Pediatric Nephrology Study Group. Kidney Int. 27:442-449
(1985)
29. Raij L, S Azar & WF Keane: Role of hypertension in
progressive glomerular immune injury. Hypertension
7:398-404 (1985)
30. Raij L, S Azar & W Keane: Mesangial immune injury,
hypertension and progressive glomerular damage in Dahl
rats. Kidney Int. 26:137-143 (1984)
31. Elema JD & A Arends: Focal and segmental
glomerular hyalinosis and sclerosis in the rat. Lab. Invest.
33:554-561 (1975)
32. Simons JL, AP Provoost, S Anderson, JL Troy, HG
Rennke, DJ Sandstrom & BM Brenner: Pathogenesis of
glomerular injury in the fawn-hooded rat:  early glomerular
capilalry hypertension predicts glomerular sclerosis. J. Am.
Soc. Nephrol. 3:1775-1782 (1993)
33. Kamanna VS & MA Kirschenbaum: Association
between very-low-density lipoprotein and glomerular
injury in obese Zucker rats. Am. J. Nephrol. 13:53-58
(1993)
34. Makino H, Y Yamasaki, K Hironaka & Z Ota:
Glomerular extracellular matrices in rat diabetic
glomerulopathy by scanning electron microscopy.
Virchows Archiv B, Cell Pathol. Mol. Pathol. 62:19-24
(1992)
35. Han JS & K Doi: Morphometric study on the renal
glomeruli of streptozotocin (SZ)-induced diabetic APA
hamsters. Histol. Histopathol. 7:549-554 (1992)
36. Tolins JP, BG Stone & L Raij: Interactions of
hypercholesterolemia and hypertension in initiation of
glomerular injury. Kidney Int. 41:1254-1261 (1992)
37. Al-Shebeb T, J Frohlich & AB Magil: Glomerular
disease in hypercholesterolemic guinea pigs:  a
pathogenetic study. Kidney Int. 33:498-507 (1988)
38. Roy LP, RL Vernier & AF Michael: Effect of protein-
load proteinuria on glomerular polyanion. Proc. Soc. Exp.
Biol. Med. 141:870-874 (1972)
39. Olson JL, TH Hostetter, HG Rennke, BM Brenner &
MA Venkatachalam: Altered glomerular permselectivity
and progressive sclerosis following extreme ablation of
renal mass. Kidney Int. 22:112-126 (1982)
40. Bagchus WM, MF Jeunink & JD Elema: The
mesangium in anti-Thy1 nephritis.  Influx of macrophages,
mesangial cell hypercellularity, and macromolecular
accumulation. Am. J. Pathol. 137:215-223 (1990)
41. Glasser RJ, JA Velosa & AF Michael: Experimental
model of focal sclerosis.  I.  Relationship to protein



Renal fibrosis

81

excretion in aminonucleoside nephrosis. Lab. Invest.
36:519-526 (1977)
42. Chevalier RL, BA Thornhill & AY Chang: Unilateral
ureteral obstruction in neonatal rats leads to renal
insufficiency in adulthood. Kidney Int 58:1987-1995 (2000)
43. Guo G, J Morrissey, R McCracken, T Tolley, H Liapis
& S Klahr: Contributions of angiotensin II and tumor
necrosis factor-alpha to the development of renal fibrosis.
Am. J. Physiol. - Renal Fluid & Elect. 280:F777-F785
(2001)
44. Doi T, LJ Striker, C Quaife, FG Conti, R Palmiter, R
Behringer, R Brinster & GE Striker: Progressive
glomerulosclerosis develops in transgenic mice expressing
growth hormone and growth hormone releasing factor but
not in those expressing insulinlike growth factor-1. Am. J.
Pathol. 131:398-403 (1988)
45. Suematsu S, T Matsuda, K Aozasa, S Akira, N
Nakano, S Ohno, J-I Miyazaki, T Hirano & T Kishimoto:
IgG1 plasmacytosis in interleukin 6 transgenic mice. Proc.
Natl. Acad. Sci., USA 86:7547-7551 (1989)
46. Stein PL, H Vogel & P Soriano: Combined
deficiencies of Src, Fyn, and Yes tyrosine kinases in mutant
mice. Genes Devel. 8:1997-2007 (1994)
47. Kopp JB, VM Factor, M Mozes, P Nagy, N
Sanderson, EP Bottinger, PE Klotman & SS Thorgeirsson:
Transgenic mice with increased plasma levels of TGF-beta
1 develop progressive renal disease. Lab Invest 74:991-
1003 (1996)
48. Zwacka RM, A Reuter, E Pfaff, J Moll, K Gorgas, M
Karasawa & H Weiher: The glomerulosclerosis gene
Mpv17 encodes a peroxisomal protein producing reactive
oxygen species. EMBO J. 13:5129-5134 (1994)
49. Velosa JA, VE Torres, JV Donadio, RD Wagoner, KE
Holley & KP Offord: Treatment of severe nephrotic
syndrome with meclofenamate: An uncontrolled pilot
study. Mayo Clin. Proc. 60:586-592 (1985)
50. Bank N, R Klose, HS Aynedjian, D Nguyen & LB
Sablay: Evidence against increased glomerular pressure
initiating diabetic nephropathy. Kidney Int. 31:898-905
(1987)
51. Anderson S, TW Meyer, HG Rennke & BM Brenner:
Control of glomerular hypertension limits glomerular injury
in rats with reduced renal mass. J Clin Invest 76:612-619
(1985)
52. Riser BL, P Cortes  & J Yee: Modelling the effects of
vascular stress in mesangial cells. Curr Opin Nephrol
Hypertens 9:43-47 (2000)
53. Fogo A, EP Hawkins, PL Berry, AD Glick, ML
Chiang, RC MacDonnell & I Ichikawa: Glomerular
hypertrophy in minimal change disease predicts subsequent
progression to focal glomerular sclerosis. Kidney Int.
38:115-123 (1990)
54. Yoshida Y, A Fogo & I Ichikawa: Glomerular
hemodynamic changes vs. hypertrophy in experimental
glomerular sclerosis. Kidney Int. 35:654-660 (1989)
55. Ikoma M, T Yoshioka, I Ichikawa & A Fogo:
Mechanism of the unique susceptibility of deep cortical
glomeruli of maturing kidneys to severe focal glomerular
sclerosis. Pediat. Res. 28:270-276 (1990)
56. Avram MM: Similarities between glomerular sclerosis
and atherosclerosis in human renal biopsy specimens:  a

