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method to stain collagen fibers (in light blue) in the inter-
stitial space. Under high-power magnification (<400}, 10
nonoverlapping fields from the cortical region were se-
lected at random and analyzed by an observer unaware
of the experimental protocol. The fibrotic areas in the
interstitium were highlighted on digitized images using
a computer-aided manipulator (microscope) (Leitz DM
IRB, software) (Quantimet 500+) (Leica, Tokyo, Japan).
The fibrotic area relative to the total area of the field
was calculated as a percentage. Glomeruli and large ves-
sels were not included in the microscopic fields for image
analysis. The scores of 10 fields per kidney were averaged,
after which the mean scores from 12 separate animals per
group were averaged.

Northern blot analysis

Renal tissue was finely minced with an autoclaved
blade and immediately immersed in liquid nitrogen,
and then homogenized in TRIzol reagent (Gibco BRL).
RNA extraction was performed according to the man-
ufacturer’s protocol. After resuspension in Tris-EDTA.
buffer, 15 ug of RNA were electrophoresed in each
lane in 1% agarose gels containing 2.2 mol/L formalde-
hyde and 0.2 mol/L. 3-[N-morpholino] propane sulfonic
acid (MOPS) (pH 7.0} and were transferred to a nylon
membrane (Hybond N) {Amersham). The membranes
were prehybridized for 1 hour at 42°C with 50% for-
mamide, 10% Denhardt’s solution, 0.1% sodium phos-
phate, 5 x standard saline citrate (SSC), and 180 mg/mL
denatured salmon sperm DNA. They were hybridized
at 42°C for overnight with cDNA probes labeled with
32p_dexoycytidimine triphosphate (dCTP) by random
oligonucleotide priming (RediPrime, Burlingame, CA,
USA). The blots were washed in 2 x S8C, 0.1% SDS
at room temperature two times for 15 minutes and in
0.2 x SSC, 0.1% SDS at 60°C two times for 10 minutes.
Films were exposed at —80°Cfor approximately 24 hours.
The density of bands for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) mRNA was used to control for
differences in total amount of RINA loaded onto each gel
line.

Statistical analysis

All values are expressed as means = SD. Statistical
significance (defined as P < 0.01) was evaluated using
the one-way analysis of variance (ANOVA).

RESULTS
Physiologic studies

Serum creatinine and urea nitrogen levels at the end of
study were surnmarized in Table 1. In comparisen of nor-
mal control group (serum creatinine 0.23 £ 0.04 mg/dL
and urea nitrogen 24.0 + 2.30 mg/dL), serum creatinine
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Table 1. The final concentration of serum creatinine, urea nitrogen,
cyclosporine A (CsA) whole blood level, and plasma hepatocyte
growth factor (HGF) in each group :

Serum Urea CsA whole Plasma
creatinine  nitrogen  bloodlevel HGF
Groups mg/dL mg/dL ng/mL ng/mL
CsAdayld 034006 335178 36671416 124910138
HGFdayi4 028%0.03 251129 3200%£436 1.681 :£0.076
CsAday2l 0482+007 542£135 42754608 1229 +0.076°
HGFday2l 046+007 53.6+58 40504420 1.578+0.332
8P < 0,05 vs. CsA day 14,

and urea nitrogen gave a significant rise in both CsA
group and CsA/HGF group (P < 0.05 vs. normal con-
trol group). However, creatinine and urea nitrogen lev-
els were higher in CsA group compared with CSA/HGF
group (not significant, P = 0.19).

Plasma concentration of HGF was measured by EIA
method. In normal control rats, plasma concentration
of HGF increased to 4.88 £+ 0.75 ng/mL. at day 3 after
HGF gene transfection, and declined, reaching 0.96 &
0.87 ng/mL and 0.47 :x 0.36 ng/mL at day 5 and day
14, respectively. Northern analysis of muscle treated with
HGF gene showed that HGFmRNA expression persisted
14 days after transfection {data not shown). CsA adminis-
tration increased plasma HGF levels (1.25 £+ 0.14 ng/mL
and 1.23 & 0.08 ng/mL at 2 and 3 weeks, respectively);
however, HGF gene transfer attained further up-rise of
plasma HGF level (1.69 = 0.08 ng/mL and 1.59 + 0.32 ng/
mL at 2 and 3 weeks, respectively).

Effect of HGF gene transfer on tubuleinterstitial injury

PAS staining revealed that CsA treatment induced
characteristic histologic changes by 2 weeks, including
tubular atrophy and dilation, eatly striped fibrosis, and
inflammatory cell infiltration. By 3 weeks, these lesions
were more prominent and extensive with severe intersti-
tial fibrosis {Fig. 1A). In addition, arteriolar hyalinosis
was observed in CsA group (black arrow). However,
HGF gene transfer alleviated these tubulointerstitial in-
juries (Fig. 1B), and ameliorated arteriolar hyalinosis
(white arrow).

The degree of interstitial fibrosis was quantitatively as-
sessed as fibrotic fractional volume of renal cortex using
a computer-aided manipulator on Masson'’s trichrome-
stained sections (Figs. 1C and D and 2A). CsA group
showed progression of interstitial fibrosis with 5.54
146% and 6.69 £ 1.32% at 2 and 3 weeks of CsA
treatment, respectively. In parallel with the findings on
tubulointerstitial injury, HGF gene transfer significantly
suppressed the development of interstitial fibrosis at 2
and 3 weeks (3.86 & 0.89% and 4.99 4 1.46% at 2 and
3 weeks, respectively, P < 0.01 vs. CsA group).
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Fig. L. Renal histopathology and immunchistochemistry. Representative photomicrographs showed the renal morphologic changes of periodic
acid-Schiff (PAS) (A and B} and Masson’s trichrome (C and D) staining, immunohistchemistry of alpha-smooth muscle actin (a-SMA (E and F)
and ED-1 (G and H) in cyclosporine A (CsA) group (A, C, E, and G) and CsA/hepatocyte growth factor (HGF) group (B, D, G, and H) at day 21.
Arteriolar hyalinosis was observed in CsA group (A, black arrow); however, HGF gene transfer ameliorated arteriolar hyalinosis (B, white arrow).
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Phenotypic alteration and macrophage infiliration

Phenotypic alteration into myofibroblast, which was
estimated by immunchistochemical staining of a-SMA,
leads to extracéllular matrix accumulation. Upon 2 weeks
treatment of CsA, a significant increase was noted in a-
SMA, followed by a further increase by 3 weeks (4.86 +
0.97% and 5.66 % 1.67%, respectively) (Figs. 1E and 2B).
Ezxpression of a-SMA occurred in the areas of tubu-
lointerstitial fibrosis, with most pronounced increases
seen around the thickened basement membrane of the
Bowman’s capsule and degenerated tubules. However,
progressive expression of a-SMA was significantly sup-
pressed by the intervention with HGF gene transfer at
2 and 3 weeks (2.76 £+ 1.09% and 3.71 % 1.27%, respec-
tively, P < 0.0001 vs. CsA group) (Figs. 1F and 2B).

