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Abstract

 

Chronic renal disease (CRD) is generally thought to be incur-
able, except through renal transplantation, and the number
of patients with CRD is on the increase. Glomerulosclerosis
and tubulointerstitial fibrosis represent the morphological
equivalent of end-stage CRD. In this study, we demon-
strated the preventive effect of hepatocyte growth factor
(HGF) on the progression of renal dysfunction and fibrosis,
using a spontaneous mouse model for CRD (ICGN strain).
The mice progressively developed glomerular sclerotic in-
jury, tubular atrophy, and renal dysfunction until they were
17 wk of age. When recombinant HGF was injected into
these mice during a 4-wk-period (from weeks 14–17 after
birth), DNA synthesis of tubular epithelial cells was found
to be 4.4-fold higher than in mice without HGF injection,
thereby suggesting tubular parenchymal expansion pro-
moted by HGF. Notably, HGF suppressed the expression
of transforming growth factor-

 

b

 

 and of platelet-derived
growth factor as well as myofibroblast formation in the af-
fected kidney. Consequently, the onset of tubulointerstitial
fibrosis was almost completely inhibited by HGF, while
HGF attenuated the progression of glomerulosclerosis, both
leading to preventing manifestation of renal dysfunction.
From our results, supplement therapy with HGF may be
taken into consideration as a novel option for prevention
and treatment of CRD. (
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Introduction

 

Dialysis market estimates indicate that 

 

.

 

 400,000 patients
world-wide have undergone maintenance dialysis, and the
number of patients with chronic renal disease (CRD)

 

1

 

 is on the
increase. The major initial etiology of CRD is chronic glomer-
ulonephritis and diabetic nephropathy (1). Glomerulosclerosis
and tubulointerstitial fibrosis, characterized by a progressive

loss of parenchymal cells and overdeposition of extracellular
matrix (ECM), represent the morphological equivalent of end-
stage CRD and occur independently of the primary underlying
disorder. Thus, suppression of the shift to the common final
pathway appears to be a reasonable strategy for the treatment
of CRD.

With regard to the pathogenesis of renal fibrosis, glomeru-
lar injury has been thought to play an important role in pro-
gression to renal failure, even if it is still unclear whether in-
jured glomeruli cause or reflect the fibrotic disease (2, 3). In
contrast, there is now ample histopathological evidence show-
ing that tubulointerstitial fibrosis is the most important predic-
tor for prognosis of various primary and secondary glomerular
diseases of diverse etiology (4, 5). In most patients with glo-
merular diseases, the decline in renal function correlates more
closely with the extent of tubular and tubulointerstitial lesions
than with that of glomerular injury. Therefore, much interest
has now begun to center on tubular and tubulointerstitial com-
partments (3, 6–8).

It is well known that compensatory growth of tubular com-
ponents occurs, in the injured or resected renal tissues, in a
fashion of epithelial cellular hypertrophy and hyperplasia, to
protect the renal organ against a loss of functional nephrons
(9). Indeed, renal function is well-preserved as long as 

 

.

 

 20%
of the portion in nephrons remains intact. These backgrounds
led us to hypothesize that expansion of tubular parenchymal
components in intact remnant nephron could minimize the on-
set of tubulointerstitial fibrosis and prohibit clinical manifesta-
tion of renal failure. On the basis of this current notion, we di-
rected attempts to induce tubular compensatory growth and to
prevent the onset of tubulointerstitial fibrosis by administering
a biomodulator, such as a cytokine or a growth factor with po-
tent tubulogenetic activity.

Hepatocyte growth factor (HGF) was originally identified
and cloned as a potent mitogen for mature hepatocytes (10,
11). HGF induces mitogenic and morphogenic responses in re-
nal tubular cells (12, 13). Expression of the HGF or its recep-
tor, c-met, is rapidly upregulated in remnant kidney of nephrec-
tomized rats as a trigger for compensatory growth (14, 15).
Furthermore, HGF was shown recently to accelerate regenera-
tion of tubular parenchymal components after acute renal in-
jury in mice (16, 17). Therefore, HGF is considered to be a
candidate for a renotrophic factor(s). Thus, we attempted to
prevent the tubulointerstitial fibrosis with this renotrophic
factor.
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The nephrotic mouse (ICGN strain) is a unique model for
naturally occurring nephrotic syndrome (18–20). The mice ex-
hibit glomerular injury and heavy proteinuria, and then finally
develop renal failure. Recently, we found that the nephrotic
mice manifest renal dysfunction in parallel with the progres-
sion of the tubular rather than glomerular injury (20). In the
present study, we used the nephrotic mice as an experimental
analogue of human CRD and found that administration of
HGF, the potent renotrophic factor, did elicit a therapeutic ef-
fect by enhancing proliferation of tubular epithelial cells and
inhibiting renal fibrosis.

