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Introduction

The development of progressive renal dysfunction even after the apparent resolution of an
injurious condition is observed in a large number of renal diseases. A great deal of research has
focused on changes in glomerular structure and function that occur in the setting of reduced renal
mass as being primarily responsible for perpetuating renal disease progression. In particular,
increased glomerular capillary hydraulic pressure and glomerular hypertrophy have both been
linked to the development of glomerular sclerosis and proteinuria. While considerable attention
continues to be focused on the role of the glomerulus, increasing attention is now being paid to
the role of the tubulointerstitium in mediating progressive renal failure. It has been known for
quite some time that the impairment in renal function in primary glomerular diseases correlates
better with the extent of tubulointerstitial damage than with the degree of glomerular damage. Just
how progressive tubulointerstitial injury evolves when the initial injury is targeted to the
glomerulus is still unknown. What has become clear however is that tubulointerstitial disease can
no longer be viewed solely as an ischemic sequela of glomerular sclerosis. Rather, the
development of tubulointerstitial disease in association with primary glomerular injury is the result
of a complex process involving interactions between the renal tubular cell, infiltrating
inflammatory cells, and a variety of cytokines.

The Tubulointerstitium as a Predictor of Renal Function and Outcome

The renal tubules and vasculature comprise greater than 80% of the renal cortex. As a
result, it is not surprising that the extent of tubulointerstitial disease is highly correlated with both
renal function and disease progression. One of the earliest reports to comment on the relationship
between tubulointerstitial disease
and renal function involved 50
patients with persistent

glomerulonephritis. ~ In this Relationship Between Tl Disease and Renal
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over 2000 renal biopsy cases that included patients with glomerulonephritis, diabetic nephropathy,
and amyloidosis (3) (Figure 1). In this study, there was a significantly positive correlation
between the relative volume of the cortical interstitium and the serum creatinine concentration.
In patients with diabetic glomerulosclerosis and renal amyloidosis, a negative correlation was
noted between the relative cortical capillary volume and the serum creatinine concentration. In
those cases in which disease was confined solely to the glomerulus, no matter how severe, the
serum creatinine concentration tended to be normal. By contrast, even mild disease of the
glomerulus was accompanied by an elevated serum creatinine concentration if interstitial fibrosis
was present.

The degree of tubulointerstitial disease has also been found to be correlated with the
eventual development of end stage renal disease. Such a correlation has been demonstrated in a
variety of renal diseases to include membranoproliferative glomerulonephritis type 1 (MPGN) (4),
membranous glomerulopathy (5), focal and segmental glomerulosclerosis (FSGS) (6), and IgA
nephropathy (7). Even in
diabetic patients with varying
degrees of glomerulosclerosis,

the 5 and 10 year renal survival Rglationship Between TI Fibrosis at Time of
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and MPGN (Figure 2). In this review, cellular infiltration and fibrosis of the tubulointerstitium
and not glomerular damage emerged as the histologic factor that most strongly and consistently
predicted poor outcome in all three glomerular diseases (9).

Studies in experimental animals have also shown that progressive glomerulosclerosis and
renal insufficiency are seldom observed in the absence of tubulointerstitial scarring. The anti-thy
1 model of glomerulonephritis is produced by administering an antibody directed against an
antigen on the surface of mesangial cells within the glomerulus. Depending on the protocol used,
infusion of the antibody results in mesangial cell lysis which is followed by proliferation and
eventual glomerulosclerosis. In this model, the development of glomerulosclerosis is reversible
in the absence of tubulointerstitial disease but is progressive when lesions are present (10,11).
Similar, observations have been made in experimental models of the nephrotic syndrome (12,13).
In the remnant kidney model a great deal of attention has focused on the role of glomerular

4



hemodynamic changes and glomerular hypertrophy in mediating the development of
glomeruloscelrosis. However, even in this model, tubulointerstitial changes, including interstitial
infiltration, edema and fibrosis, often proceed and exceed glomerular scarring. These
observations support the idea that the severity of tubulointerstitial injury is the major determinant
as to whether an insult to the kidney will result in progression to end-stage-renal disease or will
culminate in the reestablishment of normal kidney function.

The mechanism by which tubulointerstitial lesions develop in the setting of glomerular
disease is not entirely clear. Traditionally, tubulointerstitial lesions were simply viewed as the
inevitable sequelae of glomerulosclerosis. According to this view, vascular sclerosis and
diminished blood flow through a contracted glomerular capillary bed would result in ischemic-
induced tubular atrophy and development of interstitial fibrosis. However, as detailed in the
remainder of this paper, a number of observations suggest that tubulointerstitial disease is much
more than just the ischemic sequelae of glomerular demise.