CsA treatment induced marked and continuous infil-
tration of ED-1-positive macrophages throughout the
expertment. Accumulation of ED-1-positive cells was
observed around the damaged tubules and within the
interstitium (Fig. 1G). The number of macrophages in-
creased persistently in CsA group at 2 and 3 weeks
(59.43 % 15.15 cells per high power field and 70.53 +
15.66 cells per high power field, respectively) (Fig. 2C).
In contrast, macrophage accumulation was significantly
repressed in CsA/HGF group both at 2 and 3 weeks
(32.00 & 8.70 and 45.23 + 10.88 positive cells per high-
power fields, respectively, P < 0.001 vs. CsA group) (Figs.
1H and 2C).

D-21

Fig. 2, Semiquantification of histologic
changes, The fractional volume of interstitial
fibrotic area (A) and alpha-smooth muscle
actin (a-SMA~positive area (B} in the cortex
(excluding glomeruli) was estimated at the
field of x400 in the minimum of 10 fields by
computer-aided mapipulator, ED-1-positive
cells were counted at %200 in the minimum
of 10 fields (C). Symbols are: (&) cyclosporine
{CsA groups); (0) CsAthepatocyte growth
factor {HGF) groups. Data are expressed as
mean £ SD. *P < 0.01; *P < 0.001; *P <
0.0001, CsA treated group compared with
CsA/HGF group.

Renal tubular cell proliferation by HGF gene transfer

Ki-67 antigen is a large nuclear protein preferentially
expressed during active phase of the cell cycle (G1, S, Gg,
and M phases), but absent in resting cells (Gg) and its
antibody is valuable by allowing direct monitoring of the
growth fraction of normal and neoplastic cells. To assess
the regeneration of tubular epithelial cells, cortical Ki-67—
positive tubular cells were counted at x 200 magnification
in the minimum of 10 fields. Ki-67-positive cells were few
in normal kidney (1.00 & 1.17) (Fig. 3A), but significantly
increased in CsA group at 2 weeks and 3 weeks (6.54 =
211 and 6.31 £ 2.55, respectively, P < 0.0001 vs. nor-
mal control) (Fig. 3B and D). HGF gene transfer showed
further increased Ki-67-positive cells (8.92 £+ 2.43 at 2
weeks, P =0.006, and 10.41 & 3.48 at 3 weeks, P < 0.0001
vs CsA group) (Fig. 3C and D). Of interest is that Ki-
67-positive cells existed mainly in damaged interstitial
lesions in CsA-treated kidney (Fig. 3B, left area), while
Ki-67-positive cells were observed in tubular epithelial
cells, but not in interstitium in HGF group.

Morphologic evidence of apoptosis

To investigate whether HGF gene transfection could
protect the tubular apoptosis, we examined the apop-
totic bodies, marked as an in situ end-labeled DNA frag-
ment with the TUNEL method. In parallel with the tubu-
lointerstitial damage, tubular apoptosis was persistently
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Fig. 3. Renal tubular cell proliferation. Representative photographs showed immunohistochemical staining of Ki-67 antigen, a cell proliferation
marker, in normal kidney {4), cyclosporine A (CsA) group (B}, and CsA/hepatocyte growth factor (HGF) group (C). Ki-67-positive renal tubular
cells also increased in CsA treatment group, but further increase was shown in CsA/HGF group. Proliferative cells were mainly observed in damaged
interstitial lesions in CsA-treated kidaey (B, arrow). Ki-67-positive cells were counted at x200 in the minimum of 10 fields at day 14 and 21 (D).
Symbols are: () CsA groups; (0) CsA/HGF groups. Data are expressed as mean & SD. *P < 0.01; P < 0.001.
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Fig. 4. Apoptosis detected bv terminal deosynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate ({UTP) nick end labeling
(TUNEL) assay. TUNEL-positive cells (green arrows) were often detected in the cortical area in cyclosporine A (CsA) administration for 3
weeks (A), and these were suppressed by hepatocyte growth factor (HGF) gene transfer (B). The scores of TUNEL positive cells were counted
in the cortical tubular cells at x200 magnification in the minimum of 10 fields at day 14 and 21 (C). Symbols are: (w) CsA groups; (0) CsA/HGF
groups. Data are expressed as mean £ SD. *P < 0.001.

CsA CsA/HGF
Fig. 5. Jmmunohistochemical staining of phosphorylated Bad. In normal kidneys, the phosphorylated-Bad was not detectable by immunohis-
tochemstry. After the induction of cyclosporine A (CsA) treatment, abvious but weak phosphorylated Bad staining was present (A). In hepatocyte
growth factor (HGF)-treated kidney phsophorylated Bad was abundaatly up-regulated (8).
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Fig. 6. Changes of caspase-3 activity. HK-2 cells were treated with cy-
closporine (CsA) (40 pmol/L) for 24 hours with or without hepatocyte
growth factor (HGF) (50 ng/mL) pretreatment for 1 hour. Experiments
were performed in ternary. Caspase-specific activity was calculated by
constructing of pNA (p-nitroaniline) calibiation curve and applying the
value of absorbance OD405. The number of Y axis represents pmol
pNA liberated per hour/ug protein, Data are expressed as mean % SD.
*P < 0.005 CsA group compared with control group; **P < 0.01 CsA/
HGF group compared with CsA group. DMSO is dimethyl sulfoxide.

increased at 2 and 3 weeks after CsA treatment (3.45 and
5.25 cells per high power field, respectively) (Fig. 4A and
C), while HGF significantly inhibited tubular apoptosis
(1.2 and 2.65 cells per high power field, respectively, P <
0.001 vs. CsA group) (Fig. 4B).

As we determined that HGF gepe therapy could
successfully inhibit apoptosis in CsA-induced tubu-
lointerstitial injury, we examined the possible mecha-
nism of apoptosis by staining the phosphorylated-Bad
expression. Bad promotes apoptosis in part through
heterodimerization with the survival proteins Bcl-2 and
Bel-x;,. Phosphorylation of Bad prevents this apopto-
sis. In normal kidneys, the phosphorylated-Bad was not
detectable by immunohistochemstry. After the induc-
tion of CsA treatment, obvious but weak phosphorylated
Bad staining was present (Fig. SA). In HGF-treated kid-
ney phsophorylated Bad was abundantly up-regulated
(Fig. 5B).

Caspase-3 activity assay in HK-2 cells

In order to provide direct evidence for caspase activa-
tion, we investigated the activity of caspase-3 in human
proximal tubular epitherial (HK-2) cells. Caspase-3 ac-
tivity was up-regulated only under the exposure of 0.1%
DMSO (3.98 £ 0.11) as the control group, and showed sig-
nificant increase by CsA treatment (7.44 +0.39, P < 0.005
vs. control). However, HGF pretreatment significantly in-
hibited the CsA-induced up-regulation of caspase-3 ac-
tivity (5.10 & 0.49, P < 0.01 vs. CsA group) (Fig. 6).