 

Methods

 

Recombinant human HGF.

 

A variant type of human recombinant
HGF was produced by Chinese hamster ovary cells, a cell line trans-
fected with human HGF cDNA with a deletion of 5 amino acid resi-
dues in the first kringle domain. This variant HGF has the same bio-
logical activities as native HGF, but is slightly more potent in a
specific condition (21). Purity of the HGF protein was confirmed to
be 

 

. 

 

98%.

 

Animals and HGF injections.

 

The nephrotic mice, as determined
by albuminuria (20), were used in this study. The mice were identified
to be in an early stage of renal insufficiency when their blood urea ni-
trogen (BUN) levels reached 

 

z

 

 40 mg/dl, and then were divided into
an HGF-injected group and a saline-injected control group. No signif-
icant difference in laboratory data before the experiment was seen
between these two groups. In the HGF-injected group, mice (three
male and three female) were administered subcutaneously daily with
500 

 

m

 

g/kg HGF for 28 d, whereas mice (three male and three female)
in the control group received subcutaneous injections of an identical
volume of saline.

 

Serum and urine chemistry.

 

Serum was obtained on days 0, 8, 18,
and 28. Urine, accumulated for a 12-h period, was stocked on the
same time point. The urine and serum samples were subjected to the
following tests (20). The BUN level was measured by a urease in-
dophenol method (urea nitrogen-B test; Wako, Osaka, Japan). The
serum creatinine (sCr) level was measured by Jeff’s method (creati-
nine test; Wako). The urinary albumin (uAlb) and serum albumin
(sAlb) levels were determined by a bromcresol green method (A/G B
test; Wako).

 

Evaluation of tubular injury, and immunohistochemical analyses
for tubular proliferation and interstitial ECM deposition.

 

At the sched-
uled necropsy, the kidney was removed, fixed in neutral buffered for-
malin (pH 7.4), and embedded in paraffin. Each section was cut into
4-

 

m

 

m slices, stained with periodic acid-Schiff (PAS) reagent and ob-
served under a light microscope. Tubular injury, characterized by the
tubular dilatation, epithelial cellular atrophy, and luminal cast forma-
tion with tubulointerstitial expansions, was graded according to the
extent of cortical involvement on a scale of 0 to 4: 0, normal; 0.5,
small focal area of the tubular injury; 1, involvement of 

 

.

 

 10% of the
cortex; 2, involvement of up to 25% of the cortex; 3, involvement of
up to 50–75% of the cortex; and 4, extensive damage involving 

 

.

 

 75%
of the cortex (7, 20). To evaluate in vivo mitogenic activity of HGF,
renal cells undergoing DNA synthesis were examined on the HGF-
injected mice and control mice by 5-bromo-2

 

9

 

-deoxyuridine (BrdU)
incorporation into DNA and immunohistochemical staining (16). The
mice were intraperitoneally injected with BrdU (Sigma, St. Louis,
MO) at a dose of 100 mg/kg and were killed 1 h after the BrdU injec-
tion. To assay the BrdU labeling, the tissues were fixed with 70% eth-
anol at 4

 

8

 

C for 12 h, dehydrated, and embedded in paraffin. Sections
were subjected to immunohistochemistry for BrdU labeling (16), and
the BrdU labeling index was determined by counting 

 

.

 

 1,000 nuclei
in randomly selected microscopic fields. To detect the ECM proteins,
the remaining kidney tissues were fixed in the neutral buffered for-
malin and paraffin-embedded. An avidin-biotin coupling (ABC) im-

munoperoxidase technique was performed on the dewaxed sections,
using a commercial kit (Vectastain Elite ABC™; Vector Laborato-
ries, Burlingame, CA), according to the instructions of the manufac-
turer. Antibodies used for the primary reactions were rabbit IgG
against rat type I collagen (1:200) (Cosmo-Bio, Tokyo, Japan) and
rabbit IgG against mouse fibronectin (1:400) (Chemicon Interna-
tional, Temecula, CA). The immunostainings for type I collagen and
fibronectin were semiquantified by morphometric analysis, using a
microvideoscope system (VM-30; Olympus, Tokyo, Japan), and were
expressed as a percentage of tubulointerstitial space labeled with the
antibody relative to total tubular area (labeled area/total area 

 

3

 

 100).