role for lipoprotein glomerulopathy. Am. J. Med. 87:5.39N-
35.43N (1989)
57. Schlondorff D: Cellular mechanisms of lipid injury in
the glomerulus. Am. J. Kidney Dis. 22:72-82 (1993)
58. Hirano T & T Morohoshi: Treatment of
hyperlipidemia with probucol suppresses the development
of focal and segmental glomerulosclerosis in chronic
aminonucleoside nephrosis. Nephron 60:443-447 (1992)
59. Schmitz PG, MP O'Donnell, BL Kasiske, SA Katz &
WF Keane: Renal injury in obese Zucker rats: glomerular
hemodynamic alterations and effects of enalapril. Am. J.
Physiol. 263:F496-F502 (1992)
60. Kees-Folts D, JL Sadow & GF Schreiner: Tubular
catabolism of albumin is associated with the release of an
inflammatory lipid. Kidney Int. 45:1697-1709 (1994)
61. Diamond JR: Effects of dietary interventions on
glomerular pathophysiology. Am. J. Physiol. 258:F1-F8
(1990)
62. Eddy AA: Experimental insights into the
tubulointerstitial disease accompanying primary glomerular
lesions. J. Am. Soc. Nephrol. 5:1273-1287 (1994)
63. Kriz W, H Hosser, B Hahnel, N Gretz & AP Provoost:
From segmental glomerulosclerosis to total nephron
degeneration and interstitial fibrosis: a histopathological
study in rat models and human glomerulopathies. Nephrol
Dial Transplant 13:2781-2798 (1998)
64. Oikawa T, M Freeman, W Lo, DE Vaughan & A
Fogo: Modulation of plasminogen activator inhibitor-1 in
vivo: a new mechanism for the anti-fibrotic effect of renin-
angiotensin inhibition. Kidney Int 51:164-172 (1997)
65. Schnaper HW: Balance between matrix synthesis and
degradation:  a determinant of glomerulosclerosis. Pediatr.
Nephrol. 9:104-111 (1995)
66. Hansen K & CK Abrass: Role of laminin isoforms in
glomerular structure. Pathobiology 67:84-91 (1999)
67. Jones CL, S Buch, M Post, L McCulloch, E Liu & AA
Eddy: Pathogenesis of interstitial fibrosis in chronic purine
aminonucleoside nephrosis. Kidney Int. 40:1020-1031
(1991)
68. Sternlicht MD & Z Werb: How matrix
metalloproteinases regulate cell behavior. Annu Rev Cell
Dev Biol 17:463-516 (2001)
69. Lijnen HR: Elements of the fibrinolytic system. Ann N
Y Acad Sci 936:226-236 (2001)
70. Liotta LA, RH Goldfarb & VP Terranova: Cleavage of
laminin by thrombin and plasmin:  alpha thrombin
selectively cleaves the beta chain of laminin. Thrombosis
Res. 21:663-673 (1981)
71. Baricos WH, SL Cortez, SS El-Dahr & HW Schnaper:
ECM degradation by cultured human mesangial cells is
mediated by a plasminogen activator/plasmin/matrix
metalloproteinase 2 cascade. Kidney Int. 47:1039-1047
(1995)
72. Harendza S, AS Pollock & DH Lovett: The 5'
regulatory region of the rat 72 kDa type IV collagenase
gene contains a strong mesangial-specific enhancer. J. Am.
Soc. Nephrol. 3:653 (1993)
73. Reckelhoff JF & C Bayliss: Glomerular
metalloprotease activity in the aging rat kidney:  inverse
correlation with injury. J. Am. Soc. Nephrol. 3:1835-1838
(1993)



