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ABSTRACT
The accumulation of extracellular matrix proteins is a common feature of fibrotic kidney diseases. Accumu-
lating evidence suggests that TGF-� and plasminogen activator inhibitor type 1 (PAI-1) promote the devel-
opment of renal fibrosis by stimulating the generation and inhibiting the removal of matrix proteins. The small
heterodimer partner (SHP) represses PAI-1 expression in the liver by inhibiting TGF-� signaling, but whether
SHP inhibits renal fibrosis is unknown. Here, unilateral ureteral obstruction (UUO) markedly increased the
expression of PAI-1, type I collagen, and fibronectin but decreased SHP gene expression. Moreover, in
kidneys of SHP�/� mice, the expression of PAI-1, type I collagen, fibronectin and �-smooth muscle actin
(�-SMA) were higher compared with those in kidneys of wild-type mice. In addition, loss of SHP accelerated
renal fibrosis after UUO. Adenovirus-mediated overexpression of SHP in cultured rat mesangial cells and
renal tubular epithelial cells inhibited TGF-�-stimulated expression of PAI-1, type I collagen, and fibronectin.
SHP inhibited TGF-�- and Smad3-stimulated PAI-1 promoter activities as well as TGF-�-stimulated binding of
Smad3 to its consensus response element on the PAI-1 promoter. Similarly, in vivo, adenovirus-mediated
overexpression of SHP in the kidney inhibited the expression of UUO-induced PAI-1, type I collagen,
fibronectin, and �-SMA. In summary, SHP attenuates renal fibrosis in obstructive nephropathy, making its
pathway a possible therapeutic target for chronic kidney disease.
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The accumulation of extracellular matrix (ECM)
proteins is the key feature of chronic fibrotic kidney
disease. TGF-� is central to the development of re-
nal fibrosis through its stimulating effect on matrix
protein generation and its inhibitory effect on ma-
trix protein removal.1,2 Expression of TGF-� is ele-
vated in multiple forms of experimental and human
kidney disease, ranging from diabetic nephropathy
and GN to tubulointerstitial nephritis.3– 6 Overex-
pression of TGF-� was reported in experimental
GN and the progression of the glomerular dis-
ease.7–9 In the postobstructed kidney, TGF-� ex-
pression was increased to induce the transcription
of genes involved in ECM protein accumulation,
including type I collagen and fibronectin.9 In addi-
tion, TGF-� stabilizes ECM proteins by stimulating

the expression of protease inhibitors, including
plasminogen activator inhibitor 1 (PAI-1). Thus,
suppression of TGF-� signaling has been included
in several therapeutic approaches for preventing re-
nal fibrosis.10,11

Received December 3, 2008. Accepted May 27, 2009.

Published online ahead of print. Publication date available at
www.jasn.org.

Correspondence: Dr. Keun-Gyu Park, Department of Internal
Medicine, Keimyung University School of Medicine, 194 Dong-
san-dong, Jung-gu, Daegu, 700-712, South Korea. Phone: �82-
53-250-7892; Fax: �82-53-250-8010; E-mail: kgpark@dsmc.or.kr;
or Dr. In-Kyu Lee, Department of Internal Medicine, Kyungpook
National University School of Medicine, 50 Samduk-2ga, Jung-gu,
Daegu, 700-721, South Korea. Phone: �82-53-420-5564; Fax:
�82-53-420-2046; E-mail: leei@knu.ac.kr

BASIC RESEARCH www.jasn.org

2162 ISSN : 1046-6673/2010-2162 J Am Soc Nephrol 20: 2162–2170, 2009



PAI-1 is the main physiologic inhibitor of the tissue and uroki-
nase plasminogen activator and is considered to be the most im-
portant inhibitor of fibrinolysis.12 However, plasminogen inhibi-
tion does not explain the action of PAI-1 in renal fibrosis.13,14

Recent studies suggest that PAI-1 directly promotes tissue fibrosis
by promoting the migration of monocytes/macrophages, trans-
differentiated tubular epithelia, and myofibroblasts.15–17 It has
been implicated in experimental GN,18 chronic renal transplant
rejection,19 and pulmonary fibrosis.20 Transgenic mice overex-
pressing PAI-1 develop significantly greater pulmonary fibrosis
when administered bleomycin, whereas similarly treated PAI-1-
deficient mice have substantially less fibrosis compared with wild-
type mice.21 PAI-1 deficiency also protects against renal interstitial
fibrosis induced by unilateral ureteral obstruction (UUO).16