Western immunoblot analysis on HK-2 cells

To demonstrate the mechanism of apoptosis inhibi-
tion by HGFE, we performed Western immunoblot anal-
ysis of phosphorylated-Akt, Bel-2, and Bax proteins
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(Fig. TA). Western blot analysis showed that CsA treat-
ment reduced Bcl-2 protein level to 0.57 & 0.10 of that
in untreated HK-2 cells. However, additional treatment
with HGF recovered the expression of Bel-2 protein to
0.97 £0.19 of that in untreated HK-2 cells (Fig. 7B). In ad-
dition, the treatment of HGF significantly increased the
phosphorylation of Aktin CsA-treated cultured cells (the
relative ratio of phosphorylated Aktsignals to Aktsignals
4.27 4:0.11 x 102 in HGF/CsA vs.2.78 £ 0.39 x 1072 in
CsA, P < 0.05) (Fig. 7C). Neither CsA nor HGF affected
Baxexpression {data notshown). Total Akt protein levels
were similar in all groups. However, Akt phosphrylation,
an active form of Akt, was suppressed by CsA, but was
increased by HGE.

Northern blot

Northern analysis was performed of renal cortex in
each of four groups. The cortical mRNA expression of
TGF-p was up-regulated in CsA group by day 14 com-
pared with normal control group, while HGF treatment
significantly reduced TGF-p mRNA expression (ratios
of TGF-p signal to GAPDH signal 0.168 £ 0.007 in CsA
group vs. 0.091 &+ 0.002 in CsA/HGF group, P < 0.01).
The inhibitory effect on TGF-§ was also observed at day
21.

DISCUSSION

In the present study, we found that HGF gene
transfer into muscle using electroporation had a pro-
tective effect on chronic CsA-induced nephrotoxicity.
Here, we demonstrated that HGF gene transfer reduced
CsA-induced tubulointerstitial injury. Tubular epithelial
apoptosis was suppressed and macrophage infiltration,
phenotypic alteration of interstitial myofibroblasts, and
interstitial fibrosis were also restricted in HGF group.

Several reports indicated the involvermment of HGF
in renal regeneration [10, 19]. Rapid increases in HGF
mRNA and/or protein levels in the kidney and plasma
were observed in various types of renal injury induced
by nephrotoxins, renal ischemia, and ureteral obstruc-
tion [10]. Recently, it has been reported that endogenous
as well as exogenous HGF prevents renal fibrosis in a
mouse model of nephritic syndrome [20]. The present
study obtained three major findings: () exogenous sup-
ply of HGF provided effective protection from tubular
apoptosis caused by CsA treatment in vitro and in vivo;
(2) HGF gene transfer induced tubular cell proliferation;
and (3} HGF gene transfection suppressed the expres-
sion of TGF-B followed by the inhibition of interstitial
fibrosis.

We showed the therapeutic effects of HGF transgene
approach on CsA-induced tubular epithelial injury. PAS
staining revealed that CsA treatment induced tubular
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Fig. 7. The protective mechanism of hepato-
cyte growth factor (HGF) from apoptosis in
HEK-2 cells. (A) Western immunoblot of HK-2
cells for the treatment of 0.1 % dimethy sulfox-
ide (DMSO) used as control (left), 40 mmol/L
cyclosporine A (CsA) in 0.1% DMSO for
24 hours {middle), 4¢ mmol/L CsA in 0.1%
DMSO for 24 hours before 1-hour treatment
of 50 ng/mL HGF (right). Graphic presenta-
tions represent quantitative abundance of bel-

Contro! CsA

atrophy and dilatation; however, HGF gene transfer ame-
liorated these observations. In parallel with the tubular
injury, tubular apoptosis was persistently increased at 2
and 3 weeks after CsA treatment, while HGF significantly
inhibited tubular apoptosis. In addition, Ki-67 staining
showed that HGF gene transfer significantly increased
the number of proliferating tubular epithelial cells. Of
interest is that HGF treatment did not accelerate the
proliferation of interstitial myofibroblasts, while Ki-67-
positive cells were likely to be limited to damaged inter-
stitial lesion of CsA-treated kidney. To address whether
HGF gene transfer affects normal kidney, we transferred
HGF gene into the muscle of normal rats. We observed no
histologic changes (tubular apoptosis or interstitial infil-
tration) in HGF gene-treated normal kidney. However,
cortical Ki-67-positive tubular epithelial cells were sig-
nificantly increased on day 3 and sustained until day 14

CsA/HGF

4 2 expression levels (B) and phospho-Akt/Akt
ratio (C).

(Fig. 9). This observation supports the previous report
that HGF promotes DNA synthesis of tubular epithelial
cells [21]. These results emphasized the protective effect
of HGF gene transfer on the balance of tubular cell prolif-
eration and apoptosis in CsA-induced tubulointerstitial
injury.

In this study, we also showed that HGF supplementa-
tion inhibited CsA-induced arteriolar hyalinosis. Arteri-
olar hyalinosis induced by CsA is a2 well-described but
poorly characterized lesion. Although it has been com-
monly known that the chronic form of CsA injury is a con-
sequence of CsA-induced arteriolar vasoconstriction of
vascular smooth muscle cells, the development of arterio-
lar hyalinosis may be due to direct toxicity of CsA, rather
than a hemodynamic consequence. The precise mecha-
nism why HGF gene transfer suppressed arteriofar hyali-
nosis remains unclear in this study. However, we observed



Mizui et al: HGF gene therapy and CsA nephrotoxicity

TGF-B1

GAPDH

2051

Fig. 8. Northern analysis of remal cortex.
Northern analysis showed the representa-
tive cortical mRNA levels of transforming
growth factor-p (TGF-p) and glyceraldehyde-
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Fig. 9. Effect of hepatocyte growth factor (HGF) gene transfer in nor-
mal rat kidney: Cortical Ki-67-positive tubular epithelial cells were
counted for the time course. Ki-67-positive cells were significantly in-
creased at 3 days after HGF gene transfer and sustained until day 14.
¥P < 0.001 vs. normal group.

no changes in systemic blood pressure after HGF gene
transfer. Therefore, suppression of arteriolar hyalinosis
is not due to the direct influence of systemic hemody-
namics. However, it is possible that HGF may affect the
rénal hemodynamics via the escape from tubular apopto-
sis and interstitial fibrosis. The recent study demonstrates
that low CsA doses generated interstitial fibrosis with ar-
teriolar hyalinosis, possibly through macrophage infiltra-
tion and increased TGF-§ expression [22]. In addition,
it was reported that local HGF secretion from vascular
cells was negatively regulated by TGF-B [23]. Accord-
ing to this notion, the supplementation of HGF inhibited
the arteriolar hyalynosis and improved renal blood flow,
thereby protecting tubular cells from ischemic injury.
Another mechanism of the suppression in tubulointer-
stitial injury may be associated with anti-apoptotic effect
of HGF on renal epithelial cells, which is partly medi-
ated by the induction of the phosphorylation of Akt. We
demonstrated that HGF supplementation induced the
phosphorylation of Akt in vitro tubular epithelial cells.
Activation of Akt has been shown to protect a wide va-
riety of cells from apoptosis. It is reported that Akt is
rapidly activated during liver regeneration and that acti-
vation of Akt protects hepatocyte from TGF-p-induced