One such observation is the frequent presence of chronic inflammatory cells in the
interstitium during the development of tubulointerstitial scarring. This infiltration of leukocytes
into the interstitium is characteristic of a
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cells although there are cases in which disease (KI 31:964,1987).

one cell type may predominate. These

cells have been shown to express surface markers indicative of activation such as HLA class II
antigens, intercellular adhesion molecule-1 (ICAM-1), and the interleukin-2 receptor. A similar
influx of chronic inflammatory cells has been observed in a diverse array of experimental models
of renal injury to include the nephrotic syndrome (12,13), renal ablation (19), ureteral obstruction
(20), and chronic infusion of angiotensin II (21).

The magnitude of the interstitial cellular infiltrates has been shown to be inversely related
to renal function and directly related to eventual renal outcome (14,16). In a recent study of
patients with IgA nephropathy, the mean number of infiltrating T lymphocytes and monocytes was
found to be positively correlated with the serum creatinine concentration at the time of renal
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biopsy (14). Those patients with the greatest cellular infiltrate went on to show a progressive
deterioration in renal function no matter what their serum creatinine levels were at the time of the
biopsy (Figure 4). This same significant correlation between renal outcome and the number of
interstitial leukocytes has been reported in patients with membranous glomerulopathy (22) and
lupus nephritis (23).

The Role of the Renal Tubular Cell in Tubulointerstitial Injury

The influx of activated leukocytes into the renal interstitum is likely to be in response to
an injury to some component of the tubulointerstitium. Increasing evidence suggests that renal
tubular cells are not just an innocent bystander in this process but rather play an active role in the
recruitment of these inflammatory cells.

In several models of renal injury renal tubular cells have been shown capable of secreting
a variety of cytokines that have both chemoattractant and pro-inflammatory properties (Figure 5).
In human cultured cortical epithelial cells exposed to gamma interferon, monocyte chemoattractant
protein-1 (MCP-1) is secreted (24). This cytokine has been shown to attract T-lymphocytes as
well as cells of the monocyte/macrophage lineage (25). In addition to stimulating chemotaxis,
MCP-1 also activates monocytes to secrete cytokines and express cell surface adhesion molecules
(26). In renal biopsy material taken from patients with FSGS, membranous glomerulopathy, and
IgA nephropathy, there is increased tubular expression of MCP-1 as compared to tissue obtained
from normal controls (27). A recent study examining renal biopsy material in patients with IgA
nephropathy demonstrated a strict correlation between the amount of MCP-1 gene and protein
expression in cortical tubular epithelial cells and the number of monocytes infiltrating the
interstitium and the degree of tubulointerstitial damage (28). Osteopontin is a glycoprotein with
chemoattractant properties that has also been shown to be synthesized in renal tubular cells
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(29,30). In animal models of immune injury such as the anti-Thy-1 model of glomerulonephritis
and passive Heymann nephritis as well as in a toxic model of renal injury, puromycin
aminonucleoside, there is increased tubular expression of osteopontin mRNA (30). In these
models, staining for osteopontin protein in proximal tubules is preceded by morphologic evidence
of tubular damage and followed by an influx of monocytes into the interstitial space. In addition,
the amount of osteopontin mRNA and protein expression correlates closely with the degree of
tubulointerstitial damage. In a model of renal injury induced by the constant infusion of All,
increased osteopontin protein and mRNA levels were also detected in renal tubular cells prior to
the interstitial influx of monocytes (31). A third chemotactic factor has been demonstrated in
cultured rat tubular epithelial cells. Upon exposure to bovine serum albumin, these cells secrete
a novel lipid that possesses chemotactic activity for monocytes (32).

Chemoattractant cytokines E;?;i?:e";matory
- MCP-1
- Osteopontin . %IE)%FI:LE)?-: N
- Lipid ® .
- GM-CSF
- g-;nles \ / - TGF-beta 1
Renal - TNF-alpha
Tubular
Cell
Cell surface markers Matrix molecules
-HLAclass Il - Collagen I, 1lI, IV
- ICAM-1 - Laminin
- VCAM-1 - Fibronectin
Figure 5

A number of pro-inflammatory molecules have also been shown to be produced by renal
tubular cells. In tubular cells grown from human biopsy material, expression of mRNA for
interleukin-6, granulocyte-macrophage colony-stimulating factor (GM-CSF), and platelet-derived
growth factor-B (PDGF-B) has been demonstrated (33). The amount of mRNA for GM-CSF and
PDGF-B is greater in tubular cells obtained from diseased and fibrotic kidneys in comparison to
nondiseased and nonfibrotic kidneys (34). In the rat there is detectable baseline expression of
PDGEF-B in renal tubules (19). Following 5/6-nephrectomy, the tubular expression of PDGF
mRNA and protein is markedly increased particularly in areas of inflammatory infiltrates (19).
Increased tubular expression of PDGF mRNA has also been demonstrated in rats subjected to
continuous infusion of AIl (21). Endothelin-1 (ET-1) is produced in renal tubular cells (35,36).
This protein is chemotactic for blood monocytes and can bind to specific receptors on
monocytes/macrophages and stimulate proinflammatory cytokine secretion (37,38). In various
animal models of proteinuric progressive renal failure increased renal ET-1 gene expression or
increased urinary excretion of ET-1 has been found to correlate with renal structural damage
(39,40). Other cytokines expressed by renal tubular cells include Rantes, TGF-p 1, tumor necrosis
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factor-a (TNF-«), and IL-8 (41-45).

