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N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP), which is hydrolyzed by angiotensin-converting enzyme, is a natural regulator of hematopoiesis. Here it is shown that Ac-SDKP inhibits TGF-␤ action in mesangial cells. Because TGF-␤ is thought to
play a pivotal role in the development and progression of glomerulonephritis, the therapeutic effects of Ac-SDKP on an
established model of renal dysfunction and histologic alteration in Wistar-Kyoto rats with anti– glomerular basement
membrane nephritis was examined. Fourteen days after the induction of anti– glomerular basement membrane nephritis, the
rats were treated subcutaneously with Ac-SDKP at a dose of 1 mg/kg per d for 4 wk. Treatment with Ac-SDKP significantly
improved proteinuria and renal dysfunction, including increased plasma blood urea nitrogen and creatinine levels and
decreased creatinine clearance. Histologic examination showed severe glomerulosclerosis and interstitial fibrosis in the
vehicle-treated rats, whereas these histologic injuries were significantly ameliorated in rats that were treated with Ac-SDKP.
The histologic improvements were accompanied by the suppression of gene and protein expression of fibronectin, interstitial
collagen, and TGF-␤1 in the nephritic kidney. Furthermore, treatment with Ac-SDKP resulted in the inhibition of Smad2
phosphorylation, an increase in Smad7 expression in the kidney, and reduction of macrophage accumulation into the
glomeruli and tubulointerstitium in nephritic rats. In conclusion, Ac-SDKP significantly ameliorated the progression of renal
dysfunction and fibrosis even after the establishment of nephritis. The inhibitory effect of Ac-SDKP was mediated in part by
the inhibition of TGF-␤/Smad signal transduction and the inflammatory response. These findings suggest that Ac-SDKP
treatment may be a novel and useful therapeutic strategy for the treatment of progressive renal diseases.
J Am Soc Nephrol 17: 674 – 685, 2006. doi: 10.1681/ASN.2005040385

I

t has been reported that more than 20 million people
worldwide have lost half of their renal function or have
shown overt proteinuria (1). The number of patients who
have ESRD or must undergo chronic renal dialysis therapy is
ever increasing (2,3). The end-stage lesions, such as glomerulosclerosis and tubulointerstitial fibrosis, are characterized by
the advanced loss of renal cells and excessive accumulation of
extracellular matrix (ECM), including fibronectin and collagens; these lesions represent a common structure independent of
the primary underlying disease (4,5). Although most patients
who have chronic kidney disease (CKD) have been treated with
several pharmacotherapies before reaching end-stage renal failure, no currently available treatment is effective in halting the
loss of residual renal function and the progression of renal

Received April 11, 2005. Accepted December 4, 2005.
Published online ahead of print. Publication date available at www.jasn.org.
Address correspondence to: Dr. Mitsugu Omata, Biomedical Research Laboratories, Daiichi Asubio Pharma Co., Ltd., 1-1-1 Wakayamadai, Shimamoto-cho,
Mishima-gun, Osaka 618-8513, Japan. Phone: ⫹81-75-962-8538; Fax: ⫹81-75-9626448; E-mail: mitsugu_omata@asubio.co.jp
Copyright © 2006 by the American Society of Nephrology