Orphan nuclear receptor small heterodimer partner (SHP) is
an atypical member of the orphan nuclear receptor superfamily
because it lacks a conventional DNA-binding domain.22 It is a
transcriptional repressor and exerts its regulatory functions
through protein-protein interactions with other nuclear hor-
mone receptors and possibly other transcription factors that can
inhibit or even reverse their transactivation.23 A recent study has
shown that the loss of SHP sensitizes mice to liver injury from
obstructive cholestasis.24 Previously, we demonstrated that SHP
represses hepatic PAI-1 expression by inhibiting TGF-� signaling
through the repression of transactivation by Smad3.25 Moreover,
Fiorucci et al. have reported that SHP attenuates liver fibrosis by
inhibition of hepatic stellate cells by the farnesoid X receptor.26

These studies suggest that direct targeting of SHP may provide
promising prospects for the prevention of fibrotic disease; how-
ever, the clinical significance of SHP in fibrotic kidney disease
remains to be determined. Here, we examined whether SHP plays
an important role in renal fibrosis in the UUO model and whether
upregulation of SHP prevents renal fibrosis.

RESULTS

SHP Expression in UUO Kidney Is Downregulated and
Loss of SHP Increases PAI-1 Expression, ECM Protein
Expression, and Renal Fibrosis after UUO
We first examined whether the expression levels of SHP in

kidney are altered by UUO. SHP expression in the kidney was
examined by �-galactosidase staining (Supplemental Figure
1). A drastic increase in TGF-� expression is a key feature of the
UUO kidney. Levels of TGF-� mRNA expression in UUO kid-
neys were increased at day 7 after ureteral ligation compared
with sham-operated animals. As expected, the expression of
TGF-� target fibrotic genes including PAI-1, type I collagen,
and fibronectin were increased in the kidneys of rats with UUO
compared with those of control kidneys. Interestingly, SHP
mRNA expression was abundant in control kidneys, but its ex-
pression was markedly decreased in UUO kidneys (Figure 1).

We next examined whether the loss of SHP influences renal
expression of PAI-1, type I collagen, fibronectin, and �-SMA
as well as renal fibrosis by using SHP�/� mice. Indeed, in the
kidneys of SHP�/� mice, PAI-1, type I collagen, and fibronec-
tin mRNA levels were increased compared with those from the
kidneys of wild-type mice (Figure 2, A and B). PAI-1 and
�-SMA protein expression in the kidneys of SHP�/� mice
was examined by Western blot analysis (Figure 2, C and D).
Moreover, loss of SHP accelerated renal fibrosis after UUO. On
day 7 after UUO, wild-type mice were characterized by wide-
spread renal tubulointerstitial damage and fibrosis, as evidenced
by Sirius red and Masson’s trichrome staining. In comparison
with wild-type mice, the SHP�/� mice exhibited more markedly
increased tubulointerstitial damage and fibrosis 7 d after UUO.
The differences of tubulointerstitial damage and renal fibrosis be-
tween wild-type mice and SHP �/� mice were more evident at
day 14 after UUO (Figure 2, E through H). Taken together, these
data suggest that SHP plays an important role in ECM accumula-
tion in obstructive nephropathy.

SHP Inhibits TGF-�-Stimulated PAI-1 and ECM Protein
Expression
Next, we examined whether SHP inhibits TGF-�-stimulated
fibrotic gene expression in cultured renal cells. As shown in
Figure 3A, adenovirus-mediated overexpression of SHP in rat
mesangial cells (RMCs) and NRK-52E cells inhibited TGF-�-
stimulated PAI-1, type I collagen, and fibronectin mRNA ex-
pression in a dose-dependent manner (Figure 3A). Transient
transfection showed that SHP inhibited the TGF-�-stimulated

Figure 1. Relative mRNA expression levels
of SHP, TGF-�, PAI-1, type I collagen, and
fibronectin in kidneys of rats with UUO. (A)
Representative RT-PCR analysis of SHP,
TGF-�, PAI-1, type I collagen, and fibronec-
tin expression in UUO kidneys. Rats were
killed at 7 d after UUO. RT-PCR was per-
formed on RNA from three different normal
rat kidneys or UUO rat kidneys. (B) Quantifi-
cation of RT-PCR results expressed as the
mean � SEM of three independent experi-
ments (n � 9 in each group). �-actin protein
levels were analyzed as an internal control.
*P � 0.001 and **P � 0.01 compared with
control.
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PAI-1 promoter activity (Figure 3B), suggesting that SHP in-
hibits fibrotic gene expression through the downregulation of
TGF-�-stimulated transcription factor activity.

