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Regardless of the initial cause of renal injury, failing kid-
neys approaching end-stage disease typically show
marked tubular atrophy and interstitial fibrosis. In addi-
tion, in both animal models and humans, once the num-
ber of functioning nephrons falls below a critical level,
there is an inexorable progression of further nephron
loss, tubular atrophy, and interstitial fibrosis. Therefore, it
is clearly of importance to understand the pathophysiol-
ogy of this process. Recent research on the progression
of renal disease has centered on three related but inde-
pendent hypotheses:

1. The final common pathway of renal injury is inter-
stitial fibrosis and therefore preventing interstitial
fibrosis will slow the progressive decline in renal
function.

2. A major source of the fibroblasts that produce in-
terstitial collagen in the injured kidney is tubular
epithelial cells that have differentiated to fibroblasts
and crossed the basement membrane. This pro-
cess has been referred to as epithelial-mesenchy-
mal transition (EMT) and elucidation of this process
has been a major focus of research over the past
decade. The belief is that understanding this pro-
cess will allow interventions that will slow interstitial
fibrosis.

3. In glomerular disease, proteinuria is a major stimu-
lus to the alteration of epithelial cell function and
leads to EMT and interstitial fibrosis.

These three hypotheses have been widely accepted
and, indeed, in most review articles the process of EMT is
often stated as fact. However, as with all hypotheses, it is
important to continue to test them with the best methods
available. In this issue of The American Journal of Pathol-
ogy, Humphreys et al1 have performed elegant studies
that cast considerable doubt on the existence of EMT in
the kidney.

They have used genetic manipulation to develop mice
that express protein labels exclusively in renal tubular

epithelial cells. They then induced injury in the kidney
and, by looking for labeled cells, were able to determine
whether any tubular cells had moved into the interstitium
or had acquired the ability to behave as fibroblasts.

Using the cre/lox technique to label cells, which depends
on crossing mice that express the enzyme cre-recombi-
nase under the control of a cell-lineage specific promoter
with mice expressing a reporter gene that is activated by
cre-recombinase, Humphreys et al1 generated two types of
mice: one in which all tubular epithelial cells except those in
the collecting duct were labeled and one in which collecting
duct cells were labeled. The authors then subjected these
mice to two types of injury that led to interstitial fibrosis:
unilateral ureteric obstruction (UUO) and ischemia-reperfu-
sion injury. Histological examination of the kidneys postin-
jury revealed interstitial fibrosis with many cells in the inter-
stitium expressing �-smooth muscle actin (�-SMA), a
marker of myofibroblasts. However, the authors did not find
any labeled tubular epithelial cells in the interstitium nor any
tubular cells that expressed �-smooth muscle actin, imply-
ing that EMT did not occur.

Humphreys et al1 performed a number of critical controls.
One possible explanation for their data is that the marker
protein is not expressed by fibroblast-like cells. They there-
fore used two different marker proteins and showed the
same results with both. In addition, they examined mice
that expressed the marker protein �-galactosidase in all
cells and showed that it continued to be expressed by the
interstitial cells in their model. They also studied whether
the labeled epithelial cells could undergo changes in cell
culture that other investigators have considered part of
the process of EMT. They confirmed this by showing that
when the cells were incubated with transforming growth
factor-�, they expressed �-SMA and S100A4, markers
that have generally been considered as evidence of EMT,
while also continuing to express the marker protein.

Thus, this study provides strong evidence against the
process of EMT having a significant involvement in inter-
stitial fibrosis in two models of renal fibrosis and comple-
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ments other studies that have also cast doubt on its
existence. In one such study, Faulkner et al2 studied an
accelerated model of angiotensin II-induced renal fibro-
sis and found no evidence for an epithelial origin for
interstitial fibroblasts.

So where do the interstitial fibroblasts come from in
these models? Another theory that has attracted support
is that some interstitial fibroblasts are derived from circu-
lating cells of bone marrow origin. Our group tested this
hypothesis by using a mouse that expressed a reporter
gene under the control of the promoter of the �-2 chain of
type I collagen and found no evidence that cells from the
bone marrow could synthesize collagen in the kidney
after unilateral ureteric obstruction.3 Similarly, Lin et al4

failed to find a significant contribution of circulating cells
to renal fibroblasts by using the promoter of the �-1 chain
of type I collagen. In fact, it appears that the major source
of interstitial collagen-producing cells is from fibroblasts
that reside within the interstitium itself and particularly
from cells in the adventitia of arterioles and arteries.2,5 In
agreement with this, Humphreys et al1 also now show that
cells of metanephric mesenchymal origin expressing
platelet-derived growth factor receptor � (PDGFR�), con-
sistent with pericytes, are the major source of interstitial
fibroblasts in unilateral ureteric obstruction.

If it is true that EMT does not contribute significantly to
interstitial fibrosis, and I think the evidence against EMT is
now strong, one has to ask why this theory had achieved
such widespread support and what is the evidence in its
favor. In part it is because the expression epithelial mes-
enchymal transition has been applied to a range of phe-
nomena, and there has been confusion as to how the
term is used. At one end of the spectrum it has been used
to describe changes that renal tubular epithelial cells can
show in culture whereby they express makers such as
�-SMA that are more typical of cells of mesenchymal
origin. That this occurs is uncontroversial and indeed
Humphreys et al1 show that their labeled epithelial cells
express �-SMA after stimulation with transforming growth
factor-�. It is also clear that when renal tubular cells are
damaged in vivo they undergo morphological changes of
dedifferentiation and may sometimes express markers
such as �-SMA.6 However, the demonstration of these
changes falls a long way short of what is usually meant by
EMT, which is that these cells traverse the basement
membrane and start to synthesize type I collagen. I think
the evidence in favor of this is much more tenuous.