 

Immunohistochemical analyses of the antifibrotic effect by HGF.

 

Fibrogenetic growth factors such as PDGF and TGF-

 

b

 

 may be in-
volved in the myofibroblast formation and the progression of tubu-
lointerstitial fibrosis (6, 7). All the renal tissues were fixed in neutral
buffered formalin, except for fixation with 70% ethanol to detect
TGF-

 

b

 

 and embedded in paraffin. To visualize expressions of the
growth factors, goat IgG against PDGF (1:100) (Becton Dickinson,
Bedford, MA) and rabbit IgG against TGF-

 

b

 

 (1:30) (R&D Systems,
Minneapolis, MN) were applied on the dewaxed sections for the pri-
mary reactions, followed by the ABC immunoperoxidase technique.
To identify myofibroblasts, a direct technique using a kit of peroxi-
dase-conjugated mouse monoclonal IgG against human 

 

a

 

-smooth
muscle actin (

 

a

 

-SMA) (DAKO, Glostrup, Denmark) was used. The
PDGF expression was semiquantified as a percentage of distal tu-
bules labeled with the antibody against PDGF relative to total distal
tubule. For immunostaining for the 

 

a

 

-SMA or TGF-

 

b

 

 proteins, at
least 20 randomly chosen nonoverlapping high-power fields (

 

3

 

400
magnification) were examined, and the mean number of 

 

a

 

-SMA–pos-
itive cells or TGF-

 

b

 

–positive cells per high-power field was deter-
mined in a blind fashion.

 

Morphometric and immunohistochemical analyses of glomerular
lesions.

 

The effect of HGF on glomerulosclerosis was also investi-
gated on the same sections (PAS stain) as the tubular histopathology.
The glomerular matrix score was determined by a well-established
method, based on the extension of mesangial expansions (22). The in-
traglomerular cell number was counted on the same glomeruli as
measured for the matrix score. To further clarify the effects on the
glomerular sclerogenetic events, TGF-

 

b

 

–positive cells per glomerulus
were counted on the same sections as those used for the immunohis-
tochemical analyses of tubulointerstitial fibrosis. To evaluate the myo-
fibroblast formation and ECM deposition, expressions of 

 

a

 

-SMA and
type I collagen were examined on at least 30 glomeruli, and degrees
of the expressions were semiquantified with immunostaining scores,
as defined by Johnson and co-workers (7, 23).

 

Measurement of TGF-

 

b

 

 and PDGF proteins by ELISA.

 

Renal
tissue segments were homogenized in 10 mM Tris-HCl buffered solu-
tion (pH 7.4) containing 2 M NaCl, 1 mM PMSF, 1 mM EDTA, and
0.01% Tween 80, and was centrifuged at 15,000 rpm for 30 min. For
measurements of TGF-

 

b

 

 and PDGF proteins, the tissue extracts were
applied to a 96-well microplate in commercial ELISA kits (Quanti-
kine kit™; R&D Systems). The colorimetric measurements were per-
formed according to the manufacturer’s instructions.

 

Statistical analyses.

 

All data were expressed as mean

 

6

 

SE (

 

n

 

 5 

 

6).
A Student’s 

 

t

 

 test or ANOVA test for parametric values and Mann-
Whitney U test for nonparametric values were used to compare
group means, with

 

 P 

 

, 

 

0.05 accepted as significant.

 

Results

 

Therapeutic effects of HGF on clinical symptoms.