Because Smad3 is a main downstream mediator of TGF-�
expression, we examined whether SHP inhibits Smad3 activity.
Indeed, RMCs and NRK-52E cells cotransfected with ALK5
and Smad3/4 increased PAI-1 promoter activity, but cotrans-
fection with SHP inhibited this stimulation in a dose-depen-
dent manner (Figure 4A). To test whether SHP reduces Smad’s
binding to the Smad binding element for the inhibition of
TGF-�-stimulated Smad3 activity, gel shift analyses were con-
ducted with the Smad binding element oligonucleotide, mul-
tiple copies of which are located in the PAI-1 gene promoter.
Smad3 DNA-binding activity was stimulated by TGF-�, and
cells infected with adenovirus encoding SHP (Ad-SHP) de-
creased TGF-�-stimulated Smad3 DNA-binding activity in a
dose-dependent manner. The protein-DNA complexes were

specific for the Smad sequence because the addition of excess
unlabeled Smad binding site oligomer efficiently competed for
Smad binding activity (Figure 4B). A supershifted band was
observed during an electrophoretic mobility shift assay when
the nuclear extract was treated with an antibody against Smad3
(Supplemental Figure 2). Taken together, these data suggest
that SHP inhibits fibrotic gene expression through downregu-
lation of the TGF-�/Smad3 signaling pathway.

Adenovirus-Mediated Overexpression of SHP
Ameliorates Renal Fibrosis after UUO
To examine the possible beneficial effects of SHP on UUO-
induced renal fibrosis, Ad-SHP or adenovirus encoding green
fluorescent protein (Ad-GFP) was infused intrarenally into the
left kidneys of rats after ligation of the left ureter. Immunohis-
tochemical staining showed that UUO kidneys were accompa-
nied by increased expression of PAI-1, type I collagen, and

Figure 2. Effect of the loss of SHP on fibrotic gene
expression and renal fibrosis in the UUO model. (A)
Representative RT-PCR analysis of PAI-1, type I colla-
gen, and fibronectin expression in kidneys of SHP�/�
mice. RT-PCR was performed on RNA from three dif-
ferent wild-type (WT) mouse kidneys or SHP�/�
mouse kidneys. (B) Quantification of RT-PCR results
expressed as the mean � SEM of three independent
experiments (n � 9 in each group). �-actin mRNA levels
were analyzed as an internal control. **P � 0.01 and
#P � 0.05 compared with WT mice. (C) Representative
Western blot analysis of PAI-1 and �-SMA expression in
the kidneys of SHP�/� mice. (D) Quantification of
Western blot results expressed as the mean � SEM of
three independent experiments (n � 9 in each group).
�-actin mRNA levels were analyzed as an internal con-
trol. **P � 0.01 compared with WT mice. (E and G)
Representative kidney tissue sections stained with
Sirius red and Masson’s trichrome. Magnification,
�200. (a) A normal kidney from a WT mouse. (b) A
normal kidney from an SHP knockout (KO) mouse. (c) A
UUO kidney from WT mouse at 7 d. (d) A UUO kidney
from KO mouse at 7 d. (e) A UUO kidney from WT
mouse at 14 d. (f) A UUO kidney from KO mouse at
14 d. (F and H) Computer-based morphometric analysis
of kidney fibrosis in the UUO model. Data are the
mean � SEM of five independent measurements (n �
5 in each group). **P � 0.01, *P � 0.001, and #P �
0.05.
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�-SMA. In contrast, Ad-SHP-infected
UUO kidneys showed decreased expression
of all of these proteins (Figure 5A). More-
over, Sirius red and Masson’s trichrome
staining showed that Ad-SHP markedly
prevented UUO-induced renal fibrosis
(Figure 5B). The changes in the mRNA ex-
pression of fibrotic genes were further ex-
amined by reverse transcription (RT)-PCR
and Northern blot analysis. In UUO kid-
neys, SHP mRNA expression was de-
creased, but PAI-1, type I collagen, and fi-
bronectin gene expression was increased.
However, the increase in SHP expression by
intrarenal infusion of Ad-SHP decreased
UUO-induced renal fibrotic gene expres-
sion (Figure 6, A and B). PAI-1 and fi-
bronectin protein expression in response to
UUO with or without infection of Ad-SHP
was further confirmed by Western blot
analysis (Figure 6, C and D). Successful de-
livery of Ad-SHP was confirmed by immu-
nohistochemical staining (Supplemental
Figure 3).