In addition to secreting substances that can recruit and activate inflammatory cells, renal
tubular cells can also express a number of cell surface markers that enable them to interact with
interstitial leukocytes. Increased expression of HLLA class II antigens, ICAM-1, and VCAM-1
have all been described on renal tubular cells (46-50). The expression of these molecules have
been induced after tubular cells are exposed to a variety of proinflammatory cytokines as well as
after chemical or ischemic injury (14). In renal biopsy material taken from patients with a variety
of glomerular diseases, increased tubular expression of HLA class II antigens and ICAM-1 is
mainly observed in disease states that are typically accompanied by interstitial cellular infiltrates
(49,50). The expression of HLA class II antigens and adhesion molecules could potentially allow
renal tubular cells to act as antigen-presenting cells to interstitial lymphocytes and thereby amplify
the inflammatory response within the tubulointerstitium (48,51,52). A coordinated upregulation
of a variety of selectins, integrins, and members of the immunoglobulin superfamily in the
tubulointerstitium has recently been demonstrated in renal biopsy material taken from humans with
a variety of renal diseases (53). Increased expression of these markers was associated with
interstitial fibrosis and tubular atrophy irrespective of the underlying diagnosis suggesting that
adhesion molecule expression may be involved in the pathogenesis of tubulointerstitial injury.

Finally, there is evidence that renal tubular cells are also directly involved in the
production of matrix proteins. These cells have been shown to produce a number of extracellular
matrix molecules such as collagens type I, III, and IV, laminin, and fibronectin (54-56). There
is also evidence to suggest that renal tubular cells may be capable of transforming into activated
fibroblasts thus contributing directly to the development of interstitial fibrosis (57,58).

Proteinuria-Induced Activation and/or Injury of the Renal Tubular Cell

Having established that tubulointerstitial disease is an important determinant of renal
outcome in a variety of glomerular
diseases and that renal tubular cells, if
injured, possess the machinery required to
participate in the development and
progression of interstitial disease, the
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progression of renal failure to the degree of proteinuria. In 40 consecutive patients with FSGS
followed for up to 16 years, patients presenting with nephrotic syndrome had a worse prognosis
than those presenting with less proteinuria (59) (Figure 6). Similarly, 41% of patients with
membranous glomerulopathy who had nephrotic syndrome developed progressive renal failure
over a mean follow up of 54.8 months compared to none of those presenting with less than
nephrotic range proteinuria (60). This same correlation has been demonstrated in other human
renal diseases such as IgA nephropathy (61) and MPGN type-1 (62). In the recently completed
Modification of Diet in Renal Disease (MDRD) study, a higher baseline urinary protein excretion
was also associated with a more rapid decline in the glomerular filtration rate (63).

The degree of proteinuria has also been correlated to the severity of interstitial disease as
determined histologically. In several studies of patients with IgA nephropathy, the extent of
interstitial fibrosis or the degree of tubular atrophy has been found to be significantly correlated
to the degree of proteinuria (64-66). In type 1 diabetes and nephropathy, patients with more than
400 mg/24 hours of urinary albumin excretion had more severe interstitial disease than those with
less albuminuria (67,68). A similar correlation between the degree of proteinuria and histologic
damage has been observed in patients with membranous glomerulopathy and systemic lupus
erythematosus (5,69,70).
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Figure 7

Studies in experimental animals have provided evidence that proteinuria may be an
important factor in the initiation of tubulointerstitial disease. One such model is nephrosis induced
by the administration of puromycin aminonucleoside (PAN) (71,72). In PAN nephrosis, a single
dose of PAN results in selective toxicity to glomerular epithelial cells and causes the development
of nephrotic range proteinuria. The proteinuria worsens up to 14 days and then returns to normal.
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In association with the proteinuria, there is an influx of chronic inflammatory cells into the
interstitium. The severity of the interstitial infiltrate is closely related to the degree of proteinuria
(Figure 7). There is a significant increase in the mRNA for MCP-1 as well as osteopontin in
tubular epithelial cells. The mRNA for genes encoding extracellular matrix proteins are also
significantly increased in association with the proteinuria and the interstitial infiltrate. The model
is also characterized by foci of tubulointerstitial fibrosis. Maneuvers that decrease the amount of
proteinuria are associated with less inflammatory infiltrate and afford histologic protection. A
second model is referred to as protein overload nephropathy and is induced in rats by the
peritoneal injection of large amounts of bovine serum albumin (29,73). These animals develop
renal injury that is initially restricted to the glomerulus and is manifested by heavy proteinuria.
There is no evidence of immune complex formation in either the glomerulus or the interstitium.
In association with increasing proteinuria there is an influx of inflammatory cells into the
_interstitium. Similar to the PAN model of nephrosis, there is increased mRNA expression for
MCP-1 and osteopontin in renal tubular cells. Increased matrix protein synthesis and altered
matrix degradation and remodeling contribute to the development of interstitial fibrosis. It has
been proposed that these two models are examples of primary glomerular injury in which the
development of tubulointerstitial disease is a secondary event. The cause of tubulointerstitial
disease is thought to be the result of proteinuria-induced tubular injury resulting in the
development of an inflammatory response and ultimately fibrosis within the interstitium. A third
model which is in keeping with this theory is the development of interstitial fibrosis in the Milan
normotensive rat (74). In these animals, damage to the podocyte is associated with the onset of
proteinuria. Subsequently there is increased tubular expression of ostepontin that is followed by
a monocyte/ macrophage influx. In association with these later changes, there is a progressive
accumulation of various extracellular matrix proteins.