Renal fibrosis

82

74. Davies M, J Martin, GT Thomas & DH Lovett:
Proteinases and glomerular matrix turnover. Kidney Int.
41:671-678 (1992)
75. Eddy AA, H Kim, J Lopez-Guisa, T Oda & PD
Soloway: Interstitial fibrosis in mice with overload
proteinuria: deficiency of TIMP-1 is not protective. Kidney
Int. 58:618-628 (2000)
76. Rerolle J-P, A Hertig, G Nguyen, J-D Sraer & EP
Rondeau: Plasminogen activator inhibitor type 1 is a
potential target in renal fibrogenesis. Kidney Int. 58:1841-
1850 (2000)
77. Mar PK, P Roy, HL Yin, HD Cavanagh & JV Jester:
Stress fiber formation is required for matrix reorganization
in a corneal myofibroblast cell line. Exp Eye Res 72:455-
466 (2001)
78. Kaplan JM, SH Kim, KN North, H Rennke, LA
Correia, HQ Tong, BJ Mathis, JC Rodriguez-Perez, PG
Allen, AH Beggs & MR Pollak: Mutations in ACTN4,
encoding alpha-actinin-4, cause familial focal segmental
glomerulosclerosis. Nat Genet 24:251-256 (2000)
79. Kambham N, N Tanji, RL Seigle, GS Markowitz, L
Pulkkinen, J Uitto & VD D'Agati: Congenital focal
segmental glomerulosclerosis associated with beta4
integrin mutation and epidermolysis bullosa. Am J Kidney
Dis 36:190-196 (2000)
80. Haseley LA, C Hugo, MA Reidy & RJ Johnson:
Dissociation of mesangial cell migration and proliferation
in experimental glomerulonephritis. Kidney Int. 56:964-972
(1999)
81. Gilbert RE, DJ Kelly, T McKay, S Chadban, PA Hill,
ME Cooper, RC Atkins & DJ Nikolic-Paterson: PDGF
signal transduction inhibition ameliorates experimental
mesangial proliferative glomerulonephritis. Kidney Int.
59:1324-1332 (2001)
82. Muller E, A Burger-Kentischer, W Neuhofer, ML
Fraek, J Marz, K Thurau & FX Beck: Possible involvement
of heat shock protein 25 in the angiotensin II-induced
glomerular mesangial cell contraction via p38 MAP kinase.
J Cell Physiol 181:462-469 (1999)
83. Ohta K, S Kim, A Hamaguchi, T Yukimura, K Miura,
K Takaori & H Iwao: Role of angiotensin II in extracellular
matrix and transforming growth factor-beta 1 expression in
hypertensive rats. Eur. J. Pharmacol. 269:115-119 (1994)
84. Poncelet A-C & HW Schnaper: Regulation of
mesangial cell collagen turnover by transforming growth
factor-β1. Am. J. Physiol. 275 (Renal Physiol. 44):F458-
F466 (1998)
85. Tomooka S, WA Border, BC Marshall & NA Noble:
Glomerular matrix accumulation is linked to inhibition of
the plasmin protease system. Kidney Int. 42:1462-1469
(1992)
86. Fumo P, GS Kuncio & FN Ziyadeh: PKC and high
glucose stimulate collagen α1(IV) transcriptional activity
in a reporter meangial cell line. Am. J. Physiol. 267:F632-
F638 (1994)
87. Poncelet A-C, MP de Caestecker & HW Schnaper:
The TGF-β/SMAD signaling pathway is present and
functional in human mesangial cells. Kidney Int. 56:1354-
1365 (1999)
88. Bhandari BK, D Feliers, S Duraisamy, JL Stewart, AC
Gingras, HE Abboud, GG Choudhury, N Sonenberg & BS
Kasinath: Insulin regulation of protein translation repressor