DISCUSSION

The study presented here has provided
novel insights into the role of SHP in the
pathogenesis of renal fibrosis in obstruc-
tive nephropathy. We found that the ex-
pression of fibrotic genes, including
PAI-1, type I collagen, fibronectin, and

Figure 3. Effect of SHP on TGF-�-induced
PAI-1, type I collagen, and fibronectin ex-
pression in cultured RMCs and NRK-52E
cells. (A) Representative Northern blot anal-
ysis of the expression of PAI-1, type I colla-
gen, and fibronectin mRNA in TGF-�-stimu-
lated RMCs and NRK-52E cells. Cells were
incubated with TGF-� (2 ng/ml) after 24 h
serum starvation and then infected with the
indicated doses of Ad-SHP. 18S rRNA levels
were analyzed as an internal control. (B) Ef-
fects of SHP on PAI-1 promoter activity in
RMCs and NRK-52E cells. Cells were treated
with TGF-� (2 ng/ml) for 3 h with or without
pretreatment of the indicated amounts of
the SHP expression vector (pcDNA3) for
24 h. Data are the mean � SEM of three
independent measurements. **P � 0.01
compared with control, #P � 0.05, and ##P �
0.01 compared with TGF-� alone.

Figure 4. Effect of SHP on the TGF-�/Smad3 signaling pathway. (A) Effects of SHP on
PAI-1 promoter activity in RMCs and NRK-52E cells. Cells were cotransfected with the
PAI-1 promoter and expression vectors for Smad3/4 (pRK5) and ALK5 (pcDNA). Data
are the mean � SEM of three independent measurements. *P � 0.001 compared with
control, **P � 0.01, and ***P � 0.001, compared with Smad3/4 and ALK5. (B) Effect
of SHP on TGF-�-stimulated Smad DNA-binding activity. Cells were incubated with
TGF-� for 30 min and pretreatment of the indicated concentrations of Ad-SHP or
Ad-GFP (100 moi) for 24 h.
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�-SMA, in rats with complete ureteral obstruction was as-
sociated with marked reduction of renal SHP expression. In
addition, genetic deficiency of SHP significantly increased
the expression of PAI-1 and matrix proteins and accelerated
renal fibrosis after UUO. Furthermore, upregulation of SHP
by intrarenal infusion of Ad-SHP prevented obstruction-
induced PAI-1 and matrix protein expression. SHP appears
to downregulate PAI-1 and ECM protein expression via
downregulation of TGF-� and the Smad pathway.

TGF-� is increased in human and mouse experimental re-
nal fibrosis models and has been implicated as a major media-
tor of ECM protein accumulation in diabetic nephropathy and
tubulointerstitial fibrosis.3– 6 Although several nuclear recep-
tors have been reported to regulate TGF-� signaling,27–31 little
is known about the clinical significance of nuclear receptors in
fibrotic kidney disease. Here we show the role of orphan nu-
clear receptor SHP in renal fibrosis induced by complete ure-
teral obstruction. In this study, we found that in normal con-

ditions, mRNA expression of SHP in
kidney is abundant, but PAI-1 and matrix
protein gene expression is faint. Permanent
obstruction of the ureter leads to increased
expression of PAI-1 and the accumulation
of ECM proteins in the interstitium; how-
ever, the expression of SHP is interestingly
decreased after UUO. In addition, the loss
of SHP in the kidneys of SHP�/� mice in-
creases PAI-1 and matrix protein expres-
sion. Although numerous pathways may
induce PAI-1 expression in the UUO kid-
ney, the inverse relationship between SHP
expression and fibrotic gene expression
suggests that SHP plays, at the least in part,
a role in the prevention of fibrotic kidney
diseases.