A number of different mechanisms can potentially explain the development of renal tubular
injury in the setting of glomerular proteinuria (Table 1). One mechanism is immunologic in
nature. During states of glomerular proteinuria, potentially damaging antibodies may be filtered
into the urinary space where they may interact
with tubular antigens present on the apical
surface (74). In rats immunized with
Heymann antigens there is binding of antibody
to brush border antigens that occurs during the
heavy phase of proteinuria (75,76). Increased
mitotic activity in these tubular cells is
suggestive that such antibody binding is
injurious in nature. A more nonspecific type
of toxicity may relate just to the severity of the
proteinuria itself. Normally the proximal
tubule attempts to cope with an increased load
of protein by increased reabsorption and
subsequent degradation in lysozomes. It has
been proposed that this process can be

Table 1. Mechanisms by which proteinuria

can activate or injure the renal tubular cell.
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Lysosomal swelling and rupture
Intratubular casts and obstruction
Filtered Ig, cytokines

Exacerbate ischemic injury

Filtered iron and transferrin
Complement activation
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Hyperlipidemia
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overwhelmed to the point of lysosomal swelling and rupture resulting in the cytoplasmic release
of injurious lysosomal enzymes (77). Massive proteinuria may also injure the tubule by forming
proteinaceous casts and causing tubular obstruction (78).

Proteinuria may exacerbate ischemic injury to the renal tubular cell. Infiltrating
macrophages and renal tubular cells can both secrete vasoactive substances such as endothelin and
nitric oxide (79-82). These vasoactive compounds may alter regional blood flow within the
interstitium in such a way that the tubular cell is rendered susceptible to hypoxic injury. The
additional energy required to reabsorb and digest large amounts of protein could then result in
damage to these already stressed cells. In this regard, infusion of low molecular weight proteins
into animals first subjected to renal artery occlusion or hemorrhagic shock results in worse tubular
injury than when similar infusions are performed in nonischemic animals (83,84). Worsening
tubular ischemia could exacerbate interstitial injury through immune-mediated events. Ischemia-
induced tubular expression of HLLA class II antigens would provide these cells the capability of
presenting antigens directly to infiltrating lymphocytes (85,86).

Another mechanism whereby proteinuria may cause ischemic tubular injury is by
predisposing to the generation of reactive oxygen metabolites. The excretion of the iron carrier
protein, transferrin, into the urine can lead to the release of iron particularly as the pH of the fluid
becomes more acidic. Iron is capable of catalyzing the Haber-Weiss reaction leading to the
generation of hydroxyl radicals. In addition, iron has been shown to alter several aspects of renal
tubular epithelial function (87). In the nephrotoxic serum nephritis model, animals fed a diet that
was deficient in iron were shown to develop significantly less renal interstitial injury than iron
replete control animals (88). A similar relationship between tubular iron accumulation and the
generation of reactive oxygen species and tubular damage has also been noted in the rat remnant
kidney model (89). In addition to ischemic injury, iron may also contribute to the intensity of
interstitial inflammation. In preliminary studies, the iron carrier protein, transferrin, has been
shown to induce a dose dependent increase in MCP-1 mRNA expression in renal tubular cells
(90).

Increased glomerular permeability may allow circulating complement components to enter
the tubular fluid potentially resulting in tubular injury. Complement can effect the renal tubule
through its ability to act as a chemoattractant, stimulate cytokine release, cause cell lysis, and
stimulate matrix synthesis (91,92). Increased urinary excretion of the C5b-9 complex has been
demonstrated in patients with membranous glomerulopathy, diabetic nephropathy, and FSGS
where it has been shown to correlate with the degree of proteinuria (93,94). In patients with
membranous glomerulopathy, formation of the C5b-9 complex is thought to occur in the
glomerulus where it plays a role in injuring the glomerular epithelium. By contrast the C5b-9
complex has not been demonstrated in the glomerulus of patients with FSGS and diabetic
nephropathy raising the possibility that its formation occurs in the tubular fluid. In this regard,
the brush border of the proximal tubule can activate complement via the alternative pathway (95).
In addition the renal tubular cell has been shown capable of synthesizing several components of
complement (96-98). The mRNA for C4 is constitutively expressed in proximal epithelial cells.
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By contrast, in situ hybridization studies have identified the mRNA for C3 and factor B in the
tubules of diseased kidneys usually restricted to areas of interstitial inflammation (97,98).
Another mechanism whereby complement may become activated by tubular cells is by
ammoniagenesis. In the setting of proteinuria urinary ammonia is increased possibly as a result
of increased protein catabolism in the proximal tubule (99). Such increases in ammonia
concentration can lead to activation of complement (100). In the rat remnant kidney model
administration of sodium bicarbonate to decrease ammoniagenesis led to a reduction in the level
of proteinuria and decrease in interstitial damage (101). In addition, those animals treated with
bicarbonate had less peritubular deposition of C3 and C5b-9.