(HGF) gene-transferred rats at days 14 and
21,

apoptosis in vitro [24]. Several downstream targets of
Akt (such as E2F, ¢-myc, and Bad) have been implicated
in cell cycle progression and antiapoptosis [25]. Among
these, the phosphorylation of Bad and its consequent
dissociation from Bcl-xp, is the most important signal-
ing event linked to the anti-apoptotic effect of Akt [26].
Treatment of tubular epithelial cells with CsA inactivated
Akt, while HGF treatment recovered them from its inac-
tivation. We further examined the effect of HGF on the
phosphorylation of Bad in CsA-treated kidney. Immimo-
histochemistry revealed that phosphorylated Bad in-
creased in tubular epithelial cells in HGF-treated kidney,
suggesting that HGF gene transfer activated Akt-Bad
cascade. The role of Bel-2 and Bax in the process of apop-
tosis has been widely investigated. It is postulated that
Bcl-2 and Bax are a pair of homologous proteins having
inverse effects on cell growth and cell death. Bel-2 serves
as an inhibitor of apoptosis, while Bax acts as a proapop-
totic antagonist against the cell survival effect of Bcl-
2. However, there are conly limited data regarding Bel-2
regulation in CsA nephrotoxicity. Our data showed that
Bcl-2 is diminished in Cs A-treated tubular epithelial cells,
while HGF supplementation increased Bcl-2 expression.
Neither CsA nor HGF affected the Bax expression (data
not shown). In current study, we found that HGF treat-
ment directly inhibited caspase-3 activity correlated with
the up-regulation of Bcl-2. Our finding further confirms
that HGF may execute the anti-apoptotic function by en-
hancing the phosphorylation of Akt and Bcl-2.

TGF-p is a fibrotic cytokine and plays an important
role in Cs A-induced accumulation of extracellular matrix
protein. The role of TGF-p in mediating CsA nephro-
toxicity has been evaluated in several studies. CsA has
been shown to up-regulate TGF-p expression in murine
tubular cells and tubulointerstitial fibroblasts [27]. In
patients with chronic allograft nephropathy and CsA-
nephrotoxicity, there is increased TGF-p production [28].
Neutralizing TGF-B antibody prevents matrix synthesis
and attenuates renal injury and renal function in CsA
nephrotoxicity [22]. A reciprocal change in the expres-
sion of TGF-p and HGF was noted during the onset of
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tubulointerstitial fibrosis caused by unilateral ureter lig-
ated obstruction in mice [14]. We observed the increase
of plasma HGF by CsA treatment (1.25 3 0.14 ng/mL and
1.23 £ 0.08 ng/mL at 2 and 3 weeks, respectively). How-
ever, continuous renal tissue injury and persistent expres-
sion of TGF-p may lead decrease of endogenous HGF
and result in irreversible renal insufficiency. In this study,
HGF gene transfer attained further up-rise of plasma
HGF level (1.69 + 0.08 ng/mL and 1.59 + (.32 ng/mlL
at 2 and 3 weeks, respectively) that indicated to play
several roles against renal damage beyond physiological
level. In addition, HGF gene transfer decreased TGF-
B mRNA levels in CsA-treated kidney. HGF prevents
epithelial cell death and remodeling of renal tissue with
injury or fibrosis, which is completely opposite role of
TGF-B. Therefore, exogenous HGF supplement could
be a therapeutic target against renal injury. In fact, sev-
eral studies demonstrate that HHGF has preventive and
therapeutic effects in cases of acute and chronic renal
failure/renal fibrosis in laboratory animals. It is unclear
whether HGF suppresses TGF-P expression directly or
indirectly, but the supplement of HGF results in suppres-
sion of TGF-p expression and enhances remodeling of
renal tissues. These results support the hypothesis that
the counterbalance between TGF-§ and HGF has de-
terminant role in the pathogenesis and therapeutics of a
fibrosis related diseases.

We used gene transfer approach instead of recom-
binant protein for the following reasons. First, since
the half life of HGF is quite short, recombinant HGF
treatment requires a huge dose of recombinant pro-
tein and frequent injections. Second, administered high
dose of HGF protein may cause adverse effects. Finally,
recombinant protein is costly. On the contrary, gene
transfer is simple, safe, cheap, and needs less frequent
injections. Here, we adopted electroporation-mediated
gene transfer into muscle. Recently, gene transfer by elec-
troporation in vivo has been demonstrated to be effective
for introducing DNA into mouse muscle [29]. We also
demonstrated that PDGFR/Fc gene transfer by the elec-
troporation into skeletal muscle resulted in a significant
increase in the protein level [16]. In addition, regener-
ating muscle by treatment with bupivacaine prior to the
transfection produced 80-fold or more increased gene ex-
pression at protein level [30].

CONCLUSION

We demonstrated that HGF gene transfer reduced
CsA-induced tubulointerstitial injury in two ways; pro-
tection of tubular epithelial cells and inhibition of
interstitial fibrosis. It is speculated that electroporation-
mediated HGF gene transfer has value in treating chronic
CsA-induced nephrotoxicity.
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Role of mast cells in the development of renal fibrosis: Use of
mast cell-deficient rats.

Background. Recent clinical studies have shown that the
number of interstitial mast cells increases in various types of
renal disease and correlates well with the magnitude of inter-
stitial fibrosis. The present study was conducted to assess the
role of mast cels in renal fibrosis by examining an experimen-
tal glomerular disease.

Methods. A rtat model of chronic glomerular disease,
puromycin aminonucleoside-nephrosis, was induced in mast
cell-deficient (Ws/Ws) and normal {(+/+) rats.

Results. The area of interstitial fibrosis was widely distributed
at 6 weeks in both groups of rats; however, unexpectedly, the
area of interstitial fibrosis was greater in Ws/Wsrats thanin +/4-
littermates. Biochemical analysis of the hydroxyproline content
confirmed the more severe fibrosis in the Ws/Ws rats. The num-
ber of mast cells increased in both Ws/Ws and +/+ rats, con-
comitant with the development of interstitial fibrosis, but was
confirmed to be lower in Ws/Ws than in +/+ rats, There were
no differences in the numbers of interstitial macrophages and
T lymphocytes between the two groups. Reverse transcription-
polymerase chain reaction analysis of cytokine expression re-
vealed that the level of mRNA for transforming growth factor-
B (TGF-B), a potent profibrotic cytokine, was higher in Ws/Ws
rats. In addition, heparin, one of the major components of mast
cells, inhibited the expression of TGF-p mRNA in rat fibrob-
lasts in culture.

Conclusion. These results suggest that mast cells do not
play a major role in the pathogenesis of interstitial fibrosis in
puromycin aminonucleoside nephrosis. Rather, they might be
protective or ameliorative in this model through the inhibition
of TGF-p production by heparin, and possibly in other models
and also in hutnans.