Increased PAI-1 expression has been re-
ported in several progressive renal diseases,
including obstructive nephropathy, sug-
gesting a significant functional role for
PAI-1 in the development of renal fibro-
sis.16,18 –21,32–34 Oda et al. demonstrated that
PAI-1 deficiency attenuates the fibrogenic
response to ureteral obstruction.16 In addi-
tion to its role in mechanical kidney injury,
PAI-1 contributes to the development of
diabetic nephropathy by regulating TGF-�
and ECM production.35 On the basis of
these data, we further examined whether
upregulation of SHP in experimental renal
fibrosis models decreases PAI-1 expression.
Indeed, intrarenal delivery of Ad-SHP into
UUO kidneys markedly inhibited UUO-in-
duced PAI-1 protein expression. Recent re-
ports have shown that the profibrotic ef-
fects of PAI-1 in the tubulointerstitium

support its ability to increase the recruitment of inflammatory
cells and myofibroblasts and promote the epithelial-to-mesen-
chymal transition.13,36 Moreover, the study presented here
showed that Ad-SHP decreased UUO-induced �-SMA expres-
sion, a mesenchymal marker. Therefore, further studies are
necessary to elucidate the beneficial effects of SHP on renal
fibrosis and to determine whether SHP inhibits proinflamma-
tory cytokine-induced inflammation and epithelial-to-mesen-
chymal transition.

To elucidate the mechanism by which SHP inhibits
PAI-1 and matrix protein expression, we examined the ef-
fect of SHP on TGF-� signaling. TGF-� enhances the induc-
tion of subsequent downstream genes through Smad signal-
ing, regulates the expression of target genes including PAI-1
and matrix proteins, and subsequently contributes to tubu-
lointerstitial fibrosis.37 Many studies have looked for an im-
provement of renal fibrosis by the inhibition of TGF-� sig-
naling.11 In this study, we found that adenovirus-mediated

Figure 5. Effect of SHP on UUO-induced renal interstitial fibrosis. (A) Representative
images of immunohistochemistry for PAI-1, type I collagen, and �-SMA expression in
UUO kidneys infected with Ad-GFP or Ad-SHP. (B) Sirius red and Masson’s trichrome
staining in UUO kidneys infected with Ad-GFP or Ad-SHP. Mice were killed 7 d after
UUO with Ad-GFP or Ad-SHP. Magnification, �200. Bar graphs show data obtained by
computer-based morphometric analysis on day 7 after UUO. *P � 0.001 compared
with control and **P � 0.01 compared with Ad-GFP (n � 5 in each group).
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overexpression of SHP successfully inhibited TGF-�-stim-
ulated PAI-1 and matrix protein expression in cultured kid-
ney cell lines. Although the mechanism of repression by
SHP is not clearly understood, previous reports have sug-
gested that SHP represses transcription factor-mediated
transactivation by inhibition of DNA binding,22,38,39 re-
cruitment of unknown corepressors,40 – 42 and interfering
the interaction with coactivator p300.25 In this study, we
found that that SHP repressed Smad3 transactivation by
inhibition of DNA binding. Taken together, these data sug-
gest that SHP inhibits TGF-� signaling pathway by inhibi-
tion of the interaction with coactivator p300 and Smad-
DNA binding. However, it is possible that transcriptional
inhibition of genes other than Smad, such as redox-sensitive
transcription factor AP-1 or the activity of Sp1 on TGF-�
target gene promoters, is involved in the prevention of fi-
brosis by SHP.

In conclusion, this study suggests that downregulated
SHP expression in response to ureteral obstruction plays an
important role in the pathogenesis of fibrotic renal diseases
and that upregulation of SHP in the kidney prevents renal
fibrosis in obstructive nephropathy. Our results suggest that
an important anti-fibrotic effect of SHP may be a promising
therapeutic target for fibrotic renal diseases.

CONCISE METHODS

Materials and Plasmids
Recombinant human TGF-� was purchased

from R&D systems (Minneapolis, MN). Anti-

PAI-1 antibody was purchased from BD Bio-

sciences (San Jose, CA). Anti-collagen type I an-

tibody and anti-green fluorescent protein (GFP)

antibody were purchased from Abcam (Cam-

bridge, U.K.). Anti-�-SMA antibody and anti-

actin antibody were purchased from Sigma (St.