Recent studies suggests that renal tubular cells may directly contribute to the scarring
process in the interstitium once exposed to excess tubular protein. In one study, application of
serum proteins of a molecular weight normally found in the setting of glomerular proteinuria to
the apical surface of cultured renal tubular cells resulted in increased basolateral secretion of the
matrix protein fibronectin (56). There was also increased secretion of PDGF as well as increased
release of lactate dehydrogenase suggesting a degree of cytotoxicity. Another study in cultured
tubular cells showed that addition of albumin to the culture media induced the expression of an
integrin not normally found in basal conditions (102). These results were confirmed in kidney
biopsy material taken from patients with a variety of proteinuric glomerular diseases in which
increased tubular expression of this same integrin was found. It is possible that such remodeling
of the adhesive apparatus of tubular cells in response to proteinuria may play a role in the
development of the interstitial fibrotic process.
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There is also evidence that proteins present in the urine and subsequently processed by
renal tubular cells cause the release of factors that can directly participate in interstitial
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inflammation. Renal tubular cells incubated with bovine serum albumin that contains fatty acids
release a lipid factor that is highly chemotactic for macrophages (32). This factor has a
chromatographic pattern identical to a lipid factor extracted from urine of rats with experimental
protein overload proteinuria. Incubation of cultured proximal tubular cells with albumin has also
been shown to induce a dose-dependent release of endothelin-1 (ET-1) (35) (Figure 8). In these
studies the release of ET-1 is directed towards the basolateral side of the cell. Accumulation of
ET-1 within the interstitium can contribute to the influx of blood monocytes and stimulate these
cells to secrete proinflammatory cytokines (37,38). In addition, ET-1 can bind to receptors on
interstitial fibroblasts causing these cells to proliferate and synthesize matrix proteins (103,104).
In turn, matrix proteins such as fibronectin, collagen IV, and laminin have been shown to induce
ET-1 synthesis in cultured tubular cells thus providing an amplification loop in the fibrotic process
(103).

A more indirect way in which nephrotic proteinuria may lead to interstitial disease is
through the development of hyperlipidemia. In several animal models, hyperlipidemia has been
shown to play a role in progressive renal injury (105). Most of these studies have focused on how
lipid disorders modulate glomerular injury. LDL can interact with mesangial cells to stimulate
cellular proliferation and induce the synthesis of cytokines that are chemoattractant for
macrophages. Both macrophages and mesangial cells can produce oxidized LDL which along
with native LDL stimulates mesangial cells to produce extracellular matrix (105,106). There are
now experimental observations to suggest that lipoproteins may also exert similar effects on the
renal tubular cell thus contributing to progressive tubulointerstitial injury. In the protein overload
model of glomerular injury, rats fed a diet enriched with cholesterol developed more evidence of
tubular injury characterized by a higher mitotic rate and a significantly greater number of dilated
and cystic tubules as compared to animals maintained on a regular rat chow (107). In the rat
model of mesangialproliferative glomerulonephritis, diet-induced hyperlipidemia was associated
with a greater influx of monocytes into the interstitium as compared to normolipidemic animals
(107). In addition, the hyperlipidemic animals developed significantly greater amounts of tubular
atrophy and interstitial fibrosis. Similar results have been found in rats with adriamycin-induced
nephrosis and in the rat remnant kidney model (108). Even in animals without pre-existing
glomerular disease, hyperlipidemia is associated with an interstitial mononuclear infiltrate that
is localized around slightly ectatic tubules with thickened basement membranes (107).

Mechanisms Linking Renal Tubular Cell Activation/Injury and Tubulointerstitial Fibrosis

The final step in the process of tubulointerstitial damage is the development of interstitial
fibrosis. During the earliest phases of this process, interstitial fibroblasts begin to undergo
phenotypic changes including the acquisition of smooth muscle cell and mesenchymal markers.
Such markers include the expression of « smooth muscle actin and intermediate filament proteins
such as vimentin and desmin (109). This phenotypic change into what has been called a
myofibroblast is thought to represent evidence of activation or injury. These cells contribute to
the development of interstitial fibrosis by secreting extracellular matrix and possibly by
elaborating inhibitors of matrix breakdown (109). In both experimental and clinical
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nephropathies, there is a marked proliferation of myofibroblasts which tend to localize in areas
of increased collagen content (21,110-113). Another molecule that is only expressed on
myofibroblasts and not resting fibroblasts is SPARC (secreted protein acidic and rich in cysteine)
(114). As with the other markers of fibroblast activation, increased expression of SPARC is
primarily found on myofibroblasts at sites of tubulointerstitial injury and fibrosis.