4E-BP1, and eIF4E-binding protein, in renal epithelial cells.
Kidney int. 59:866-875 (2001)
89. Yang J & Y Liu: Dissection of key events in tubular
epithelial to myofibroblast transition and its implications in
renal interstitial fibrosis. Am. J. Pathol. 159:1465-1475 (2002)
90. Iehara N, H Takeoka, H Ysuji, T Imabayashi, DN Foster,
AR Strauch, Y Yamada, T Kita & T Doi: Differentiation of
smooth muscle phenotypes in mouse mesangial cells. Kidney
Int 49:1330-1341 (1996)
91. Eddy A: Role of cellular infiltrates in response to
proteinuria. Am J Kidney Dis  37(Suppl 2):S25-29 (2001)
92. Yasuda T, S Kondo, T Homma & RC Harris: Regulation
of extracellular matrix by mechanical stress in rat glomerular
mesangial cells. J Clin Invest 98:1991-2000 (1996)
93. Hara M, T Yanagihara & I Kihara: Urinary podocytes in
primary focal segmental glomerulosclerosis. Nephron 89:342-
347 (2001)
94. Branton MH & JB Kopp: TGF-beta and fibrosis.
Microbes Infect 1:1349-1365 (1999)
95. Hayashida T, A-C Poncelet, SC Hubchak & HW
Schnaper: TGF-b1 activates MAP kinases in human mesangial
cells:  a possible role in collagen expression. Kidney Int.
56:1710-1720 (1999)
96. Gupta S, MR Clarkson, J Duggan & HR Brady:
Connective tissue growth factor: potential role in
glomerulosclerosis and tubulointerstitial fibrosis. Kidney Int
58:1389-1399 (2000)
97. Clarkson MR, S Gupta, M Murphy, F Martin, C Godson
& HR Brady: Connective tissue growth factor: a potential
stimulus for glomerulosclerosis and tubulointerstitial fibrosis in
progressive renal disease. Curr Opin Nephrol Hypertens
8:543-548 (1999)
98. Riser BL, M Denichilo, P Cortes, C Baker, JM Grondin, J
Yee & RG Narins: Regulation of connective tissue growth
factor activity in cultured rat mesangial cells and its expression
in experimental diabetic glomerulosclerosis. J Am Soc Nephrol
11:25-38 (2000)
99. Frazier KS, A Paredes, P Dube & E Styer: Connective
tissue growth factor expression in the rat remnant kidney
model and association with tubular epithelial cells undergoing
transdifferentiation. Vet Pathol 37:328-335 (2000)
100. Williams B: Angiotensin II and the pathophysiology of
cardiovascular remodeling. Am J Cardiol 87:10C-17C (2001)
101. Mezzano SA, M Ruiz-Ortega & J Egido: Angiotensin II
and renal fibrosis. Hypertension 38:635-638 (2001)
102. Fogo AB: New insights into the renin-angiotensin system
and hypertensive renal disease. Curr Hypertens Rep 1:187-194
(1999)
103. Border WA & N Noble: Maximizing hemodynamic-
independent effects of angiotensin II antagonists in fibrotic
diseases. Semin Nephrol 21:563-572 (2001)
104. Cao Z & ME Cooper: Role of angiotensin II in
tubulointerstitial injury. Semin Nephrol 21:554-562 (2001)
105. Ma L & AB Fogo: Role of angiotensin II in glomerular
injury. Semin Nephrol 21:544-553 (2001)
106. Anderson PW, XY Zhang, J Tian, JD Correale, XP Xi, D
Yang, K Graf, RE Law & WA Hsueh: Insulin and angiotensin
II are additive in stimulating TGF-β and matrix mRNAs in
mesangial cells. Kidney Int. 50:745-753 (1996)
107. Doi T, LJ Striker, CC Gibson, LY Agodoa, RL
Brinster & GE Striker: Glomerular lesions in mice
transgenic for growth hormone and insulinlike growth



Renal fibrosis

83

factor-I. I. Relationship between increased glomerular size
and mesangial sclerosis. Am J Pathol 137:541-552 (1990)
108. Hirschberg R: Bioactivity of glomerular ultrafiltrate
during heavy proteinuria may contribute to renal tubulo-
interstitial lesions: evidence for a role for insulin-like
growth factor I. J Clin Invest 98:116-124 (1996)
109. Doublier S, D Seurin, B Fouqueray, MC Verpont, P
Callard, LJ Striker, GE Striler, M Binoux & L Baud:
Glomerulosclerosis in mice transgenic for human insulin-
like growth factor-binding protein-1. Kidney Int. 57:2299-
2307 (2000)
110. Feld S & R Hirschberg: Growth hormone, the insulin-
like growth factor system, and the kidney. Endocr Rev
17:423-480 (1996)
111. Segev Y, D Landau, R Rasch, A Flyvbjerg & M
Phillip: Growth hormone receptor antagonism prevents
early renal changes in nonobese diabetic mice. J Am Soc
Nephrol 10:2374-2381 (1999)
112. Floege J, W Kriz, M Schulze, M Susani, D Kerjaschki,
A Mooney, WG Couser & KM Koch: Basic fibroblast
growth factor augments podocyte injury and induces
glomerulosclerosis in rats with experimental membranous
nephropathy. J Clin Invest 96:2809-2819 (1995)
113. Terzi F, M Burtin, M Hekmati, P Federici, G Grimber,
P Briand & G Friedlander: Targeted expression of a
dominant-negative EGF-R in the kidney reduces tubulo-
interstitial lesions after renal injury. J Clin Invest 106:225-
234 (2000)
114. Chevalier RL, S Goyal & BA Thornhill: EGF
improves recovery following relief of unilateral ureteral
obstruction in the neonatal rat. J. Urol. 162:1532-1536
(1999)
115. Benigni A, C Zola, D Corna, S Orisio, D Facchinetti,
L Benati & G Remuzzi: Blocking both type A and B
endothelin receptors in the kidney attenuates renal injury
and prolongs survival in rats with remnant kidney. Am J
Kidney Dis 27:416-423 (1996)
116. Hocher B, C Thone-Reineke, P Rohmeiss, F
Schmager, T Slowinski, V Burst, F Siegmund, T
Quertermous, C Bauer, HH Neumayer, WD Schleuning &
F Theuring: Endothelin-1 transgenic mice develop
glomerulosclerosis, interstitial fibrosis, and renal cysts but
not hypertension. J Clin Invest 99:1380-1389 (1997)
117. Guo G, J Morrissey, R McCracken, T Tolley & S
Klahr: Role of TNFR1 and TNFR2 receptors in
tubulointerstitial fibrosis of obstructive nephropathy. Am J
Physiol 277:F766-772 (1999)
118. O'Regan A & JS Berman: Osteopontin: a key cytokine
in cell-mediated and granulomatous inflammation. Int J
Exp Pathol 81:373-390 (2000)
119. Ophascharoensuk V, JW Pippin, KL Gordon, SJ
Shankland, WG Couser & RJ Johnson: Role of intrinsic
renal cells versus infiltrating cells in glomerular crescent
formation. Kidney Int 54:416-425 (1998)
120. Ophascharoensuk V, CM Giachelli, K Gordon, J
Hughes, R Pichler, P Brown, L Liaw, R Schmidt, SJ
Shankland, CE Alpers, WG Couser & RJ Johnson:
Obstructive uropathy in the mouse: role of osteopontin in
interstitial fibrosis and apoptosis. Kidney Int 56:571-580
(1999)
121. Wolf G, A Hamann, DC Han, U Helmchen, F Thaiss,
FN Ziyadeh & RA Stahl: Leptin stimulates proliferation