Louis, MO). Anti-phospho-Smad3 (ser423/425)

and anti-Smad3 were purchased from Cell Sig-

naling (Beverly, MA). Radiochemicals ([�-
32P]dCTP, [�-32P]dATP) were purchased from

Perkin Elmer (Boston, MA). The pcDNA3HA-

ALK5TD plasmids were kind gifts from Dr.

Carl-Henrik Heldin (Ludwig Institute for Can-

cer Research, Sweden). The pRK5-Smad3 and

pRK5-Smad4 plasmids were kind gifts from Dr.

Rik Derynck (University of California, San

Francisco, CA).

Animals
Male 8-wk-old Sprague–Dawley rats weighing

280 g and male 8-wk-old C57BL6 mice were

purchased from Samtako (Korea). SHP�/�

mice were kind gifts from Dr. David D. Moore

(Baylor College of Medicine, Houston, TX). All

procedures were performed in accordance with

institutional guidelines for animal research.

Cell Culture
RMCs and the NRK-52E rat renal proximal tubular epithelial cell line

were purchased from American Type Culture Collection (Manassas,

VA). RMCs were cultured in 5% carbon dioxide/95% air at 37°C in

DME medium (Life Technologies BRL, Grand Island, NY) containing

4 mmol/L L-glutamine and 25 mmol/L-glucose. The medium was sup-

plemented with 15% FBS and 0.4 mg/ml G418. NRK-52E cells were

cultured in 5% carbon dioxide/95% air at 37°C in DME medium

containing 4 mmol/L L-glutamine and 25 mmol/L-glucose. The me-

dium was supplemented with 5% FBS. Equal numbers of cells were

seeded onto tissue culture plates. RMCs and NRK-52E cells were ren-

dered quiescent by incubation for 24 h in 0.5% serum growth me-

dium. Cells were infected with Ad-SHP in serum-free medium for 2 h

and then changed to conditioned medium for 24 h. Cells were subse-

quently processed for the isolation of RNA, protein, or nuclear pro-

tein as described below.

Experimental UUO Animal Model and In Vivo Infection
UUUO surgery was performed as described previously.43 Briefly, after

a mid-abdominal incision under anesthesia using pentobarbital (50

mg/kg), the left ureter was ligated with 5.0 silk at two separate points

in the UUO groups. A flexible cannula was inserted into the left renal

artery via the branch of the femoral artery and then the distal segment

Figure 6. Effect of SHP on fibrotic gene expression in the UUO model. (A) Repre-
sentative RT-PCR analysis of PAI-1, type I collagen, and fibronectin expression in UUO
kidneys with Ad-GFP or Ad-SHP. Rats were killed at 7 d after UUO. RT-PCR was
performed on RNA from three different normal rat kidneys or UUO kidneys with or
without Ad-SHP. (B) Quantification of RT-PCR results expressed as the mean � SEM of
three independent experiments (n � 9 in each group). �-actin mRNA levels were
analyzed as an internal control. *P � 0.001 compared with control and **P � 0.01
compared with Ad-GFP. (C) Representative Western blot analysis of PAI-1 and fi-
bronectin protein expression in UUO kidneys with Ad-GFP or Ad-SHP. �-actin levels
were analyzed as an internal control. (D) Quantification of Western blot results ex-
pressed as the mean � SEM of three independent experiments (n � 9 in each group).
*P � 0.001 compared with control and **P � 0.01 compared with Ad-GFP.
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of the renal artery was transiently ligated. Adenovirus encoding rat

SHP or GFP (3 � 109 plaque forming units/kidney, n � 9/group) was

infused into the left kidney and incubated for 5 min. Upon comple-

tion, the infusion catheter was removed, blood flow to the kidney was

restored by the release of ligatures, and the wound was then closed.

Sham-operated rats were used as controls. After 7 d of UUO and

adenovirus infection, rats were euthanized and left kidneys were re-

moved, cut in thirds, fixed for 20 h in 4% paraformaldehyde, and

embedded in paraffin for histologic examination or frozen in liquid

nitrogen for isolation of protein or RNA.