fibrosis (6 – 8). Therefore, the development of novel therapeutic
agents that interrupt the uncontrollable fibrotic response to
renal injury has been eagerly anticipated.
N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is an endogenous tetrapeptide that possesses a regulatory effect on the
proliferation of hematopoietic stem cells (9). Ac-SDKP, which is
normally present in plasma and mononuclear cells, is degraded
in the circulation by angiotensin I– converting enzyme (ACE)
(10). In some in vivo studies, Ac-SDKP prevented collagen
deposition in the left ventricle and kidneys in a hypertensive rat
model (11,12) and reversed cardiac inflammation and fibrosis
in rats with heart failure induced by myocardial infarction (13).
More recently, we also found that treatment with Ac-SDKP
prevents the renal insufficiency and glomerular mesangial matrix expansion observed in type 2 diabetic db/db mice (14). In
some in vitro studies, Ac-SDKP has been shown to suppress the
proliferation of renal fibroblasts (15) and to inhibit DNA and
collagen synthesis in cardiac fibroblasts (16). We have shown
that Ac-SDKP is able to inhibit the TGF-␤–induced expression
of plasminogen activator inhibitor-1 and ␣2-type I collagen
through the suppression of Smad signaling in mesangial cells
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(17). Because profibrotic cytokine TGF-␤ is thought to play a
pivotal role in the progression of glomerulonephritis and tubulointerstitial fibrosis (18,19), we investigated the ability of AcSDKP to inhibit TGF-␤ action and improve renal fibrosis and
dysfunction in a glomerulosclerosis model. Most patients who
receive a diagnosis of CKD already have renal dysfunction
accompanied by some degree of fibrotic lesions in the kidneys.
Therefore, we administered Ac-SDKP 2 wk after nephritis induction in our rat model, a time point after the development of
renal dysfunction and pathologic changes. We found that AcSDKP significantly ameliorated the progression of renal dysfunction and fibrosis even after the establishment of nephritis.
The inhibitory effects of Ac-SDKP were mediated in part by the
inhibition of TGF-␤/Smad signal transduction and inflammatory responses, such as monocyte/macrophage accumulation.

Materials and Methods
Experimental Protocol
All animal experiments were approved by the Animal Care and
Ethics Committee of Daiichi Asubio Pharma. Male Wistar-Kyoto
(WKY) rats were purchased from Charles River Japan (Kanagawa,
Japan). On day 0, 0.025 ml of rabbit anti-rat glomerular basement
membrane (GBM) serum (20) was injected intravenously into 18 7-wkold rats. Fourteen days after the induction of nephritis, urine samples
were collected for 24 h to measure of urinary protein excretion. Four
rats were selected randomly and killed on day 14. After examination of
the urinary protein excretion, the remaining rats were randomly assigned to two groups: Rats anti-GBM nephritis, which were given no
treatment (n ⫽ 7), and rats that had anti-GBM nephritis and were
treated with 1 mg/kg per d Ac-SDKP (n ⫽ 7). An osmotic minipump
(Alzet2 ML4, Alzet, Cupertino, CA) was implanted subcutaneously in
the neck to deliver either Ac-SDKP or vehicle, saline plus 0.01 N acetic
acid. The dosage of Ac-SDKP and the route of administration were
selected on the basis of previously described procedures (11,14). AcSDKP was infused subcutaneously for 4 wk. Age-matched male WKY
rats without nephritis were used as normal controls. Serial blood samples were taken via tail-vein puncture under light anesthesia induced
by isoflurane inhalation on days 0, 14, 21, 28, and 35. Twenty-four-hour
urine samples for the measurement of proteinuria were collected during the same period. At 42 d after nephritis induction, the animals
received perfusion of sterile saline administered to the thoracic aorta
under anesthesia (50 mg/kg pentobarbital). The renal cortex was dis-
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sected from the left kidney, immediately frozen in liquid nitrogen, and
stored at ⫺80°C until further analysis. The right kidney was excised
and immersed in 4% paraformaldehyde for histologic examination.

Determination of Blood and Urine Parameters
Urinary protein concentrations were determined using the method of
Kingsbury et al. (21). Plasma (Pcr) and urinary (Ucr) creatinine and
blood urea nitrogen (BUN) levels were determined using an autoanalyzer (HITACHI clinical analyzer 7070; Hitachi High-Technologies Co.,
Tokyo, Japan). For avoidance of errors from incomplete urine collection, urinary protein excretion was normalized to the levels of urinary
creatinine. Creatinine clearance (Ccr) was calculated using the standard
formula Ccr ⫽ Ucr ⫻ urine volume/Pcr and was expressed as ml/min
per 100 g body wt.