and TGF-beta expression in renal glomerular endothelial
cells: potential role in glomerulosclerosis. Kidney Int
56:860-872 (1999)
122. Wolf G, S Chen, DC Han & FN Ziyadeh: Leptin and
renal disease. Am J Kidney Dis  39:1-11 (2002)
123. Bassuk JA, R Pichler, JD Rothmier, J Pippen, K
Gordon, RL Meek, AD Bradshaw, D Lombardi, TP
Strandjord, M Reed, EH Sage, WG Couser & R Johnson:
Induction of TGF-beta1 by the matricellular protein
SPARC in a rat model of glomerulonephritis. Kidney Int
57:117-128 (2000)
124. Francki A & EH Sage: SPARC and the kidney
glomerulus: matricellular proteins exhibit diverse functions
under normal and pathological conditions. Trends
Cardiovasc Med 11:32-37 (2001)
125. Trojanowska M: Ets factors and regulation of the
extracellular matrix. Oncogene 19:6464-6471 (2000)
126. Ziyadeh FN, ER Snipes, M Watanabe, RJ Alvarez, S
Goldfarb & TP Haverty: High glucose induces cell
hypertrophy and stimulates collagen gene transcription in
proximal tubule. Am. J. Physiol. 259:F704-F714 (1990)
127. Murphy M, C Godson, S Cannon, S Kato, HS
Mackenzie, F Martin & HR Brady: Suppression subtractive
hybridization identifies high glucose levels as a stimulus
for expression of connective tissue growth factor and other
genes in human mesangial cells. J Biol Chem 274:5830-
5834 (1999)
128. Heidland A, K Sebekova & R Schinzel: Advanced
glycation end products and the progressive course of renal
disease. Am J Kidney Dis  38:S100-106 (2001)
129. Yang CW, H Vlassara, EP Peten, CJ He, GE Striker &
LJ Striker: Advanced glycation end products up-regulate
gene expression found in diabetic glomerular disease. Proc
Natl Acad Sci U S A 91:9436-9440 (1994)
130. Twigg SM, MM Chen, AH Joly, SD Chakrapani, J
Tsubaki, HS Kim, Y Oh & RG Rosenfeld: Advanced
glycosylation end products up-regulate connective tissue
growth factor (insulin-like growth factor-binding protein-
related protein 2) in human fibroblasts: a potential
mechanism for expansion of extracellular matrix in
diabetes mellitus. Endocrinology 142:1760-1769 (2001)
131. Vlassara H, LJ Striker, S Teichberg, H Fuh, YM Li &
M Steffes: Advanced glycation end products induce
glomerular sclerosis and albuminuria in normal rats. Proc
Natl Acad Sci U S A 91:11704-11708 (1994)
132. Mott JD, RG Khalifah, H Nagase, CF Shield, JK
Hudson & BG Hudson: Nonenzymatic glycation of type IV
collagen and matrix metalloproteinase susceptibility.
Kidney Int. 52 (1997)
133. Yamamoto Y, I Kato, T Doi, H Yonekura, S Ohashi,
M Takeuchi, T Watanabe, S Yamagishi, S Sakurai, S
Takasawa, H Okamoto & H Yamamoto: Development and
prevention of advanced diabetic nephropathy in RAGE-
overexpressing mice. J Clin Invest 108:261-268 (2001)
134. Geiszt M, JB Kopp, P Varnai & TL Leto:
Identification of renox, an NAD(P)H oxidase in kidney.
Proc Natl Acad Sci U S A 97:8010-8014 (2000)
135. Leonarduzzi G, A Sevanian, B Sottero, MC Arkan, F
Biasi, E Chiarpotto, H Basaga & G Poli: Up-regulation of
the fibrogenic cytokine TGF-beta1 by oxysterols: a
mechanistic link between cholesterol and atherosclerosis.
Faseb J 15:1619-1621 (2001)