A great deal of weight has been placed on the expres-
sion by tubular epithelial cells of a protein that has been
referred to as fibroblast specific protein 1, which is a form
of S100 protein, S100A4.7 Indeed, one of the major arti-
cles supporting a role for both tubular epithelial cells and
circulating cells differentiating to interstitial fibroblasts
relies mainly on the co-expression of S100A4.8 In that
article, the authors used a lineage-specific marker for
tubular epithelial cells and showed that in UUO there was
cellular co-localization of the tubular marker and S100A4.
However, the expression of this protein by epithelial cells
inside the tubular basement membrane is no more evi-
dence for their ability to become interstitial fibroblasts
than is expression of another marker such as �-SMA. In

addition, there is evidence that S100A4 can be expressed
by leukocytes in injured kidneys,7 by podocytes in diabetic
nephropathy,9 and by many other cell types including hu-
man monocytes and macrophages (reviewed in Mazzuc-
chelli10), and so it is very doubtful whether it can be con-
sidered a fibroblast-specific protein.

In summary, it is clear that when renal tubular epithelial
cells are injured they undergo morphological and bio-
chemical changes and may express proteins that can
also be expressed by cells of mesenchymal origin. This is
likely to be related to their ability to repair and regenerate
after acute tubular damage. However, as the study by
Humphreys et al1 demonstrates, there is little evidence
that these altered cells can move into the interstitium and
produce collagen, and the main collagen-producing cells
are intrinsic renal cells, particularly perivascular cells. How-
ever, this does not exclude a possible role for communica-
tion between the damaged epithelial cells and interstitial
cells that may be important in stimulating fibrosis.

If EMT does not occur, what about the other two hy-
potheses mentioned earlier? I think these also need crit-
ical examination. The first states that the final common
pathway of renal injury is interstitial fibrosis and therefore
preventing interstitial fibrosis will slow the progressive
decline in renal function. This is often stated as if it is
self-evident. However, while it is obvious that almost all
severely damaged kidneys show marked fibrosis, it is
much less clear that preventing the fibrosis would have
prevented loss of renal function. Morphologically, fibrosis
is seen in association with atrophic tubules. It is likely that
the fibrosis is a secondary response to the tubular dam-
age and that preventing fibrosis would not necessarily alter
the tubular degeneration. This is particularly relevant to
glomerular diseases where glomerular scarring, if it involves
the origin of the proximal tubule, leads to secondary tubular
atrophy and fibrosis around the atrophic tubule. However,
fibrosis in that case is a secondary response and prevent-
ing it would not alter the tubular damage.

As has been pointed out by Kriz and LeHir,11 in a very
thorough review, the hypothesis that fibrosis itself leads
to progressive decline in renal function is dependent on
fibrosis around a damaged nephron then causing injury
to adjacent nephrons, but there is no experimental evi-
dence for this. Indeed, careful morphological studies12

show that it is only in nephrons with irreversible glomer-
ular injury that the tubules appear damaged with no
evidence of spread to adjacent tubules. Thus, in glomer-
ular disease at least, there is no evidence for progression
of the disease at the level of the tubulointerstitium. In-
deed, it may be that by replacing damaged nephrons
with scar tissue the interstitial reaction confines the de-
generative change to the damaged nephron. This does
not exclude a role for interstitial fibrosis in progression of
other processes such as transplant rejection but does
emphasize the need for more careful evaluation of patho-
physiology in different settings.

What about the third hypothesis that in glomerular
disease, proteinuria is a major stimulus to alteration of
epithelial cell function and leads to EMT and interstitial
fibrosis? Even if we accept that EMT does not occur, it is
plausible that tubular cells damaged by protein, or other
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substances in the tubular lumen, might signal to cells in
the interstitium and that this might stimulate interstitial
fibroblasts to lay down collagen.13 This would also fit with
the fact that the magnitude of proteinuria correlates well
with the rate of progression of renal disease. However,
much of the experimental evidence that has been put
forward to support this is consistent with other mecha-
nisms, and there are several authors who argue against
its importance as discussed in detail in the review by Kriz
and Le Hir.11 Careful analysis of experimental glomerular
injury suggests that, even with severe glomerular injury,
the proximal tubule remains healthy unless the glomeru-
lar damage encroaches on the glomerulotubular junction.
In agreement with this, abrogation of protein uptake into
proximal tubules in transgenic mice with a kidney-spe-
cific deficiency of megalin did not alter tubular degener-
ative changes in crescentic glomerulonephritis and, in
fact, megalin-deficient tubular cells showed increased
apoptosis.14

In conclusion, I believe that all three of the hypotheses
with which I began this commentary need careful re-evalu-
ation. Their uncritical acceptance risks diverting research
efforts from other areas that are potentially of more impor-
tance in the progression of renal disease including the
control of scarring versus repair in glomeruli, and the role of
the peritubular capillaries. The article by Humphreys et al1 is
an important step in this re-evaluation.
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