Mast cells are known to be immune-effector cells that
augment inflammatory reactions. It is widely accepted

Key words: mast cell, Ws/Ws rat, renal fibrosis, animal model, trans-
forming growth factor-p.
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that mast cells are-involved in a number of allergic in-
flammatory diseases as well as in host defense against
pathogens. In addition, several lines of evidence suggest
that mast cells may participate in fibrotic processes. Mast
cells are found in fibrogenic lesions in various tissues in
human diseases, such as pulmonary fibrosis {1, 2], hep-
atic cirrhosis [3, 4], scleroderma [5, 6], and keloid [7].
Mast cells serve as a rich source of several mediators
[8], including histamines, proteoglycans, and proteolytic
enzymes (proteases), as well as a number of cytokines
[9], some of which are reported to be mitogenic {10] and
chemotactic [11] for fibroblasts, and to stimulate the pro-
duction of the extracellular matrix (ECM) by fibroblasts
[9, 10, 12]. Furthermore, mast cells themselves produce
components of the ECM [13]. Therefore, for these rea-
sons they are considered to play a profibrogenic role in
the above-mentioned diseases.

In recent years, mast cells were shown to be present
in the interstitial area of human renal biopsy tis-
sues from patients with various renal diseases, such as
IgA nephropathy [14-16], rapidly progressive glomeru-
lonephritis [17], focal and segmental glomeruloscle-
rosis [15], diabetic nephropathy [15, 18], and kidney
graft rejection [16, 19, 20]. Furthermore, the num-
ber of interstitial mast cells in these glomerular dis-
eases correlates well with the degree of interstitial
fibrosis. Tubulcinterstitial lesions including interstitial fi-
brosis are considered to be progrostic features of various
glomerular diseases; regardless of its primary causes, de-
creased renal function correlates most closely with patho-
logic changes in the tubulointerstitium, which include
interstitial fibrosis, tubular atrophy, and loss of peritubu-
lar capillaries [21, 22]. Based on these observations, mast
cells are suggested to contribute to the renal deterioration
in glomerular diseases by inducing interstitial fibrosis [14,
15, 17]. However, there have been no studies that directly
show the imvolvement of mast cells in the pathogenesis
of interstitial fibrosis in the kidney.

To elucidate the role of mast cells in the inter-
stitial fibrosis in progressive glomerular diseases, we
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investigated the accumulation of mast cells in an animal
model of glomerular disease that is accompanied by inter-
stitial fibrosis and renal deterioration. Furthermore, we
utilized mast cell-deficient Ws/Ws rats to testif mast cells
contribute to the development of the interstitial fibrosis.
Ws/Ws rats have very few mast cells in their skin and other
tissues [less than 1% of the number in control (+/+) lit-
termates] because of a small deletion in the tyrosine ki-
nase domain of the c-kif gene [23-25]. Unexpectedly, in
this study we found that the degree of interstitial fibrosis
was more severe in We/Ws rats than in the control litter-
mates, suggesting that mast cells do not contribute to the
development of interstitial fibrosis in this model. Rather,
they may actually play a beneficial role in the process of
fibrosis in the kidney.

METHODS
Animal model

Puromycin aminonucleoside (PAN) nephrosis model
was induced in male mast cell-deficient Ws/Ws and their
normal +/+ littermates (Japan SLC; Hamamatsu, Japan,
N = 12 each), weighing 140 to 160 g, by the method of
Jones et al [26], with slight modifications. In brief, left
unilateral nephrectomy through a flank incision was per-
formed on each rat under sodium pentobarbital (45 mg/kg
body weight) anesthesia. Five days after the nephrectomy,
the ratsreceived an intraperitoneal (i.p.) injection of PAN
(Sigma Chemical Co., St. Louis, MO, USA) dissolved in
0.9% saline (15 mg/mL) and given atadose of 15-mg/100g
body weight. Second, third, and fourth doses of PAN
(43 mg/100 g body weight, i.p.) were administered at 3, 4,
and 5 weeks, respectively, after the initial dose. Control
animals did not receive any surgical procedures or injec-
tions (N = 10 each). All animals were maintained on a
standard rat diet and had free access to water throughout
the course of the experiment. The animals were housed
individually in metabolic cages to obtain 24-hour urine
once every week. They were sacrificed sequentially at 2
(N =5 each) and 6 weeks (N =5 each except for N =4 for
PAN-injected Ws/Ws rats; see below) after the initial dose
of PAN, namely, 1 week after the first and the last injec-
tions, respectively. Three of the PAN-injected Ws/Ws rats
and 2 of the PAN-injected +/+ rats died of chronic renal
failure by 6 weeks. These rats were found dead in their
cages in the moming, and thus their kidneys could not be
used for histologic studies. These animals were excluded
from the subsequent analysis. At sacrifice, blood samples
were collected by heart puncture under anesthesia with
diethylether. The kidneys were perfused via the abdom-
ina} aorta with ice-cold saline, and pieces of renal tissues
were fixed in 10% buffered formalin or periodate-lysine-
paraformaldehyde (PLP) solution. Pieces of renal cortex
were also used for RNA preparation and hydroxyproline
analysis (see below). Urinary protein was quantified by
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the biuret method. Levels of blood urea nitrogen (BUN)
were measured with a kit designed for clinical use (Wako
Pure Chemical Industries, Osaka, Japan}.

Kidney tissue preparation

The kidney tissues fixed in 10% buffered formalin
were embedded in paraffin, sectioned, and stained with
hematoxylin and eosin, periodic acid-Schiff (PAS), or
Masson trichrome. The degree of interstitial fibrosis was
semiquantitatively analyzed by inspection of Masson
trichrome-stained sections and graded on a scale of 0
to 3 as follows: (), no apparent damage; (I) mild dam-
age, with lesions involving less than 5% of the cortex; (2)
moderate damage, involving 5% to 20% of the cortex;
and (3) severe damage, involving more than 20% of the
cortex. Pieces for cryostat sectioning were fixed in PLP
solution for 4 hours, washed several times in phosphate-
buffered saline (PBS) containing 7% sucrose, embedded
in Tissue-Tek OCT compound (Sakura Finetek, Torrance,
CA, USA), and snap-frozen.

Immunohistochemical study

To block endogenous peroxidase activity, we treated
sections of frozen or paraffin-embedded kidney tissues
with methanol containing 0.6% hydrogen peroxide for
15 minutes and then washed them with PBS. They were
stained by the standard avidin-biotin peroxidase tech-
nique with sheep antirat mast cell protease (RMCP) I
{mast cell-specific antibody; Moredun, Scotland, UK),
mouse monoclonal antibody ED-1 (specific for rat mono-
cytes/macrophages), W3/25 (CD4™ cells), or OX8 (CD8*
cells) at 4°C overnight. The sections were incubated with
the corresponding second antibodies, biotinylated don-
key antisheep IgG or horse antimouse IgG, and stained
with the reagents of an ABC staining kit (Vector Labo-
ratories, Inc., Burlingame, CA, USA). Sections were also
stained with horseradish peroxidase-conjugated mouse
antihuman a-smooth muscle actin (e—SMA, a marker
for myofibroblasts) monoclonal antibody {Dako Corp.,
Carpinteria, CA, USA). All sections were then de-
veloped with 3, 3'-diaminobenzidine solution as chro-
mogen and counterstained with methylgreen. With the
aid of a 10 x 10 eyepiece grid, the numbers of mono-
cytes/macrophages, CD4%, and CD8* cells in the intersti-
tium were counted manually in 6 random nonoverlapping
cortical fields (x400) of sections made from each exper-
imental animal. RMCP I-positive interstitial mast cells
were also counted in 20 random cortical fields (x100).
The results of cell counting were expressed as the num-
ber per square millimeter.