Histologic Examination
The longitudinally bisected kidney was embedded in paraffin, sectioned, and stained with periodic acid-Schiff and Masson’s trichrome
reagents. The sections were evaluated by two independent observers
who were unaware of the origin of the slides. For determination of
glomerulosclerosis, 100 glomeruli were randomly selected in crosssections that were obtained from each rat. Glomerulosclerosis, which
was defined as glomeruli exhibiting adhesion of the capillary tuft to the
Bowman’s capsule, capillary obliteration, mesangial expansion, or fibrotic crescents, was graded semiquantitatively as follows: 0, normal; 1,
0 to 25% of the glomerular area affected; 2, 25 to 50% affected; 3, 50 to
75% affected; and 4, 75 to 100% affected (22). The degree of glomerulosclerosis was expressed as the glomerulosclerosis index (GSI). The
GSI of a whole kidney was obtained by averaging the scores from 100
glomeruli in one section. Furthermore, scores that were obtained by
two independent investigators were averaged. For quantification of
tubulointerstitial fibrosis, 50 fields were randomly selected from the
cortical region and were analyzed under high-power magnification
(⫻400). Fibrotic areas in the interstitium, which were stained blue, were
identified on the digital images using a computer-aided manipulator
(LuminaVision; Mitani Co., Fukui, Japan). The percentage of fibrotic
area was calculated. Glomeruli and large vessels were excluded from
analysis. The deposition of interstitial collagen was evaluated by staining with picrosirius red. Fifty fields were randomly selected from the
cortical region and analyzed under high-power magnification (⫻400).
Areas of collagen deposition in the interstitium, which were stained
red, were identified on digital images using LuminaVision. The percentage of red area was calculated.

Table 1. Primers used for PCRa
Gene

Forward

Reverse

GAPDH
Type I collagen
Type III collagen
Fibronectin
TGF-␤1
TNF-␣
IL-1␤
MCP-1
ICAM-1

5⬘-TGCACCACCAACTGCTTAG-3⬘
5⬘-CCGATGGATTCCAGTTCGA-3⬘
5⬘-CCATTGCTGGAGTTGGAGGT-3⬘
5⬘-GCAACGTGTTATGACGACGG-3⬘
5⬘-AGTCCCAAACGTCGAGGTGA-3⬘
5⬘-ATCGGTCCCAACAAGGAGGA-3⬘
5⬘-CAACAAGTGGTATTCTCCATGAGC-3⬘
5⬘-GCTGCTACTCATTCACTGGCAA-3⬘
5⬘-GGAGCCAATTTCTCATGCTTCA-3⬘

5⬘-GGATGCAGGGATGATGTTC-3⬘
5⬘-AGGTCAGCTGGATAGCGACAT-3⬘
5⬘-GTGAAGACATGATCTCCTCAGTGTTG-3⬘
5⬘-TGCGGCAGTTGTCACAGC-3⬘
5⬘-AGGTGTTGAGCCCTTTCCAG-3⬘
5⬘-TGGTGGTTTGCTACGACGTG-3⬘
5⬘-GGTGTGCCGTCTTTCATCAC-3⬘
5⬘-CTGCTGCTGGTGATTCTCTTGT-3⬘
5⬘-AGATCGAAAGTCCGGAGCTG-3⬘

a

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ICAM-1, intercellular adhesion molecule-1; MCP, monocyte
chemoattractant protein-1.
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Figure 1. Therapeutic effects of N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) on urinary protein (A), blood urea nitrogen (B),
plasma creatinine (C), and creatinine clearance (D) in rats with anti– glomerular basement membrane (ant-GBM) nephritis. Each
symbol represents the mean ⫾ SEM of seven rats that were treated with vehicle (E) or 1 mg/kg per d Ac-SDKP (F). Statistical
significance is based on the t test: *P ⬍ 0.05 versus the same time point of the vehicle group; #P ⬍ 0.01 for the vehicle group versus
day 0; ##P ⬍ 0.01 for the Ac-SDKP–treated group versus day 0.