Generation of Recombinant Adenovirus
cDNA encoding full-length rat SHP was inserted into the HindIII/

XbaI sites of the shuttle vector pAdTrack-CMV. The vector was then

electroporated into BJ5183 cells that contained the adenoviral vector

Adeasy to generate a recombinant adenoviral plasmid. Recombinants

were amplified in HEK-293 cells and purified by cesium chloride

(Sigma) gradient centrifugation. Viral preparations were collected

and desalted, and titers were determined using Adeno-X rapid titer

(BD Bioscience) according to the manufacturer’s instructions. The

efficiency of adenoviral infection was assessed using a recombinant

adenovirus encoding SHP fused to GFP (data not shown).

RT-PCR
Total RNA was obtained from rat or mouse kidneys using Trizol re-

agent (Invitrogen, Carlsbad, CA). cDNA was synthesized using a first-

strand cDNA kit (Fermentas, Hanover, MD). PCR was carried out

using taqpolymerase (Takara, Japan) under the conditions described

in Table 1.

Northern Blot Analysis
Total RNA was isolated from cells or kidneys using Trireagent (In-

vitrogen) according to the manufacturer’s instructions. The probes

for SHP, PAI-1, type I collagen, and fibronectin were labeled with

[�-32P]dCTP using a random-primer DNA labeling system (Amer-

sham Bioscience, Buckinghamshire, U.K.).

Western Blot Analysis
Cells were washed twice with PBS and suspended in IPH lysis

buffer [50 mM Tris (pH 8.0), 150 mM sodium chloride, 5 mM

EDTA, 0.5% NP40, 100 mM phenylmethylsulphonyl fluoride, leupep-

tin 1 mg/ml, apronitin 1 mg/ml, 1 M dithiothreitol]. Cells were extracted

on ice for 30 min. After centrifugation at 12,000 rpm for 10 min, the

supernatant was obtained as a cell lysate. Protein quantification was per-

formed using a Bio-Rad protein assay system (Bio-Rad, Richmond, CA).

Cell lysates were electrophoresed by SDS-PAGE and electrotransferred to

polyvinylidene fluoride membranes (Millipore Corporation, Bedford,

MA). The membrane was blocked by incubation in blocking buffer; al-

lowed to react with anti-PAI-1, �-SMA, and fibronectin polyclonal anti-

bodies; and washed. Antibodies were detected by horseradish peroxi-

dase-linked secondary antibody using the enhanced luminol-based

chemiluminescent Western blotting detection system, as specified by

the manufacturer (Amersham). The membrane was reblotted with anti-

actin antibody to verify equal loading of protein in each lane. Densito-

metric measurements of the bands were made using the digitalized

scientific program UN-SCAN-IT (Silk Scientific Corporation, Orem,

UT).

In Vitro Transient Transfection and Reporter Assay
RMCs and NRK-52E cells were plated at a density of 1 � 105 cells

per well in a 12-well plate and cultured for 1 d in culture medium.

Cells were transiently transfected with the p800neo-luc (�800

PAI-1 promoter, 300 ng/well)44 and other DNAs using Lipo-

fectamine 2000 transfection reagent (Invitrogen). Cells were co-

transfected with a plasmid encoding �-galactosidase as an internal

control. Cells were transfected for 4 h, washed to remove plasmids,

and then cultured in conditioned medium. Cells were harvested

approximately 24 h after transfection for luciferase and �-galacto-

sidase assays. We analyzed 20 �l of cell lysate using a luciferase

assay system according to the manufacturer’s instruction (Pro-

mega, Madison, WI). Luciferase activity was detected using a SI-

RUS luminometer (Berthold, Germany), and luciferase activity

was normalized to �-galactosidase activity.

Table 1. Sequences of primers for RT-PCR

Gene/Primer Direction Sequence (5� to 3�) Annealing Temperature (Cycle)

Rat
SHP Forward ATG-AGC-TCC-AGC-CAA-TCG-GGG-TC 60�C (33)

Reverse TCA-CCT-CAA-CAA-AAG-CAT-GTC-TTC-G
PAI-1 Forward AGA-TCA-GTA-CTG-CGG-ACG-CCA-TCT-TTG 67�C (30)