 

The control
CRD mice progressively manifested clinical signs of depres-
sion, appetite, pale ears, body weight loss, and occasional
edema, while the HGF-injected mice showed no signs and re-
mained active throughout the HGF injections. Renal dysfunc-
tion was evaluated on the basis of the BUN and sCr levels (Fig.
1 

 

A

 

). The BUN level in the control mice progressively in-
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creased from 40.6

 

6

 

1.2 mg/dl on day 0 to 61.2

 

6

 

5.8 mg/dl on
day 28, while BUN levels in the HGF-injected mice decreased
from 42.1

 

6

 

2.2 mg/dl on day 0 to 26.5

 

6

 

1.9 mg/dl on day 8 and
this reduced level was still maintained by day 28. Consistent
with the decrease in BUN levels, sCr levels in the HGF-injected
mice also reverted to the normal range, and sCr levels of the
HGF-injected mice on day 28 decreased to 52% of the control
value. The nephrotic states were evaluated on the basis of the
albuminuria and hypoalbuminemia levels (Fig. 1 

 

B

 

). An 

 

z

 

 1.6-
fold increase in the uAlb excretion, noted on days 8–18 in the
control mice, was diminished by HGF injections. sAlb levels
in the control mice decreased gradually throughout the ex-
periment, while those in the HGF-injected mice remained
unchanged, except for a decrease on day 28. We have no evi-
dence to explain the reduction in albuminuria, but recent work
has demonstrated mitogenic activity of HGF in glomerular epi-
thelial cells (24). In addition, since injury to the glomerular epi-
thelial cells is considered to be one of the causes of albumin-
uria (25), HGF may attenuate progressive albuminuria through
preventing the glomerular epithelial injury. Further analyses
are needed to clarify the antialbuminuric mechanism. Expla-
nations for the improvement in hypoalbuminemia include not
only the attenuated albuminuria but also possible hepatic albu-
min synthesis by HGF (26).

 

Tubular proliferation and reduced tubulointerstitial fibrosis
by HGF injections.

 

Tubular atrophy and intraluminal cast ac-
cumulation with tubulointerstitial expansion were severely and
extensively observed in the cortical area of the control mice
(Fig. 2 

 

A

 

). In contrast, the tubular lesion was mild and the tu-
bular structures were well-preserved within the kidneys of the
HGF-treated mice. The tubular injury score in the HGF-
treated mice was reduced to 25% of that of the control mice
(Fig. 2 

 

E

 

). In the control kidney, there were few tubular cells

positive for the BrdU labeling (Fig. 2 

 

B

 

). In contrast, tubular
cells undergoing DNA synthesis were observed in both proxi-
mal and distal tubules of the mice treated with HGF. The la-
beling indices for mice given saline alone and HGF were
1.16

 

6

 

0.08 and 5.13

 

6

 

0.53% (

 

P

 

 , 

 

0.001), respectively (Fig. 2

 

E

 

). Degrees of the deposited ECM proteins were examined to
confirm the antifibrotic effect of HGF. Deposition of type I
collagen in the interstitial spaces was found severe in the con-
trol mice and mild in the HGF-injected mice (Fig. 2 

 

C

 

). The
field labeled with type I collagen in the interstitial spaces of
HGF-treated mice was reduced to 13% of the control level
(Fig. 2 

 

E

 

). In addition, tubulointerstitial deposition of fi-
bronectin was less in the HGF-injected than in the control
mice (Fig. 2 

 

D

 

). The tubulointerstitial field labeled with fi-
bronectin of the HGF-injected mice accounted for only 28%
of that of the control mice (Fig. 2 

 

E

 

). These findings support
our hypothesis that HGF-induced tubular growth minimizes
the tubulointerstitial fibrosis. HGF seems to prohibit the ex-
pansion of interstitial space through proliferating the paren-
chymal cellular components, as reported in a liver cirrhosis
model (27).

 

Inhibitory effects on molecular and cellular events leading
to tubulointerstitial fibrosis.

 

The possible etiological roles of
PDGF and TGF-

 

b

 

 in numerous disease processes, in particular
the chronic inflammatory fibrotic disorder, have been well rec-
ognized (6, 7, 28, 29). Therefore, we analyzed the expression of
TGF-

 

b

 

 and PDGF in the kidney of the CRD mice. The PDGF
protein was predominantly expressed in the distal tubules of
the control mice, while in general, few distal tubules positive
for PDGF were seen in mice given HGF (Fig. 3 

 

A

 

). The percent-
age of distal tubules expressing PDGF in the HGF-injected
mice was significantly lower than in mice given saline alone
(12.5

 

6

 

1.93 vs. 47.2

 

6

 

5.54%,

 

 P 

 

, 

 

0.001) (Fig. 3 

 

D

 

). In addition,
positive immunolabeling for TGF-

 

b

 

 was detected in macro-
phages or fibroblast-like cells around areas of active fibrosis in
the control mice (Fig. 3 

 

B

 