Immunohistochemistry
Immunohistochemical staining for rat monocyte/macrophage (ED-1)
was performed using an avidin-biotin complex staining method (VECTASTAIN Elite ABC kit; Vector Laboratory, Burlingame, CA). After
deparaffinization, slides were placed in 0.01 M citrate and heated in a
microwave oven at 2450 MHz and 800 W for 10 min. The slides were
incubated in normal blocking serum for 6 h followed by overnight
incubation at 4°C with a monoclonal mouse antibody against rat macrophages (ED-1) (Serotec, Oxford, UK). Endogenous peroxidase was
inactivated by incubation for 10 min with 3% H2O2, and a biotinylated
anti-mouse antibody was added for 45 min at room temperature. After
washing, VECTAIN elite ABC/Reagent was added for 30 min at room
temperature. The color reaction was developed with 3,3⬘-diaminobenzidine and counterstained with hematoxylin.
The accumulation of monocytes/macrophages into the renal tissue
was evaluated by assessing the number of ED-1–positive cells. The
number of ED-1–positive cells in the renal cortex was determined by
observation of 50 randomly selected glomeruli or cortical interstitial
areas in each cross-section.

Western Blot Analysis
The expression levels of fibronectin, Smad2, phosphorylated Smad2,
and Smad7 were examined by Western blotting. Briefly, renal cortex
tissue was homogenized in 0.5 ml of ice-cold lysis buffer (23). Samples
were centrifuged at 12,000 ⫻ g for 10 min, and the supernatants were
used for the assay. After mixing with SDS-PAGE sample buffer and
boiling for 5 min, samples (20 g/lane) were electrophoresed on 7.5%

SDS polyacrylamide gels and transferred to polyvinylidene difluoride
membranes for 1.5 h at 180 mA. Membranes were blocked for 1 h with
Block-Ace (Daihippon, Japan) and incubated with primary antibody
overnight at 4°C. Primary antibodies that were used in this study
included anti-rat fibronectin antibody (1:300 dilution; Chemicon International, Temecula, CA), anti-phosphorylated Smad2 antibody (1:1000
dilution; Cell Signaling Technology, Danvers, MA), anti-Smad2 antibody (1:1000 dilution; Cell Signaling Technology), and anti-Smad7
antibody (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA)
overnight at 4°C. After washing, membranes were incubated with
horseradish peroxidase– conjugated anti-rabbit IgG for 1 h. Western
blots were visualized using the enhanced chemiluminescence system
(LumiGLO Reagent; Cell signaling Technology), which was captured
on x-ray film. The same membranes were stripped and reprobed with
anti–␤-actin antibody (1:200 dilution; Santa Cruz Biotechnology) to confirm equal loading.

Real-Time Reverse Transcription–PCR
Total RNA was isolated with the use of a commercial kit (RNase mini
kit; Qiagen, Valencia, CA). cDNA was generated from 1.5 g of total
RNA and oligo(dT) primers using the SuperScript First-Strand Synthesis System (Invitrogen, Carlsbad, CA) for reverse transcription–PCR
according to the manufacturer’s protocol. Quantitative real-time TaqMan PCR was performed in a 40-l reaction volume that contained 1 l
of cDNA template, 20 l of Universal Master Mixture (Applied Biosystems, Foster City, CA), 100 nM each of sense and antisense primers, and
the TaqMan probe. The PCR amplification profiles included an initial
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Figure 2. Effects of Ac-SDKP on glomerular injury and tubulointerstitial fibrosis in rats with anti-GBM nephritis. Representative
photomicrographs of periodic acid-Schiff–stained glomerulosclerotic lesions in renal sections from normal rats (A), day 14
nephritic rats (B), day 42 nephritic rats that were treated with vehicle (C), and day 42 nephritic rats that were treated with 1 mg/kg
per d Ac-SDKP (D). Bar ⫽ 30 m. Glomerulosclerosis was scored on the sclerosis index (I). Each column shows the data from day
14 nephritic rats that were treated with vehicle (u), day 42 nephritic rats that were treated with vehicle (䡺), and day 42 nephritic
rats that were treated with 1 mg/kg per d Ac-SDKP (f). Each column represents the mean ⫾ SEM of four rats on day 14 in the
vehicle group or seven rats on day 42 in the vehicle and Ac-SDKP groups. Statistical significance is based on the Mann-Whitney
U test: §P ⬍ 0.05 versus day 14 in the nephritic rats; **P ⬍ 0.01 versus day 42 in the vehicle group. (E through H) Representative
photomicrographs of tubular lesions in renal sections from normal rats (E), day 14 nephritic rats (F), day 42 nephritic rats that were
treated with vehicle (G), and day 42 nephritic rats that were treated with 1 mg/kg per d Ac-SDKP (H). (J) The percentage of the
entire field that was fibrotic and stained blue was calculated. Each column shows data from day 14 nephritic rats that were treated
with vehicle (u), day 42 nephritic rats that were treated with vehicle (䡺), and day 42 nephritic rats that were treated with 1 mg/kg
per d Ac-SDKP (f). Each column represents the mean ⫾ SEM of four rats on day 14 in the vehicle group or seven rats on day 42
in the vehicle and Ac-SDKP groups. Statistical significance: §P ⬍ 0.05, §§P ⬍ 0.01 versus day 14 in the nephritic rats by Dunnett
test; **P ⬍ 0.01 versus day 42 in the vehicle group by the t test.
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incubation at 50°C for 2 min, denaturation at 95°C for 10 min, and 40 to
45 cycles of 95°C for 15 s and 60°C for 1 min. The specific primers are
listed in Table 1. Reactions were performed in duplicate. All data are
presented after normalization to the glyceraldehyde-3-phosphate dehydrogenase expression observed in the same sample.