Cell cultures

A cell line of renal fibroblasts (NRK49F) derived
from rat kidney was obtained from The European
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Table 1. Nucleotide sequences of the polymerase chain reaction (PCR) primers, the expected sizes of the amplified products, annealing
temperature, and cycle numbers of PCR reactions

Annealing

Primers Product temperature Cycles

RMCP I ¥ primer 5-ACGAAAGTTACAACTCCGTTC-¥ 475 bp 60°C 32
% primer §-GTGTCTCAAGCAGGTCAGG-¥

RMCPV § primer 5-GTCTATAACCGTCCTCCTAG-3 381 bp 540C 38
3 primer 5 TTTTGCATCTTCTTGGGGTTG-3

RMCP VI 5’ primer 5-GGCCATCCTACCAGTCAACAC-Y 341 bp 60°C 30
3 primer 5-CACCATTGAGTTGAGCTTTGCG-¥

GAPDH 5’ primer 5-GGGAGCCAAAAGGGTCATCATCTC-3 516bp 64°C 18
¥ primer §-CCATGCCAGTGAGCTTCCCGTTC-3

All of the PCR reactions were performed as described in the Methods section.

Collection of Cell Cultures (Salisbury, UK) and main-
tained in Dulbecco’s modified Eagle’s medium (Invitro-
gen, Grand Island, NY, USA) supplemented with 10%
fetal calf serum (FCS), glutamine, and nonessential
amino acid equilibrated with 5% CO»-95% air at 37°C.
For experiments, cells grown to 80% confluence in
100-mm dishes were exposed to fresh medium with or
without 100 pg/mL heparin (sodium salt; Sigma) for
6 hours and then used for RNA preparation.

Reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA fractions were prepared from pieces
of renal cortex or cultured cells by the guanidinium
thiocyanate-phenol-chloroform method {27], and 5 pg of
RNA wasreverse-transcribed by use of oligo(dT) primers
in 20 pL of buffer as previously described [28]. For the
analysis of levels of mRNA for RMCPs 11, V, and VIII,
1 pL of this reaction mixture containing the cDNA was
. amplified by PCR in 50 pL of 10 mmol/L Tris-HCI (pH
9.0) containing 50 mmol/L KCl, 1.5 mmol/L MgCl», 5’ and
3’ primers (Table 1), and Taqg DNA polymerase (Promega,
Madison, WI, USA). Aliquots were electrophoresed on
a 2% agarose gel and visualized with ethidium bromide
under ultraviolet illumination. For the quantitative mea-
surement of cytokine mRNA levels, real-time PCR was
performed by using an ABI PRISM 7700 Sequence De-
tector and TagMan® Pre-Developed Assay Reagents
for Gene Expression Quantification System (Applied
Biosystems, Foster City, CA, USA). Using multiple re-
porter dyes, we assayed the mRNA levels of each cytokine
and endogenous control (GAPDH) in the same tube and
expressed cytokine mRNA levels as the ratio relative to
the endogenous control.

Hydroxyproline analysis

The amount of hydroxyproline in the renal cortex
was measured according to Kivirikko et al [29] as an
index of collagen content. At sacrifice, pieces of re-
nal cortex for the hydroxyproline assay were weighed,
snap-frozen in liquid nitrogen, and stored at —80°C for

subsequent use. The samples were hydrolyzed in 1 mL
of 6N hydrochloric acid at 110°C for 18 hours in tightly
capped tubes. After the hydrolysates had been neu-
tralized with sodium hydroxide, their hydroxyproline
content was assessed colorimetrically at 560 nm with
p-dimethylaminobenzaldehyde. Results were expressed
as ng per mg wet renal cortex.

Statistical analysis

All values were expressed as the mean £ SD. Data were
analyzed by the Mann-Whitney U test, and a difference
with a value of P < 0.05 was considered to be statistically

significant.

RESULTS
PAN nephrosis in Ws/Ws and -+/+ rats

In PAN nephrosis model induced by uninephrectomy
and subsequent administration of PAN, increases in uri-
nary protein excretion and BUN level were observed in
both mast cell-deficient Ws/Ws and their control (+/4)
littermates; there was no difference in either parameter
between the two groups (Fig. 1). At 6 weeks, the level of
urinary protein excretion markedly decreased because of
the loss of functioning nephrons (end-stage renal failure).

Renal fibrosis induced in Ws/Ws and +/+ rats by PAN

Interstitial fibrosis occurred in both PAN-treated
Ws/Ws and +/+rats at 2 weeks at the border of the cortex-
medulla. A significant expansion of the fibrotic area was
observed at 6 weeks in both strains. Unexpectedly how-
ever, the fibrosis was more severe in the Ws/Ws rats than
in their +/+ littermates (Fig. 2). No obvious fibrosis was
observed in the control animals. The magnitude of fibrosis
was semiquantitatively determined with light microscopy
(Fig. 3). The degree of fibrosis was similar in both groups
at 2 weeks, but was greater in Ws/Ws rats than in -+/+- rats
at 6 weeks.

To confirm these histologic results, we measured the
hydroxyproline content in the renal cortex (Fig. 4). At
2 weeks, although the content of this collagen marker
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Fig. L Clinical course of puromycin aminonucleoside (PAN) nephro-
sis in Ws/Ws and +/+ rats. Blood urea nitrogen {A), urinary protein
excretion (B). Control +/+ (0); Contro! Ws/Ws (m); PAN-treated +/+
(8); PAN-treated Ws/Ws rats {s).

in PAN-treated animals was slightly higher than that in
control animals, the difference was not statistically sig-
pificant; and the level was similar in PAN-treated We/Ws
and +/+ rats. At 6 weeks, the content was significantly
greater in PAN-treated animals than in control animals.
Moreover, the level in the PAN-treated Ws/Ws rats was
significantly higher than that in the PAN-treated +/+ rats.
Thus, the fibrotic changes in the interstitium assessed by
both histologic and biochemical methods were greater in
Ws/Ws rats than in their +/+- littermates,

Interstitial mast cells in PAN-induced nephrosis

Mast cells were immunohistochemically identified by
their immunoreactivity, indicating the presence of RMCP
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I, a specific marker for mast cells [30, 31]. An almost
complete absence of mast cells in the skin of Ws/Ws rats
was confirmed by immunostaining for RMCP I (data not
shown). Practically no mast cells were detectable in the
kidney of control Ws/Ws and +/+ rats. However, in the
kidney tissues of PAN-treated +/+ rats, mast cells were
observed in the interstitium, where they showed a scat-
tered distribution (Fig. 5A). Most were localized in the
peritubular region (Fig. 5B).

To confirm the increase in the number of mast cells in
the kidney, we also examined mRNA levels of other spe-
cific markers for mast cells (i.e., RMCPs II, V, and VIII).
By RT-PCR analysis, mRNAs for all of these proteases
were consistently found in disease-induced rats, but not
in control rats, by the experimental procedures used
(Fig. 6).