In both experimental and clinical glomerular disease, the presence of interstitial
myofibroblasts has been associated
with a poor prognosis. In the rat
model of nephrotoxic nephritis, a
strong predictive value was found for r=-077, p<0.005
the presence of these cells and the late
development of interstitial fibrosis
(115). In patients with IgA
nephropathy, staining of renal biopsy
material for the presence of interstitial 10
myofibroblasts is predictive of a more
rapid decline in renal function e e e
(112’113) (Flgure 9) Simﬂar results  [Hevison etal. AmJ Nephrol 15:111-117, 1995
have been reported in patients with
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predicted the development of
tubulointerstitial fibrosis (109).
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The cell of origin for interstitial myofibroblasts remains unknown. In addition to resident
interstitial fibroblasts, there is some evidence that renal tubular cells may undergo
transdifferentiation into fibroblastic cells. In the murine model for antitubular basement
membrane disease, some tubular cells acquire the ability to express a protein specific to fibroblasts
(57). Overexpression of this protein in tubular cells causes the cells to convert from their
epithelial phenotype to a mesenchymal phenotype. In other studies, positive staining for the
mesenchymal marker vimentin has been demonstrated in tubular cells in animals after exposure
to nephrotoxins as well as in atrophic tubules from humans with scarred kidneys (58,116). There
is also evidence that perivascular cells may be able to undergo this transformation and secrete
collagen. In the rat model of anti-GBM nephritis perivascular adventitial cells demonstrated
increased expression of procollagen o 1(I) transcripts (117). The ability of perivascular cells to
secrete collagen could provide a link between vascular injury as might occur in hypertension and
the development of tubulointerstitial fibrosis.

The activation of myofibroblasts can result from cytokines secreted by infiltrating
mononuclear cells as well as renal tubular cells. Factors secreted by infiltrating monocytes that
have been implicated in the activation of myofibroblasts include TGF-p1, PDGF, basic fibroblast
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growth factor, IL-6, IL-1 and TNF-« (78). Proximal tubular cells can also be stimulated to
secrete many of these same cytokines (14,78) . Receptors for growth factors have been
demonstrated on fibroblasts and myofibroblasts and are therefore are able to respond to these
cytokines by activation, proliferation, and extracellular matrix synthesis. PDGF and TGF-B1 are
the growth factors that have received the greatest attention in transforming fibroblasts to
myofibroblasts.

The receptor for PDGEF is constitutively expressed on cortical interstitial fibroblasts (118).
Studies in human renal injury using techniques of immunohistochemistry and in situ hybridization
for detection of mRNA have shown
evidence of increased interstitial
production of this receptor during
interstitial injury (119,120). Using
these same techniques in the rat 5/6

nephrectomy model, increased mRNA | \echanism By Which PDGF Contributes to
and protein expression for PDGF was the Development of Tl Fibrosis
demonstrated in tubules and in the Proteinuria

interstitium at a time that interstitial
cells were expressing markers l RTlC
indicative of myofibroblast |

. K nflux of — | PDGF
transformation (19). PDGF mRNA is Monocytes
also expressed at sites of interstitial
cell proliferation and fibrosis in renal
injury induced by prolonged infusion Myofibroblast

. . !

of angiotensin II (21). Exogenous Wi aematnisiion
infusion of PDGF into normal rats
induces tubulointerstitial fibroblast
proliferation with subsequent
differentiation of these cells into
myofibroblasts as evidenced by the
expression of « smooth muscle actin.
In association with these changes there is increased collagen III accumulation (121). These
observations suggest that increased production of PDGF by renal tubular cells and mononuclear
cells in areas of tubulointerstitial injury may play an important role in mediating fibroblast
migration, proliferation, and increase matrix production (Figure 10).

Fibroblast

Figure 10

One of the most widely studied cytokines associated with interstitial fibrosis is TGF-p1.
In several models of primary glomerular disease associated with the development of interstitial
damage, there is increased expression of the mRNA for TGF-p1 (122). The source of this
increased expression is primarily infiltrating monocytes as well as renal tubular cells
(29,42,122,123). TGF-p1 elicits a variety of responses that can contribute to the development
of interstitial fibrosis (124-126). TGF-p1 contributes to extracellular matrix accumulation by
stimulating the production of collagens type I, III, and IV and fibronectin in renal fibroblasts. At
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the same time, TGF-p1 inhibits matrix degradation by directly inhibiting the production of matrix-
degrading metalloproteinase enzymes. These enzymes are further inhibited by the effects of TGF-
1 to up-regulate metalloproteinase inhibitors such as the tissue inhibitor of metalloproteinase-1
(TIMP-1) and plasminogen activator inhibitor (PAI). TGF-p1 secreted by renal tubular cells or
monocytes can also stimulate myofibroblasts to secrete additional TGF-f1 thus providing an
amplification loop in the fibrogenic process. Thus, the net effect of TGF-B1 is to tip the balance
of matrix synthesis and degradation toward the accumulation of matrix proteins (Figure 11).