Renal fibrosis

84

136. Moriyama T, N Kawada, K Nagatoya, M Horio, E
Imai & M Hori: Oxidative stress in tubulointerstitial injury:
therapeutic potential of antioxidants towards interstitial
fibrosis. Nephrol Dial Transplant 15 Suppl 6:47-49 (2000)
137. Norman JT, C Orphanides, P Garcia & LG Fine:
Hypoxia-induced changes in extracellular matrix
metabolism in renal cells. Exp Nephrol 7:463-469 (1999)
138. Epstein M: Aldosterone as a mediator of progressive
renal dysfunction: evolving perspectives. Intern Med
40:573-583 (2001)
139. Imai E & Y Isaka: Targeting growth factors to the
kidney: myth or reality? Curr Opin Nephrol Hypertens
11:49-57 (2002)
140. Coker RK & GJ Laurent: Pulmonary fibrosis:
cytokines in the balance. Eur Respir J 11:1218-1221 (1998)
141. Ulloa L, J Doody & J Massague: Inhibition of
transforming growth factor-beta/SMAD signalling by the
interferon-gamma/STAT pathway. Nature 397:710-713
(1999)
142. Strutz F, M Heeg, T Kochsiek, G Siemers, M Zeisberg
& GA Muller: Effects of pentoxifylline, pentifylline and
gamma-interferon on proliferation, differentiation, and
matrix synthesis of human renal fibroblasts. Nephrol Dial
Transplant 15:1535-1546 (2000)
143. Oldroyd SD, GL Thomas, G Gabbiani & AM El
Nahas: Interferon-gamma inhibits experimental renal
fibrosis. Kidney Int 56:2116-2127 (1999)
144. Ziesche R, E Hofbauer, K Wittmann, V Petkov & LH
Block: A preliminary study of long-term treatment with
interferon gamma-1b and low-dose prednisolone in patients
with idiopathic pulmonary fibrosis. N Engl J Med
341:1264-1269 (1999)
145. Kopp JB: Hepatocyte growth factor: mesenchymal
signal for epithelial homeostasis. Kidney Int 54:1392-1393
(1998)
146. Matsumoto K & T Nakamura: Hepatocyte growth
factor: renotropic role and potential therapeutics for renal
diseases. Kidney Int 59:2023-2038 (2001)
147. Yang J & Y Liu: Blockage of tubular epithelial to
myofibroblast transition by hepatocyte growth factor
prevents renal interstitial fibrosis. J Am Soc Nephrol 13:96-
107 (2002)
148. Mizuno S, T Kurosawa, K Matsumoto, Y Mizuno-
Horikawa, M Okamoto & T Nakamura: Hepatocyte growth
factor prevents renal fibrosis and dysfunction in a mouse
model of chronic renal disease. J Clin Invest 101:1827-
1834 (1998)
149. Dai C, J Yang & Y Liu: Single injection of naked
plasmid encoding hepatocyte growth factor prevents cell
death and ameliorates acute renal failure in mice. J Am Soc
Nephrol 13:411-422 (2002)
150. Takayama H, WJ LaRochelle, SG Sabnis, T Otsuka &
G Merlino: Renal tubular hyperplasia, polycystic disease,
and glomerulosclerosis in transgenic mice overexpressing
hepatocyte growth factor/scatter factor. Lab Invest 77:131-
138 (1997)
151. Lund RJ, MR Davies & KA Hruska: Bone
morphogenetic protein-7: an anti-fibrotic morphogenetic
protein with therapeutic importance in renal disease. Curr
Opin Nephrol Hypertens 11:31-36 (2002)
152. Hruska KA, G Guo, M Wozniak, D Martin, S Miller,
H Liapis, K Loveday, S Klahr, TK Sampath & J Morrissey:

Osteogenic protein-1 prevents renal fibrogenesis associated
with ureteral obstruction. Am J Physiol Renal Physiol
279:F130-143 (2000)
153. Morrissey J, K Hruska, G Guo, S Wang, Q Chen & S
Klahr: Bone morphogenetic protein-7 improves renal
fibrosis and accelerates the return of renal function. J Am
Soc Nephrol 13 Suppl 1:S14-21 (2002)
154. Unemori EN, LB Pickford, AL Salles, CE Piercy, BH
Grove, ME Erikson & EP Amento: Relaxin induces an
extracellular matrix-degrading phenotype in human lung
fibroblasts in vitro and inhibits lung fibrosis in a murine
model in vivo. J Clin Invest 98:2739-2745 (1996)
155. Williams EJ, RC Benyon, N Trim, R Hadwin, BH
Grove, MJ Arthur, EN Unemori & JP Iredale: Relaxin
inhibits effective collagen deposition by cultured hepatic
stellate cells and decreases rat liver fibrosis in vivo. Gut
49:577-583 (2001)
156. Garber SL, Y Mirochnik, CS Brecklin, EN Unemori,
AK Singh, L Slobodskoy, BH Grove, JA Arruda & G
Dunea: Relaxin decreases renal interstitial fibrosis and
slows progression of renal disease. Kidney Int 59:876-882
(2001)
157. Kang DH, J Hughes, M Mazzali, GF Schreiner & RJ
Johnson: Impaired angiogenesis in the remnant kidney
model: II. Vascular endothelial growth factor
administration reduces renal fibrosis and stabilizes renal
function. J Am Soc Nephrol 12:1448-1457 (2001)
158. Border WA, NA Noble, T Yamamoto, JR Harper, Y
Yamaguchi, MD Pierschbacher & E Ruoslahti: Natural
inhibitor of transforming growth factor-beta protects
against scarring in experimental kidney disease. Nature
360:361-364 (1992)
159. Isaka Y, DK Brees, K Ikegaya, Y Kaneda, E Imai, NA
Noble & WA Border: Gene therapy by skeletal muscle
expression of decorin prevents fibrotic disease in rat
kidney. Nat Med 2:418-423 (1996)
160. Linz W & BA Scholkens: A specific B2-bradykinin
receptor antagonist HOE 140 abolishes the antihypertrophic
effect of ramipril. Br J Pharmacol 105:771-772 (1992)
161. Ma LJ, S Nakamura, JS Whitsitt, C Marcantoni, JM
Davidson & AB Fogo: Regression of sclerosis in aging by
an angiotensin inhibition-induced decrease in PAI-1.
Kidney Int 58:2425-2436 (2000)
162. Brown NJ, S Nakamura, L Ma, I Nakamura, E Donnert,
M Freeman, DE Vaughan & AB Fogo: Aldosterone modulates
plasminogen activator inhibitor-1 and glomerulosclerosis in
vivo. Kidney Int 58:1219-1227 (2000)
163. Lewis EJ, LG Hunsicker, WR Clarke, T Berl, MA Pohl,
JB Lewis, E Ritz, RC Atkins, R Rohde & I Raz:
Renoprotective effect of the angiotensin-receptor antagonist
irbesartan in patients with nephropathy due to type 2 diabetes.
N Engl J Med 345:851-860 (2001)
164. Parving HH, H Lehnert, J Brochner-Mortensen, R
Gomis, S Andersen & P Arner: The effect of irbesartan on the
development of diabetic nephropathy in patients with type 2
diabetes. N Engl J Med 345:870-878 (2001)
165. Gurujeyalakshmi G, MA Hollinger & SN Giri:
Pirfenidone inhibits PDGF isoforms in bleomycin hamster
model of lung fibrosis at the translational level. Am J Physiol
276:L311-318 (1999)
166. Cain WC, RW Stuart, DL Lefkowitz, JD Starnes, S
Margolin & SS Lefkowitz: Inhibition of tumor necrosis