Measurement of TGF-␤1 Protein
Renal cortex tissue was homogenized in 0.5 ml of ice-cold lysis
buffer. Samples were centrifuged at 12,000 ⫻ g for 10 min, and the
supernatants were used for the assay. TGF-␤1 levels were determined
using an ELISA kit (R&D Systems, Minneapolis, MN) according to the
manufacturer’s methods. As this activity represents active TGF-␤1, acid
activation of the samples was required to convert the latent TGF-␤1 to
the active form and determine the total level of TGF-␤1. A portion of
the renal tissue homogenate was assayed for total protein using a BCA
protein assay kit (Pierce, Rockford, IL). The total TGF-␤1 levels were
expressed as TGF-␤1 levels per total protein levels in the tissue homogenate.

Plasma Level of Ac-SDKP
At the end of the experiment, blood was collected from the abdominal aorta in a tube that contained heparin and captopril, an ACE
inhibitor, at a final concentration of 10 M. Samples were centrifuged
at 8 000 ⫻ g for 10 min at 4°C. The recovered plasma was stored at
⫺80°C until the Ac-SDKP assay was performed. Plasma Ac-SDKP was
quantified with a competitive enzyme immunoassay (SPI-BIO, Montigny le Bretonneux, France).

Statistical Analyses
Results were presented as the mean ⫾ SEM. Comparisons between
two groups were performed using either the t test, when the data were
normally distributed, or the Mann-Whitney U test, when the observations showed considerable variability. The comparison of semiquantitative analyses, such as GSI scores, was also evaluated by the MannWhitney U test. Differences among three or more groups were
evaluated using two-way ANOVA, followed by Dunnett test. P ⬍ 0.05
was considered to be statistically significant.

Results
Renal Dysfunction
Fourteen days after the induction of nephritis, proteinuria
and plasma levels of BUN and creatinine were markedly
increased compared with the levels observed on day 0. After
the observation at day 14, animals were randomly assigned
to the vehicle-treated group or the Ac-SDKP–treated group.
In the vehicle-treated group, proteinuria remained at high
levels on days 21, 28, and 35. In addition, the plasma BUN
and creatinine levels in the vehicle-treated group showed a
tendency to increase in a time-dependent manner. On day 35,
the proteinuria in the Ac-SDKP–treated group (52.1 ⫾ 7.5
mg/mg Cr) was significantly lower than that in the vehicletreated group (74.8 ⫾ 3.8 mg/mg Cr; Figure 1A). The BUN
level in the Ac-SDKP–treated group on day 35 was significantly lower than that in the vehicle-treated group by 33.2%
(Figure 1B). The plasma creatinine level was reduced by
Ac-SDKP treatment (32.6% reduction relative to vehicle
treatment), consistent with the BUN level (Figure 1C). Furthermore, creatinine clearance on day 35 in the Ac-SDKP–