The time-kinetics of the number of interstitial mast
cells determined by immunohistochemistry is illustrated
in Figure 7. After administration of PAN, the number
of mast cells increased significantly in both Ws/Ws and
+/+ rats, but was lower in the former than in the lat-
ter. While the number of mast cells gradually increased
in PAN-treated +/+ rats with the expansion of the in-
terstitial fibrosis, the number in PAN-treated Ws/Ws rats
decreased with the continued expansion. The number in
PAN-treated Ws/Ws rats was one half at 2 weeks and one
fifth at 6 weeks compared with that in the PAN-treated
+/+ rats.

Other interstitial cells in PAN-induced nephrosis

Because thymocytes are c-kir—positive cells, the defect
in c-kit carried by Ws/Ws rats could potentially affect
T-cell development, although there have been no reports
showing such T-cell deficits. It is also known that myofi-
broblasts express c-kit [32]. To clarify the influence of the
¢-kit deletion in these types of cell in the kidney of Ws/Ws
rats, we examined the levels of monocytes/macrophages,
CD4—, CD8—, and a--SMA-positive cells in the inter-
stitium (Table 2). Low numbers of these types of cells
were detected in the interstitium of the control animals.
After the disease induction, their numbers increased in
both Ws/Ws and +/4 rats, but there were no differences
in them between the two strains. Most of the mono-
cyte/macrophages and CD4— and CD8- positive cells
were found in the interstitial lesion in clusters, especially
in the area around glomeruli and disrupted tubuli, and
the localization was different from that of the mast cells.

Cytokine mRNA levels in renal cortex

To investigate the possible mechanism for the increase
in fibrosis in these Ws/Ws rats, we measured mRINA levels
of cytokines that might affect the progression of fibrosis.
As shown in Figure 8, the levels of mRNA for two poten-
tially profibrotic cytokines, TGF-p and interleukin (IL)-4,
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Fig. 2. Representative histologic changes in the kidney in puromycin aminonicleoside (PAN) nephrosis. Kidney tissues were obtained at 6 weeks
from PAN-treated +/+ rats (A) and PAN-treated Ws/Ws rats (B). Masson-trichrome staining, Original magnification x100.
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Fig. 3. Semiquantification of the fibrotic inferstitinm in puromycin
aminonucleoside (PAN) nephrosis. Kidney tissues were obtained at
2 and 6 weeks from PAN-treated -+/- and Ws/Ws rats. *P < 0.05.

were higher in the Ws/Ws rats than in the +/+ ones. The
differences between the two groups in the level of TGF-3
mRNA at 2 weeks, and in that of IL-4 mRNA at 6 weeks,
were statistically significant. There were no differences
in mRNA levels of IL-2, IL-10, and interferon (TFN)-y
in the renal cortex between the two strains. These results
suggest that the enhanced production of TGF-8 and/or
IL-4 in Ws/Wsrats may have caused the enhanced fibrosis
in the kidney.
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Fig. 4. Hydroxyproline content in renal cortex of rats with puromycin
aminonncleoside {PAN) nephrosis. Control +/+ (Q); control Ws/Ws
(m); PAN-treated +/+ (5); PAN-treated Ws/Ws rats (m). *P < 0.05;
=P < (001

Effect of heparin on the expression of TGF-f1 mRNA
in renal fibroblast in cultore

Although mast cells have been shown to produce TGF-
B and IL-4 in culture [9], they also produce other cy-
tokines and factors that may modulate the production of
these cytokines by other types of cells. Heparin is a major
component stored in secretory granules of mast cells and
is known to influence cytokine production in culture {33].
Therefore, using a cell line of interstitial fibroblasts de-
rived from normal rat kidney, we investigated if heparin
could influence the production of TGF- in culture. As
shown in Figure 9, the expression of TGF-f mRNA in
renal fibroblast was inhibited by heparin.

DISCUSSION

In progressive human glomerular diseases, regard-
less of their type, the number of interstitial mast cells
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Fig. 5. Immunostaining for rat mast cell protease (RMCP) I, a specific marker for mast cell, in puromycin aminonucleoside (PAN) nephrosis,
Representative kidney sections obtained at 6 weeks from PAN-treated +/+ rats are shown. RMCP I-positive cells with a scattered distribution are
seen in the interstitium (A). These cells are mostly located in the peritubular region (). Original magnification, x100 (A) and %200 (B).
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Fig. 6. Expression of mRNA for rat mast cell proteases (RMCFs) I,
V, and VIIL. RNA extracted from 3 animals of each group [2-week
puromycin aminonucleoside (PAN)-treated +/+ rats and control +/+
rats] was used for reverse transcription-polymerase chain reaction (RT-
PCR) analysis. Each lane represents the mRINA. expression of each
animal. The GAPDH band is shown as the interna! coatrol.

increases as interstitial fibrosis expands [14, 15, 17]. The
present study has demonstrated that in PAN nephrosis,
a rat model of progressive glomerular disease, the num-
ber of interstitial mast cells also increased concomitant
with the expansion of interstitial fibrosis. We also found
that the number of interstitial mast cells increased in the
crescentic glomerulonephritis model in Wistar Kyoto rats
(our unpublished observations). These results indicate
that, like in humans, mast cells accumulate in the inter-
stitial area in progressive renal diseases in rats when in-
terstitial fibrosis develops.

Because PAN nephrosis can be induced in any strain
of rat, using mast cell-deficient Ws/Ws rats, we then in-
vestigated the suggested causal link between mast cell
accumulation and interstitial fibrosis. Unexpectedly, in-
terstitial fibrosis was markedly worse in these rats,
Although mast cells were not completely absent in the
diseased kidney of Ws/Ws rats, their number at 6 weeks
in PAN-treated Ws/Ws rats was approximately one fifth
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Fig. 7. Numbers ofinterstitialratmast cell protease (RMCP) I-positive
cells in puromycin aminonucleoside (PAN) nephrosis. Control +/+ (0);
control Ws/Ws (m); PAN-treated +/+ (5); PAN-treated Ws/Ws rats ().
*P < 0.05. :

of that in the PAN-treated control littermates. Because
it was shown that the number of mast cells in the whole
body of Ws/Ws rats is decreased by aging [23], we consid-
ered that the decrease in the number of interstitial mast
cells from 2 to 6 weeks in the rats resulted from aging
and is irrelevant to the development of interstitial fibro-
sis. The observed interstitial mast cells in the Ws/Ws rats
may have resulted from the accumulation of the remain-
ing small number of mast cells from other parts of the
body [34]. In contrast, there were no differences between
the two strains in the levels of interstitial T lymphocytes
and myofibroblasts, two types of cell that could be af-
fected by the c-kit gene mutation in Ws/Ws rats. Taken
together, these results suggest that the reduction in the
number of interstitial mast cells in Ws/Ws rats resulted
in the exacerbation of interstitial fibrosis in this model.
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Table 2. Interstitial cells in /4 and Ws/Ws rats at 6 weeks

Control PAN nephrosis
++ Ws/Ws ++ Wy'Ws
ED-1 (monocytes/macrophages)® 83.8+133 80.0+ 106 570.0+40.1 5920+ 463
W3725 {CD4™ cells)® 1574 £ 144 1658 +11.8 59391424 580.0 £ 36.0
0X8 (CD8* cells)® 2114103 166+48 1165+127 1128+ 12.6
a-SMA (myofibroblast)® 12403 13103 11.6+1.1 1054133
-SMA, alpha-smooth muscle actin,
1Data are the numbers of interstitial cells per mm? expressed as mean & SD (N =15).
PData are % interstitial positive area expressed as mean = SD (N =5).
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Fig. 8. Expression of cytokine mRNA. levels in renal cortex of rats with puromycin aminonucleoside (PAN) nephrosis. Data are expressed as the
ratio to the internal control. PAN-treated +/+ (&); PAN-treated Ws/Ws rats (u). *P < 0.05.