Renal fibrosis

85

factor and subsequent endotoxin shock by pirfenidone. Int J
Immunopharmacol 20:685-695 (1998)
167. Kaneko M, H Inoue, R Nakazawa, N Azuma, M
Suzuki, S Yamauchi, SB Margolin, K Tsubota & I Saito:
Pirfenidone induces intercellular adhesion molecule-1
(ICAM-1) down-regulation on cultured human synovial
fibroblasts. Clin Exp Immunol 113:72-76 (1998)
168. Misra HP & C Rabideau: Pirfenidone inhibits
NADPH-dependent microsomal lipid peroxidation and
scavenges hydroxyl radicals. Mol Cell Biochem  204:119-
126 (2000)
169. Shimizu T, M Fukagawa, T Kuroda, S Hata, Y
Iwasaki, M Nemoto, K Shirai, S Yamauchi, SB Margolin, F
Shimizu & K Kurokawa: Pirfenidone prevents collagen
accumulation in the remnant kidney in rats with partial
nephrectomy. Kidney Int Suppl 63:S239-243 (1997)
170. Shimizu T, T Kuroda, S Hata, M Fukagawa, SB
Margolin & K Kurokawa: Pirfenidone improves renal
function and fibrosis in the post-obstructed kidney. Kidney
Int 54:99-109 (1998)
171. Bobadilla NA, I Tack, E Tapia, LG Sanchez-Lozada, J
Santamaria, F Jimenez, LJ Striker, GE Striker & J Herrera-
Acosta: Pentosan polysulfate prevents glomerular
hypertension and structural injury despite persisting
hypertension in 5/6 nephrectomy rats. J Am Soc Nephrol
12:2080-2087 (2001)
172. Ma LJ, C Marcantoni, MF Linton, S Fazio & AB
Fogo: Peroxisome proliferator-activated receptor-gamma
agonist troglitazone protects against nondiabetic
glomerulosclerosis in rats. Kidney Int 59:1899-1910 (2001)
173. Bhat VB & KM Madyastha: Antioxidant and radical
scavenging properties of 8-oxo derivatives of xanthine
drugs pentoxifylline and lisofylline. Biochem Biophys Res
Commun 288:1212-1217 (2001)
174. Tsai TJ, RH Lin, CC Chang, YM Chen, CF Chen, FN
Ko & CM Teng: Vasodilator agents modulate rat
glomerular mesangial cell growth and collagen synthesis.
Nephron 70:91-99 (1995)
175. Chen YM, CT Chien, MI Hu-Tsai, KD Wu, CC Tsai,
MS Wu& TJ Tsai: Pentoxifylline attenuates experimental
mesangial proliferative glomerulonephritis. Kidney Int
56:932-943 (1999)
176. Ducloux D, C Bresson-Vautrin & J Chalopin: Use of
pentoxifylline in membranous nephropathy. Lancet
357:1672-1673 (2001)
177. Guerrero-Romero F, M Rodriguez-Moran, JR
Paniagua-Sierra, G Garcia-Bulnes, M Salas-Ramirez & D
Amato: Pentoxifylline reduces proteinuria in insulin-
dependent and non insulin-dependent diabetic patients. Clin
Nephrol 43:116-121 (1995)
178. Van den Branden C, R Verelst, J Vamecq, K Vanden
Houte & D Verbeelen: Effect of vitamin E on antioxidant
enzymes, lipid peroxidation products and
glomerulosclerosis in the rat remnant kidney. Nephron
76:77-81 (1997)
179. Nankervis A, K Nicholls, G Kilmartin, P Allen, S
Ratnaike & FI Martin: Effects of perindopril on renal
histomorphometry in diabetic subjects with
microalbuminuria: a 3-year placebo-controlled biopsy
study. Metabolism 47:12-15 (1998)
180. Rudberg S, R Osterby, HJ Bangstad, G Dahlquist & B
Persson: Effect of angiotensin converting enzyme inhibitor