). In the HGF-treated mice, positive
immunolabeling for the TGF-

 

b

 

 protein was uncommon, ac-
companied by a significant decrease of TGF-

 

b

 

–positive cells
compared with the control mice (Fig. 3 

 

D

 

). In the control mice,
myofibroblasts, identified as spindle-shaped cells with positive
labeling for 

 

a

 

-SMA, were observed in the tubulointerstitial
spaces at the cortical and corticomedullar and papillary areas
(Fig. 3 

 

C

 

). In contrast, myofibroblast formation in the HGF-
treated mice was reduced to only 10% of the control level (Fig.
3 

 

D

 

). In addition, the expression of PDGF in the proximal tu-
bules was found weak but extensive in the HGF-treated mice
but negligible in the control mice (data not shown). Although
the roles of PDGF in the pathogenesis of tubulointerstitial fi-
brosis are unknown, PDGF expressed in the lower tubules
may be directly or indirectly involved in the evolution of tubu-
lointerstitial fibrosis, as observed previously (30). With regard
to this, an in vitro study suggests that PDGF released from a
lower tubular cell line could promote the fibroblast prolifera-
tion and cause tubulointerstitial fibrosis (31). HGF may atten-
uate the fibrogenesis by reducing the PDGF expression.

 

Delaying effects of HGF on progression of glomeruloscle-
rosis.

 

Glomerulosclerosis, characterized by the mesangial ex-
pansion and cellular atrophy, was severely noted in the control
mice, whereas the glomerular lesion was moderate in the
HGF-treated mice (Fig. 4 

 

A

 

). The glomerular matrix score for
the HGF-treated mice was reduced to 65% of that for the con-
trol mice (Fig. 4 

 

E

 

). In addition, loss of the glomerular paren-

Figure 1. Therapeutic effects of HGF injections on progression of 
CRD. (A) Inhibitory effect of HGF on progression of renal dysfunc-
tion, as determined by time courses of BUN and sCr levels. (B) De-
laying effect of HGF on the development of nephrotic syndrome, as 
determined by changes in the uAlb excretion and sAlb levels. Verti-
cal bar represents SEM (n 5 6). Statistical analysis: *P , 0.05, **P , 

0.01, and ***P , 0.001 compared with the same time point of the con-
trol group.
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chymal cells was significantly suppressed in the HGF-injected
mice compared with the control mice (cell count per glomeru-
lus: 29.9

 

6

 

0.89 vs. 26.0

 

6

 

0.98,

 

 P 

 

, 

 

0.01, data not illustrated). In-
terestingly, TGF-

 

b

 

–positive cells in the glomeruli were signifi-
cantly reduced in the HGF-injected mice compared with the
control mice (Fig. 4, 

 

B

 

 and 

 

E

 

). Furthermore, periglomerular
myofibroblast formation, as evaluated by 

 

a

 

-SMA expression,
was markedly suppressed in the HGF-injected mice (Fig. 4, 

 

C

 

and 

 

E

 

). Deposition of type I collagen, a specific ECM protein
for interstitial area, was severely noted in the glomeruli of the
control mice (Fig. 4 

 

D

 

). In contrast, the score of the ECM pro-
tein was significantly lower in the HGF-treated mice than in
the control mice (Fig. 4 

 

E

 

).

 

TGF-

 

b

 

 and PDGF levels in renal tissues.

 

When renal TGF-

 

b

 

levels were determined by ELISA, TGF-

 

b

 

 levels in the control
and HGF-treated mice were 1666.7

 

6

 

256.2 and 275.7

 

6

 

22.2 ng/g
tissue, respectively. Renal TGF-

 

b

 

 concentration in the HGF-
treated CRD mice was decreased to 17% of that of the un-
treated mice (Fig. 5 

 

A

 

). Similarly, the renal PDGF level in the

HGF-treated mice was decreased to 28% of that of the control
mice (Fig. 5 

 

B

 

). These findings were consistent with the immu-
nohistochemical findings, as described above.

 

Discussion

 

In contrast to what its name suggests, HGF targets several epi-
thelial cells in multiple organs (32). The in vivo effect of HGF
injections on affected organs was initially studied by using ani-
mal models of acute hepatic injury (33) and acute renal failure
(16, 17). With regard to chronic diseases, HGF was demon-
strated recently to be effective in retarding progression of liver
cirrhosis (27, 34, 35) or pulmonary fibrosis (36). In the present
study, we found that HGF inhibited the progression of renal fi-
brosis and dysfunction in a murine model on course for
chronic renal failure. To our knowledge, this is the first report
demonstrating the potential of growth factors to inhibit clinical
manifestations of CRD.