Reverse GCA-CGG-AGA-TGG-TGC-TAC-CAT-CAG-ACT-TGT
Mouse

SHP Forward CCG-CAC-CGC-ACC-TGC-AGG-GAG-GCC-TT 70�C (25)
Reverse ACT-CCA-GGC-AGC-GCT-GCA-GCC-ACT-GAA

PAI-1 Forward CCT-CAT-CCT-GGG-CCT-GGT-TCT-GGT-CT 67�C (23)
Reverse GGT-TTT-CCC-CGC-TGT-GGT-CAT-CTG-C

Rat and mouse
type 1 collagen Forward GAG-CGG-AGA-GTA-CTG-GTA-CG 53�C (25) and 53�C (25)

Reverse TAC-TCG-AAC-GGG-AAT-CCA-TC
fibronectin Forward ACA-CGG-TTT-CCC-ATT-ACG-CCA-T 55�C (35) and 57�C (25)

Reverse AAT-GAC-CAC-TGC-CAA-AGC-CCA-A
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Electrophoretic Mobility Shift Assay
Nuclear extracts were isolated from cells using the NucBuster protein

extraction kit (Calbiochem, LA Jolla, CA) according to the manufac-

turer’s instructions. After centrifugation, the supernatant (nuclear

extract) was collected and the protein concentration was measured

using a protein assay kit (Biorad). For supershift analysis, the nuclear

extracts were incubated with Smad3 antibody (Cell Signaling) and

labeled probe. Nuclear extracts (6 �g) were incubated with approxi-

mately 60,000 cpm of a 32P-labeled Smad-binding-site oligomer, 5�-

GGG-AGA-GAC-AGA-CAC-AGG-CAG-3�.

Histologic Analysis
Kidneys were fixed with PBS containing 4% paraformaldehyde and

then embedded in paraffin; sections (4 �m) were used in immuno-

histochemical staining, Masson’s trichrome, and Sirius red staining.

Immunohistochemical staining was performed using anti-PAI-1,

type I collagen, and �-SMA primary antibodies and horseradish per-

oxidase-conjugated anti-mouse or anti-rabbit IgG secondary anti-

bodies (Dako, Glostrup, Denmark), according to the manufacturer’s

instructions. Kidney sections were deparaffinized in xylene and rehy-

drated through graded ethanol and then stained with Masson’s

trichrome or Sirius red staining to evaluate interstitial collagen dep-

osition. For Masson’s trichrome staining, after mordanting 1 h in

Bouin’s solution, kidney sections were treated sequentially with he-

matoxylin for 10 min, Biebrich scarlet-acid fuchsin for 5 min, phos-

photungstic acid/phosphomolybdic acid for 10 min, and aniline blue

for 15 min. Tissue was destained in 1% acetic acid for 5 min, dehy-

drated through graded ethanol to xylene, and mounted for examina-

tion by light microscopy. For Sirius red staining, slides were stained

for 18 h in saturated picric acid with 0.1% Sirius red F3BA (Aldrich

Chemicals). The next morning slides were removed, washed in 0.01 N

hydrochloric acid for 2 min, and rapidly dehydrated through graded

alcohols starting at 70%, then to xylene, and finally cover slipped in

Permount. Renal fibrotic areas were quantified by morphometric

analysis using a light microscope equipped with an imaging system

containing an MRc5 Carl Zeiss microscope (Thornwood, NY) and

iSolution DT Ver7.7 (IMT i-Solution, Coquitlam, Canada). The

quantification of aniline-blue-positive areas (fibrotic areas) and pos-

itive areas of immunostaining for PAI-1, collagen (type 1), and

�-SMA for each antibody in the renal fibrotic regions (brown color)

were evaluated by computer-based morphometric analysis.

Determination of �-galactosidase Activity in Tissue
Samples
Cryostat sections (5 �m) of the kidney were mounted onto glass slides

and fixed in 0.5% glutaraldehyde at room temperature for 15 min,

washed with PBS, and stained for 14 h at 37°C with fresh 5-bromo-4-

chloro-3-indolyl-�-D-galactopyranoside (Promega) staining solu-

tion: 1 mg/ml 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside

(X-gal), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,

150 mM sodium chloride, and 2 mM magnesium chloride in 40 mM

citric acid/sodium phosphate, pH 6.0. Tissue sections were examined

after incubation for 14 h, counterstained with eosin, and mounted for

microscopic evaluation.

Statistical Analysis
Data were evaluated using ANOVA followed by a post hoc least signif-

icant difference test, and expressed as means � SEM. Values of P �

0.05 were considered statistically significant. All experiments were

performed at least three times.
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