Figure 3. Inhibitory effects of Ac-SDKP on gene expression of extracellular matrix in the anti-GBM nephritis rats. Levels of mRNA encoding fibronectin (A), type I collagen (B), and type III collagen (C) in
the kidney cortex were determined by real-time reverse transcription–PCR (RT-PCR) analyses. Each column shows data from normal
rats (light gray column), day 14 nephritic rats that were treated with
vehicle (dark gray column), day 42 nephritic rats that were treated
with vehicle (䡺), and day 42 nephritic rats that were treated with 1
mg/kg per d Ac-SDKP (f). Each column represents the mean ⫾
SEM of four rats for the normal and day 14 vehicle groups or seven
rats for the day 42 vehicle and Ac-SDKP groups. Statistical significance: #P ⬍ 0.05, ##P ⬍ 0.01 versus the normal group; §P ⬍ 0.05 versus
day 14 in the nephritic rats by Dunnett test; *P ⬍ 0.05 versus day 42 in
the vehicle group by the t test.
treated group was significantly higher than that in the vehicle group (Figure 1D).

Histologic Injury
In comparison with renal sections from normal rats (Figure
2A), the rats with anti-GBM nephritis showed mild glomerulo-
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Figure 4. Effects of Ac-SDKP on collagen deposition in the tubulointerstitium of anti-GBM nephritic rats. (A through D)
Representative photomicrographs of tubular lesions in renal sections from normal rats (A), day 14 nephritic rats (B), day 42
nephritic rats that were treated with vehicle (C), and day 42 nephritis rats treated with 1 mg/kg per d Ac-SDKP (D). (E) The
percentage of the entire field that was stained red was calculated. Each column shows data from normal rats (light gray column),
day 14 nephritic rats that were treated with vehicle (dark gray column), day 42 nephritic rats that were treated with vehicle (䡺),
and day 42 nephritic rats that were treated with 1 mg/kg per d Ac-SDKP (f). Each column represents the mean ⫾ SEM of four
rats for the normal and day 14 vehicle groups and seven rats for the day 42 vehicle and Ac-SDKP groups. Statistical significance:
##
P ⬍ 0.01 versus normal group, §§P ⬍ 0.01 versus day 14 in nephritis rats by Dunnett test; **P ⬍ 0.01 versus day 42 in the vehicle
group by the t test. Bar ⫽ 50 m.

sclerosis (GSI 0.78 ⫾ 0.06) with cellular crescent formation in
almost 50% of the glomeruli on day 14 (Figure 2B). Glomerular
lesions in the vehicle-treated rats progressed thereafter, and on
day 42, a marked degree of glomerulosclerosis was exhibited
(GSI 1.40 ⫾ 0.15; Figure 2C). The glomerulosclerosis was significantly ameliorated by the treatment with Ac-SDKP (GSI
0.71 ⫾ 0.07; Figure 2, D and I). In rats with anti-GBM nephritis,
slight tubulointerstitial fibrosis was seen on day 14 (2.99 ⫾
0.35%; Figure 2F) and interstitial injury showed marked development on day 42 (18.49 ⫾ 1.90%; Figure 2G) compared with
normal rats (Figure 2E). Treatment with Ac-SDKP significantly
blunted the formation of interstitial fibrosis on day 42 (9.45 ⫾
1.07%; Figure 2, H and J).

Expression of ECM
Expression of fibronectin mRNA in nephritic kidneys on
days 14 and 42 was 10-fold higher than that in normal kidneys;
this upregulation was significantly attenuated (54.7% reduction) by Ac-SDKP treatment (Figure 3A). In the vehicle-group,
the type I and III collagen mRNA levels were increased by 14and 6-fold, respectively, on day 14 and further increased to 21and 17-fold, respectively, on day 42. The upregulation of these
genes was also significantly suppressed by Ac-SDKP treatment
(55.5 and 58.3% reduction at day 42 compared with the vehicle
group; Figure 3, B and C). The deposition of interstitial collagen
protein stained with picrosirius red was greater on days 14
(3.6%) and 42 (9.8%) in rats with anti-GBM nephritis relative to
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normal rats (1.9% at day 42). Ac-SDKP treatment significantly
reduced the amount of collagen deposition (4.8%) on day 42
compared with the vehicle group (Figure 4). Furthermore,
Western blot analysis demonstrated that the expression of fibronectin protein was remarkably increased on day 42 in rats
with nephritis; Ac-SDKP treatment resulted in a significant
inhibition of fibronectin expression compared with the vehicle
group (Figure 5).