Figure 2. Beneficial effects of HGF injections on tubular injury and tubulointerstitial fibrosis. (A) Representative photomicrographs of tubular 
lesions (360, PAS stain). (B) Detection of tubular cell proliferation by BrdU incorporation (3160). (C and D) Tubulointerstitial fibrosis, as de-
termined by depositions of type I collagen (C) and fibronectin (D) (3160). (E) Semiquantification of these histological findings (mean6SE, n 5 

6). Statistical analysis: **P , 0.01 and ***P , 0.001 compared with the control group.
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In early-stage CRD, nephrotic mice have been found to
show tubular growth in the surviving nephrons, but this growth
is no longer seen in the end stage, as a result of renal dysfunc-
tion (20). Therefore, we attempted initially to stimulate tubu-
lar growth to compensate for impaired renal function. Interest-
ingly, tubular growth could be sustained at a significant level in
the CRD mice treated with HGF. This indicates that reduction
of the tubular parenchymal component, followed by subse-
quent interstitial expansion, was almost completely inhibited
by the HGF injections. These histological changes are consis-
tent with the prevention of increases in the BUN and sCr lev-
els in the HGF-treated mice. The recovery from renal dysfunc-
tion after the HGF injections seems to be, at least in part,
associated with compensatory tubular growth, which probably
occurred in the remaining intact nephrons, while HGF may
also activate tubular Na1-K1 ATPase (37). Both of these ef-
fects are thought to lead to the restoration of renal dysfunction
via the tubuloglomerular feedback system. It is also notewor-
thy that HGF has a unique morphogenic activity to induce
branching tubulogenesis in renal epithelial cells (13), and that
HGF is involved in morphogenesis and development of renal
tissues (13, 38–40). Although it is quite difficult to obtain evi-
dence that HGF exerts such a morphologic activity to acceler-
ate histological as well as functional restoration in the kidney
of ICGN mice, it is likely that HGF may also be involved in
morphogenic processes (including activation of cellular func-
tions), because growth-promoting activity of HGF alone is un-
likely to be sufficient to support full restoration of renal tubules.
Tubular cellular proliferation without concomitant expansion

(or reconstruction) of normal architecture would result in the
formation of nonfunctional renal tissue.

We found that HGF also attenuated the progression to
glomerular obsolescence. As a possible explanation, the sup-
pression of the tubulointerstitial and periglomerular myofibro-
blast formation by HGF may be associated with the attenuated
glomerulosclerosis, because extraglomerular myofibroblasts
accelerate further progression of glomerulosclerosis (41, 42).
In brief, glomerular obsolescence occurs, in part, as a conse-
quence of infiltration of glomerular tufts by interstitial myofi-
broblasts. If so, the attenuating effect of HGF on glomeruli
may be attributable to the reduced myofibroblast formation in
the interstitial areas. Recently, it was demonstrated that HGF
is a potent endothelium-specific growth factor in vascular tis-
sue and that a decrease in local production of HGF causes ath-
erosclerosis (43). In view of the importance of a progressive
loss of endothelial cells in the progression of glomerulosclero-
sis as well as of atherosclerosis, HGF may possibly attenuate
progression of glomerulosclerosis through preventing endo-
thelial injury.

So far, it has been suggested that severe and persistent
glomerulosclerosis accelerates progression of tubular destruc-
tion in CRD, presumably through postglomerular vascular de-
terioration (5). To put it another way, the attenuation of glo-
merular injury by HGF may, at least in part, prevent further
tubular injury and may facilitate the compensatory prolifera-
tion of intact tubular cells in response to exogenous HGF.
Since it is generally difficult to determine whether glomerular
injury causes or reflects tubulointerstitial fibrosis (3), we could

Figure 3. Inhibition of fibrogenetic events in tubular and tubulointerstitial areas by HGF injections. (A) Immunostaining for PDGF localized in 
distal tubules (3130). (B) Immunostaining for TGF-b localized in macrophage- or fibroblast-like cells (3220). (C) Immunostaining for myofi-
broblasts, as identified as a-SMA–positive cells (3220). (D) Semiquantification of these histological findings (mean6SE, n 5 6). Statistical anal-
ysis: **P , 0.01 and ***P , 0.001 compared with the control group.
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not determine whether HGF primarily attenuated the tubular
or glomerular injury. In our CRD model, however, the onset
of the glomerular changes was obvious (from 3 wk of age) be-
fore the onset of the tubular atrophy (from 14 wk of age) (20).
Considering the age of the CRD mice subjected to HGF treat-
ment (14 wk of age), we predict that the preventive effects of
HGF may be exerted mainly through minimizing the tubular
atrophy, leading to the suppression of interstitial myofibro-
blast formation and subsequent glomerular obsolescence.