It was demonstrated earlier that myofibroblast prolifera-
tionis paralleled by or precedes the development of inter-
stitial fibrosis in human and animal models [35], but the
result of the present study is not consistent with those pre-
vious studies. It could be possible that there is some un-
known effect that originated from the mutated c-kit gene
that changed the functions of myofibroblasts in Ws/Ws
rats. In addition, we cannot exclude the possibility that
the mutated ¢-kir gene causes other abnormalities than
mast cell deficiency, although there have been no reports
so far that show such defects in Ws/Ws rats except for
anemia in their early life [23].

Our present study using mast cell-deficient We/Ws is
the first one to our knowledge to reveal the role of mast
cells in renal fibrosis. There have been some earlier stud-
ies in which the involvement of mast cells in fibrosis of
lung [36, 37], liver [36, 38), and skin {39, 40] was examined
by using mast cell-deficient W/W* mice and/or Ws/Ws
rats. Some of these studies showed no difference in the
magnitude of fibrosis between the mast cell-deficient an-

imals and their control +/+ Lttermates, which suggested
that mast cells do not appear to be necessary for the in-
duction of fibrosis. In the present study, our histologic and
biochemical analysis revealed that the fibrosis was more
severe in Ws/Ws rats than in +/+ littermates at 6 weeks
after the induction of PAN nephrosis. These data are con-
sistent with other studies on lung [36, 37] and liver [36]
fibrosis, which showed that the increase in the hydrox-
yproline content of the tissues of deficient animals was
greater than that in contro! +/+ littermates.

The mechanism by which greater renal interstitial fi-
brosis occurred in Ws/Ws rats with PAN nephrosis is
unclear. We investigated the possibility that levels of cy-
tokines that potentially enhance directly or indirectly the
progression of fibrosis are changed in Ws/Ws rats with
PAN nephrosis. The cytokines tested in this study in-
cluded Thl and Th2 cytokines, the balance of which is sug-
gested to affect fibrotic changes [41]. Our results showed
that mRNA levels of TGF-p and IL-4 were higher in
Ws/Ws rats than in controls in the PAN nephrosis model,
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Fig. 9. Inhibition of expression of transforming growth factor (TGF)-
f1mRNA byheparin. Rat renal fibroblasts were cultured in the absence
(=) or presence (m) of heparin for 6 hours. Data are expressed as mean
%+ SD of § samples.

suggesting that the deficiency of mast cells (i.e., in Ws/Ws
rats) may have caused an increase in their expressiomn,
resulting in more fibrosis in the Ws/Ws rats.

Mast cells contain a variety of mediators that have been
shown to directly or indirectly affect the progression of
fibrosis in tissues [42]. Although mast cells have been
shown to produce TGF-B and IL-4 in culture [9], they
also produce other cytokines and factors that may modu-
late cytokine production by other types of cells. Heparin,
a major component stored in secretory granules of mast
cells, was shown to have effects on cell proliferation [43]
and cytokine production [33}, both of which are involved
in the pathogenesis of fibrosis, Heparin was also shown to
inhibit DNA synthesis by human renal fibroblasts when
added alone, although it enhanced DNA synthesis when
added with tryptase, a proteolytic enzyme secreted by
mast cells [44]. The present study demonstrated that hep-
arin inhibited the gene expression of TGF-B, the most
potent fibrogenic cytokine, in renal fibroblasts in culture.
A recent study also demonstrated that heparin inhibited
the production of TGF-f by cultured human proximal
tubular epithelial cells, another source of the cytokine
in diseased kidney [45]. Therefore, it is conceivable that
heparin secreted from mast cells may inhibit TGF-B pro-
duction by these cells in the diseased kidney and that this
action may have contributed to the less fibrosis in the con-
trol +/+ littermates in the PAN nephrosis model. We also
tested the effect of heparin on IL-4 production by these
cells, but the production level was very low, and thus the
effect of heparin could not be detected (our unpublished
observation).
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The results of the present study using mast cell-
deficient animals seem to be in conflict with a suggested
role of mast cells in renal diseases. The profibrogenicrole
of mast cells has been proposed mostly based on histo-
logic observations of clinical samples and results of in
vitro studies using cultured cells [14-20, 44]. However,
the histologic studies only showed a correlation between
the two phenomena, mast cell accumulation and fibro-
sis, and do not provide evidence of a causal link between
them. In vitro studies, on the other hand, give data on the
potential effects of mast cells or their secretory compo-
nents on fibrosis, but do not provide information about
the overall effect of mast cells. Even if whole components
stored in mast cells or mast cells themselves are usedina
culture system, one cannot provide all cells and extracel-
lular circumstances of the kidney in the in vitro system.
Further studies are needed to elucidate the role of mast
cells in the mechanism of fibrosis, but we consider that
experiments using animal models as well as intervention
studies in humans will be necessary to assess the effect of
mast cells as a whole on fibrosis.

In the kidney of the animal models of glomerular
diseases we tested, mast cells were localized in a scat-
tered distribution in the interstitium, whereas interstitial
mononuclear cells (MNC), mostly consisting of mono-
cytes/macrophages and T lymphocytes, were present in
clusters. In human glomerular diseases on the other hand,
mast cells were restricted to the area of interstitial fibrosis
where only a few T lymphocytes and macrophages were
concomitantly present, but were rarely found in the in-
terstitial lesion where the influx of MINC was pronounced
(our unpublished observations). This interstitial influx of
MNC presumably precedes the interstitial fibrosis and
is suggested to be involved in the mechanism of fibrotic
changes [46]. Therefore, in consideration of these find-
ings, together with the results of the present study, it is
conceivable that mast cells are not involved in the devel-
opment of fibrosis because of their absence in prefibrotic
lesions in contrast to T lymphocytes or macrophages, but
are attracted in fibrotic lesion and possibly participate in
the attenuation or resolution of the fibrotic lesions. Un-
fortunately, in the rodent models it was rather difficult
to discriminate prefibrotic lesions from established areas
of fibrosis, probably because of the short duration and/or
acute inflammation after the disease onset.

CONCLUSION

In the present study, we investigated the role of
mast cells in the development of renal fibrosis by us--
ing mast cell-deficient rats. In human studies, mast cells
are thought to be one of the cell types contributing to
the interstitial fibrosis. However, it could be mentioned
from our data that mast cells are not simply fibrogenic.
Rather, they might have a potential to be protective or
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ameliorative in this model and possibly in other models
and also in humans.
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