Levels of TGF-␤1 Gene and Protein Expression

The levels of TGF-␤1 mRNA obtained from the kidneys of
vehicle-treated rats on day 42 were elevated relative to normal
rats. Ac-SDKP treatment significantly reduced TGF-␤1 gene
expression on day 42 relative to vehicle treatment (Figure 6A).
Total levels of TGF-␤1 protein were increased by nephritis
induction and significantly reduced by Ac-SDKP treatment
(Figure 6B).

TGF-␤ Intracellular Signaling
To explore the underlying mechanism of Ac-SDKP activity
against renal fibrosis, we used Western blotting to examine the
effects of Ac-SDKP treatment on the TGF-␤ signaling-related
molecules Smad2 and Smad7. Compared with the normal rat
kidneys, vehicle-treated nephritic kidneys exhibited increased
phosphorylation of Smad2. Ac-SDKP treatment resulted in a
44% reduction of Smad2 phosphorylation relative to the vehi-
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cle-treated kidneys (Figure 7, A and C). Smad7 protein was
moderately expressed in normal kidneys. It is interesting that
Smad7 protein expression showed a 50% reduction in nephritic
kidneys relative to normal kidneys. Ac-SDKP treatment resulted in significant upregulation of Smad7 expression to a
level 3.6-fold higher than that observed in vehicle-treated rats
(Figure 7, B and D).

Monocyte/Macrophage Infiltration
ED-1–positive cells were observed only rarely in the glomeruli and the interstitium of normal rats (Figure 8, A and E). In
rats with anti-GBM nephritis on day 14, ED-1–positive cells had
markedly accumulated into the glomeruli and the tubulointerstitium (Figure 8, B and F). On day 42, the number of ED-1–
positive cells had further increased in the tubulointerstitium
(Figure 8G); however, the number of ED-1–positive cells tended
to be lower in the glomeruli (Figure 8C). In the Ac-SDKP–
treated rats, the number of ED-1–positive cells on day 42 was
significantly reduced in both the glomeruli (Figure 8, D and I)
and tubulointerstitium (Figure 8, H and J) compared with the
vehicle-treated rats.

Expression of Inflammation-Related Genes
To elucidate the mechanism by which Ac-SDKP inhibits macrophage infiltration, we evaluated the effects of Ac-SDKP on
inflammation-related genes, including monocyte chemoattrac-

Figure 5. Effects of Ac-SDKP on fibronectin expression in kidneys from anti-GBM nephritis rats. (A) Representative Western blot
shows the expression of fibronectin at 220 kD and ␤-actin as a control in the renal cortex on day 42 in nephritic and normal rats.
(B) Densitometric quantification of the corresponding bands was performed using an image analyzer. The data are presented after
normalization to ␤-actin expression. Each column shows data for the normal rats (u), day 42 nephritic rats that were treated with
vehicle (䡺), and day 42 nephritic rats that were treated with 1 mg/kg per d Ac-SDKP (f). Each column represents the mean ⫾
SEM of three to four samples. Statistical significance is based on the Mann-Whitney U test: #P ⬍ 0.05 versus the normal group; *P ⬍
0.05 versus the vehicle group.
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group 1.08 ⫾ 0.07 ⫻ 107 cells/ml; Ac-SDKP group 1.14 ⫾ 0.09 ⫻
107 cells/ml).
The plasma concentrations of Ac-SDKP were determined using
a commercial EIA kit. The endogenous Ac-SDKP concentration
was 1.98 ⫾ 0.16 nM in the vehicle-treated rats. After the subcutaneous administration of 1 mg/kg per d Ac-SDKP for 4 wk, the
Ac-SDKP concentration was increased to 36.06 ⫾ 8.35 nM.