Recent extensive studies have demonstrated that TGF-b
and PDGF are critically involved in the progression of tubu-
lointerstitial expansion (6, 7, 28) as well as of glomerulosclero-
sis (29, 44). In fact, suppression of expression of these fibro-
genic growth factors could prevent glomerular injury (45, 46).
Of interest, we discovered recently that the endogenous HGF
concentration in renal tissue declined naturally in association
with the development of tubular destruction, and that local

HGF levels correlated negatively with the intrarenal expres-
sions of TGF-b and ECM proteins in the CRD mouse kidney
(data not shown). It is accepted widely that a phenotypic
switch of mesangial or tubulointerstitial fibroblasts to myofi-
broblasts, a candidate(s) for ECM-producing cells, can be
achieved by stimulation with TGF-b or PDGF, and that myofi-
broblast formation is believed to be an important event in de-
velopment of renal fibrosis (28, 41). We speculate that the de-
crease in local HGF expression either causes or reflects the
increase in TGF-b expression, eventually leading to myofibro-
blast accumulation and the manifestation of renal fibrosis. If
so, an exogenous supplement of HGF would be effective for
prevention of the relentless progression to end-stage renal fail-
ure. In fact, our study demonstrated that HGF injections led to
reduced expressions of TGF-b in the CRD model. In addition,
renal expression of TGF-b mRNA was markedly suppressed
in the HGF-treated mice (data not shown). Downregulation of

Figure 4. Attenuation of glomerular sclerosis and sclerogenetic events by HGF injections. (A) Representative photomicrographs of sclerotic le-
sions (3260, PAS stain). (B) Immunostaining for TGF-b localized in intraglomerular cells (arrowheads, 3220). (C) Immunostaining for a-SMA, 
a marker for periglomerular myofibroblast formation (3220). (D) Immunostaining for type I collagen in sclerotic glomeruli (3220). (E) Semi-
quantification of these histological findings (mean6SE, n 5 6). Statistical analysis: *P , 0.05, **P , 0.01, and ***P , 0.001 compared with the 
control group.
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TGF-b expression by HGF was also noted in rats with liver cir-
rhosis (34).

Recently, Takayama et al. reported that a transgenic
mouse strain expressing HGF at extremely high levels mani-
fests glomerulosclerosis and cystic tubules (47). This seems to
conflict with our observations. In the transgenic mice, how-
ever, highly expressed HGF gene at local sites was, as they de-
scribed, an important factor for the onset of the renal pheno-
type, because no correlation was seen between the renal
lesions and serum HGF level (47). In contrast, no renal lesion
was seen in other transgenic mice manifesting considerable
HGF levels (48). We did not observe any lesions in various tis-
sues, including the kidney, even through HGF was daily ad-
ministrated into normal mice and rats at fully effective doses
for 2 mo (data not shown). Taken together with our present re-
sults as well as with the previous results in other models for
chronic organ injuries (27, 34–36), administration of HGF at
pharmacologically effective doses seems to be safe, except
when HGF is supplied at extremely high levels at local sites,
including the kidney.

So far, there has been no clinically effective treatment for
the pathological condition of CRD patients except through re-
nal transplantation, but targeting strategy for fibrogenic mole-
cules such as TGF-b and PDGF (45, 46) would be available to
directly prevent fibrosis. On the other hand, our strategy using
supplement of HGF may also have a therapeutic potential in
minimizing clinical manifestation of CRD, through reducing
injured area by expanding intact area as well as through reduc-
ing renal expressions of TGF-b and PDGF. Although further
studies are needed to examine the effect of HGF on other
CRD, we emphasize a possibility that HGF may be one of the
promising candidates for preventing clinical manifestations of
CRD. Additionally, our observations provide further insight
into cellular and molecular pathogenesis of tubulointerstitial
fibrosis, the best histological marker reflecting CRD.
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