The Role of TGF-Beta 1 in Tl Fibrosis
NEJM 331:1286-1292, 1994, J Am Soc Nephrol 7:2495-2508, 1996
TGF-beta 1
* Several hundred foid
increased mRNA expression l
in models of Tl fibrosis
= Secreted by RTC, monocytes, ‘Proteinases
fibroblasts Production of ‘Mgt?llopmteinase
« Chemotactic for T-cells, ECM components il
monocytes | l
< Induces monocytes and
fibroblasts to secrete *Collagen { Degradation of ECM
additional TGF-Beta 1 deposition components
= Leads to matrix accumulation l l
4 Accumulation of ECM
Components
Figure 11

In addition to contributing to the development of interstitial fibrosis, activated
myofibroblasts may also play a role in the development of glomerulosclerosis. These cells may
migrate into the glomerular tuft through holes and adhesions within Bowmans capsule (127). It
has been suggested that such breaks in the integrity of the glomerular capsule may be induced by
the periglomerular inflammatory cells often associated with renal scarring. A trail of
myofibroblasts has been described moving from the interstitium into Bowmans space in crescentic
glomerulonephritis (111). Such infiltration of myofibroblasts would explain the appearance of
collagen types normally restricted to the interstitium in sclerosed glomeruli of experimental
animals and humans. Interstitial myofibroblasts could be attracted to glomeruli as a result of
growth factors synthesized within the glomerulus. In rabbits with glomerulonephritis,
proliferating perivascular cells (a cell type described as a precursor of myofibroblasts) have been
shown to migrate into the interstitium as well as the inflamed glomerulus ultimately contributing
to the development of sclerosis in both compartments (117). Such a scenario in which cells of
vascular origin directly contribute to both interstitial and glomerular injury would potentially
explain the development of interstitial fibrosis and glomerulosclerosis in hypertension.
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Effects of ACE Inhibitors and Low Protein Diet on Development of TI Disease

In clinical trials of patients with chronic renal failure, angiotensin converting enzyme
(ACE) inhibitors and protein restricted diets have both been shown effective in slowing the rate
at which renal function declines. In
diabetic patients, randomized multicenter
trials have shown that ACE inhibitors Table 2. Effects of CEI on glomerular function
have renoprotective effects in those with ~and structure that may explain renal protective

already overt nephropathy as well as in effect.
those with incipient nephropathy (128-

130). These agents have also been Decrease systemic blood pressure

shown protective in non-diabetic chronic Reduce intraglomerular pressure

renal failure (131). Similarly, dietary Limit glomerular hypert}' ophy

protein restriction has been shown Improve glomerular capillary

effective in retarding the progression of filtration barrler_ L ~

chronic renal failure in diabetic and © Decrease serum lipids :
nondiabetic renal disease (132-134).  —
Based on numerous studies in

experimental animals, the beneficial effects of these interventions has been attributed to favorable
effects on glomerular function and structure (135) (Table 2). There is now accumulating evidence
to suggest that the renoprotective effects of these interventions may also relate to their ability to
interfere in the mechanisms responsible for the development of tubulointerstitial disease. In this
regard, most studies have shown that renoprotection observed with ACE inhibitors and low
protein diet is generally accompanied by a decrease in proteinuria (128,130-132). Based on the
above discussion, this decrease in proteinuria may be more than just a marker of improved
glomerular function and, in fact, may be a primary event in explaining the renoprotective effect
associated with these interventions.

ACE inhibitors may limit the development of tubulointerstitial disease through a variety
of mechanisms. These agents are known to have a significant antiproteinuric effect. In both
experimental models and human studies, the renoprotection afforded by ACE inhibitors has
typically been accompanied by a significant decrease in proteinuria (136-137) (Figure 12). By
reducing the amount of protein in tubular fluid, there should be a decrease in the tubular
expression and synthesis of vasoactive and inflammatory molecules that are upregulated by protein
overload. For example, in the animal model of passive Heymann nephritis, the development of
proteinuria and interstitial disease is associated with increased staining for ET-1 in tubular cells
(103). By comparison, animals treated with a combination of an ACE inhibitor and an angiotensin
IT receptor antagonist do not develop proteinuria and have tubular expression of ET-1 comparable
to control.