or beta blocker on glomerular structural changes in young
microalbuminuric patients with Type I (insulin-dependent)
diabetes mellitus. Diabetologia 42:589-595 (1999)
181. Cordonnier DJ, N Pinel, C Barro, M Maynard, P
Zaoui, S Halimi, BH de Ligny, Y Reznic, D Simon & RW
Bilous: Expansion of cortical interstitium is limited by
converting enzyme inhibition in type 2 diabetic patients
with glomerulosclerosis. The Diabiopsies Group. J Am Soc
Nephrol 10:1253-1263 (1999)
182. Drukker A & AA Eddy: Failure of antioxidant therapy
to attenuate interstitial disease in rats with reversible
nephrotic syndrome. J Am Soc Nephrol 9:243-251 (1998)
183. Hu D, MA Hughes & GW Cherry: Topical tamoxifen-
-a potential therapeutic regime in treating excessive dermal
scarring? Br J Plast Surg 51:462-469 (1998)
184. Chau D, JS Mancoll, S Lee, J Zhao, LG Phillips, GK
Gittes & MT Longaker: Tamoxifen downregulates TGF-
beta production in keloid fibroblasts. Ann Plast Surg
40:490-493 (1998)
185. Neugarten J, A Acharya, J Lei & S Silbiger: Selective
estrogen receptor modulators suppress mesangial cell
collagen synthesis. Am J Physiol Renal Physiol 279:F309-
318 (2000)
186. Zdunek M, S Silbiger, J Lei & J Neugarten: Protein
kinase CK2 mediates TGF-β1-stimulated type IV collagen
gene transcription and its reversal by estradiol. Kidney Int.
60:2097-2108 (2001)
187. Potier M, SJ Elliot, I Tack, O Lenz, GE Striker, LJ
Striker & M Karl: Expression and regulation of estrogen
receptors in mesangial cells: influence on matrix
metalloproteinase-9. J. Am. Soc. Nephrol. 12(2):241-251
(2001)
188. Neugarten J, A Acharya & S Silbiger: Effect of gender
on the progression of nondiabetic renal disease: a meta-
analysis. J. Am. Soc. Nephrol. 11:319-329 (2000)
189. Kagan HM: Intra- and extracellular enzymes of
collagen biosynthesis as biological and chemical targets in
the control of fibrosis. Acta Trop 77:147-152 (2000)
190. Elliot SJ, LJ Striker, WG Stetler-Stevenson, TA Jacot
& GE Striker: Pentosan polysulfate decreases proliferation
and net extracellular matrix production in mouse mesangial
cells. J Am Soc Nephrol 10:62-68 (1999)
191. Nwogu JI, D Geenen, M Bean, MC Brenner, X Huang &
PM Buttrick: Inhibition of collagen synthesis with prolyl 4-
hydroxylase inhibitor improves left ventricular function and
alters the pattern of left ventricular dilatation after myocardial
infarction. Circulation 104:2216-2221 (2001)
192. Bickel M, KH Baringhaus, M Gerl, V Gunzler, J Kanta,
L Schmidts, M Stapf, G Tschank, K Weidmann & U Werner:
Selective inhibition of hepatic collagen accumulation in
experimental liver fibrosis in rats by a new prolyl 4-
hydroxylase inhibitor. Hepatology 28:404-411 (1998)
193. Matsumura Y, I Sakaida, K Uchida, T Kimura, T Ishihara
& K Okita: Prolyl 4-hydroxylase inhibitor (HOE 077) inhibits
pig serum-induced rat liver fibrosis by preventing stellate cell
activation. J Hepatol 27:185-192 (1997)
194. Fioretto P, MW Steffes, DE Sutherland, FC Goetz & M
Mauer: Reversal of lesions of diabetic nephropathy after
pancreas transplantation. N Engl J Med 339:69-75 (1998)
195. GISEN: Randomised placebo-controlled trial of effect
of ramipril on decline in glomerular filtration rate and risk
of terminal renal failure in proteinuric, non-diabetic



Renal fibrosis

86

nephropathy. The GISEN Group (Gruppo Italiano di Studi
Epidemiologici in Nefrologia). Lancet 349:1857-1863
(1997)

Key Words: Fibrosis, Glomerulosclerosis, Kidney,
Interstitial Fibrosis, Progressive Kidney Disease, Review

Send correspondence to: Dr  H. W. Schnaper, Pediatrics
W-140, 303 E. Chicago Ave., Chicago, IL 60611-3008,
Tel: 312-503-1180, Fax. 312-503-1181, E-mail:
schnaper@northwestern.edu; or  jbkopp@nih.gov