ACE inhibitors may also help preserve the integrity of the tubulointerstitium by directly
inhibiting the synthesis of AIl. AII has been shown to have a number of effects that can directly
contribute to the development of tubulointerstitial fibrosis. Systemic infusion of All into healthy
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rats results in an increased tubular expression of both the protein and mRNA for osteopontin
(21,138). Following the expression of this protein there is a monocyte/macrophage influx into
the interstitium that is subsequently followed by increased synthesis of fibronectin and collagen.
AlI has been shown to directly stimulate renal interstitial fibroblasts to proliferate and to increase
the synthesis of matrix proteins like collagen and fibronectin (139). AII can further enhance
matrix production through its ability to stimulate the release of other cytokines. For example, AIl
has been shown to stimulate TGF-B1 production in renal tubular cells and upregulate TGF-p1
expression in fibroblasts (122,140).

Effect of Enalapril on Proteinuria and
Tl Lesions in PAN Nephrosis
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Figure 12

Renal tubular cells possess the complete machinery of substrates and enzymes required for
the synthesis of AIl (139). While there is little evidence that the systemic renin-angiotensin
system is activated in most chronic renal disease, multiple lines of evidence suggest that the
intrarenal system may play an important role in progressive renal failure (141). ACE inhibitors
may limit the development of tubulointerstitial disease by inhibiting the effects of locally produced
All. In a rat model of chronic glomerulonephritis, serum ACE activity in nephritic animals did
not differ from controls (142). By contrast, ACE activity measured in the brush border of
nephritic animals was markedly elevated. In addition, when these measurements were performed
in animals treated with an ACE inhibitor, there was a marked inhibition of ACE activity in the
cortex. In association with this decrease in activity, the gene expression for fibronectin and
collagens I, III, and IV in the renal cortex was also markedly decreased. Treated animals
developed less proteinuria and morphologically had less tubular and interstitial lesions. Similarly,
in rats with chronic PAN nephrosis, treatment with enalapril resulted in significantly less
interstitial fibrosis as compared to control animals (143). This same drug has been shown to
attenuate the development of interstitial fibrosis in the rat remnant kidney model and in the aging
mouse (144,145). In addition, rats treated with a combination of an ACE inhibitor and an
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angiotensin II receptor develop less cyclosporin-induced interstitial disease (146).

There is evidence that the renin-angiotensin system participates in the events that
characterize interstitial injury in the model of chronic ureteral obstruction. Histologically, this
model is characterized by the development of an interstitial cellular infiltrate and marked
interstitial fibrosis. The sequence of events in the development of these lesions has been
extensively studies in the rat model of unilateral ureteral obstruction (20,147-151). Within hours
of ureteral ligation increased mRNA for MCP-1, osteopontin, and ICAM-1 can be detected in
renal tubular cells. Subsequently, there is an influx of macrophages into the interstitium. These
cells are thought to be, in part, the source of increased TGF-p1 expression within the kidney. In
association with increased TGF-B1, the mRNA levels for TIMP-1 also begin to increase.
Interstitial fibroblasts begin to transform into myofibroblasts as evidenced by increased expression
of « smooth muscle actin and the interstitial matrix progressively expands. Administration of
ACE inhibitors at the time of ureteral ligation or several days later have been shown to markedly
attenuate these changes and limit the development of interstitial fibrosis (150,151). The AIl
receptor antagonists are also effective in limiting interstitial injury in this model (150). As with
the ACE inhibitors, the AIl receptor blockers decrease the mRNA for TGF-beta-1 and decrease
the amount of interstitial fibrosis. However, unlike ACE inhibitors, these agents do not decrease
the influx of mononuclear cells into the interstitium.

Dietary Protein Restriction and
Tubulointerstitial Disease in PAN Nephrosis

Relative mRNA ievels

L 7 mm High protein
" c 3.5 ~ —Low protein
o = [T,
€. E€g_ =B7% 3
£ ®BS2 85 25 .
0 = m L o o O 2
o o 8 5 E ' <
2 T = .05
= e R p
- 1.5
High 401 188 5.3 1
protein
Low W " " 0.5
protein 186 79 4.5 ny '4/,

TGF-beta 1 Fibronectin

Am J Physiol 266: F884-F893, 1994

Figure 13

Another mechanism whereby ACE inhibitors may limit tubulointerstitial damage is
through their effects on decreasing serum lipid concentrations. These drugs can decrease lipid
levels as a result of their antiproteinuric effect (152). In one study there was a 15% decrease in
total and LDL cholesterol levels. Along these lines, there is convincing evidence in experimental
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animals and suggestive evidence in human studies that treatment of hyperlipidemia may slow the
deterioration of chronic renal failure (105).

The ability of dietary protein restriction to preserve renal function may also be related to
decreased damage of the tubulointerstitium (Figure 13). As with ACE inhibitors, a decrease in
dietary protein intake is associated with an antiproteinuric effect (132). In rats with PAN
nephrosis, administration of a low protein diet leads to a reduction in the number of interstitial
macrophages (42). In association with the decreased inflammatory response, there is
normalization of TGF-beta-1 levels and a significant decrease in several extracellular matrix
proteins. Low protein diet has also been shown to attenuate increased PDGF gene expression in
this same model (153).
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