Discussion

Figure 6. Effects of Ac-SDKP on TGF-␤1 gene and protein expression in the kidney cortex of anti-GBM nephritic rats. TGF-␤1 gene
(A) and protein (B) levels were determined by real-time RT-PCR
and ELISA, respectively. Renal cortex tissue was isolated from
normal rats and from anti-GBM nephritic rats on day 42. TGF-␤1
gene expression and protein levels are presented after normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or
total protein levels in the same sample, respectively. Each column
shows data from normal rats (u), day 42 nephritic rats that were
treated with vehicle (䡺), and day 42 nephritic rats that were
treated with 1 mg/kg per d Ac-SDKP (f). Each column represents
the mean ⫾ SEM of four rats for the normal group or seven rats for
the day 42 vehicle and Ac-SDKP groups. Statistical significance:
##
P ⬍ 0.01 versus the normal group by Dunnett test; *P ⬍ 0.05
versus the vehicle group by the t test.

tant protein-1 (MCP-1), TNF-␣, IL-1␤, and intercellular adhesion molecule-1 (ICAM-1). The levels of MCP-1, TNF-␣, IL-1␤
and ICAM-1 mRNA were markedly upregulated on day 42 in
nephritic kidneys relative to normal kidneys. The alterations in
the expression of these genes were significantly suppressed by
Ac-SDKP treatment (Figure 9).

Number of Peripheral Leukocytes and the Plasma
Concentration of Ac-SDKP
We examined the effects of Ac-SDKP treatment on the number of peripheral leukocytes in nephritic rats. There were no
differences in the number of peripheral leukocytes among the
three groups (normal group 0.98 ⫾ 0.03 ⫻ 107 cells/ml; vehicle

In this study, we used a rat chronic progressive glomerulonephritis model to investigate the possible efficacy of Ac-SDKP
as a novel medicine for the treatment of established kidney
disease. Although treatment was not started until 2 wk after
nephritis induction, Ac-SDKP significantly suppressed proteinuria and inhibited the progression of renal dysfunction. Histologic analysis showed that the development of the glomerulosclerosis and tubulointerstitial fibrosis was significantly
inhibited by Ac-SDKP treatment.
TGF-␤ is known to play a crucial role in the progression of
renal fibrosis in clinical and experimental renal disease (18). It
has been reported that the blockade of TGF-␤ action by overexpressing soluble TGF-␤ type II receptor ameliorated renal
dysfunction and fibrosis in an anti-GBM nephritis model in rats
(19). Recent studies have suggested that TGF-␤ transmits biologic signals from the plasma membrane to the nucleus using
Smads as intracellular effector molecules (24,25). After TGF-␤
binds to its receptors, the activated receptors induce phosphorylation of the receptor-regulated Smad2/3 (R-Smads) proteins,
which then associate with a common partner, Smad4. The
heterodimers translocate to the nucleus, where they modulate the expression of TGF-␤ target genes (26). The inhibitory
protein, Smad7, is upregulated by some stimuli and acts by
occupying the ligand-activated TGF-␤ type I receptor, interfering with the phosphorylation of R-Smad (27,28). It has
been demonstrated that the overexpression of Smad7 by
gene transfer ameliorated renal fibrosis in rat in vivo models
(29,30). In our anti-GBM nephritis model, TGF-␤1 mRNA
and protein expression was upregulated markedly in the
kidney, Smad7 was downregulated, and Smad2 was inversely activated. Recently, it was reported that a mouse
model of unilateral ureteral obstruction showed renal fibrosis with a concomitant decrease of Smad7 protein and activation of Smad2 (31). It is likely that the results observed in
our model are partially caused by activation of the TGF-␤
signaling pathway, which can aggravate renal fibrosis, as in
the unilateral ureteral obstruction model. To elucidate the
mechanism of Ac-SDKP inhibition of renal dysfunction and
fibrosis in this nephritis model, we examined the effects of
Ac-SDKP on the TGF-␤ signaling pathway. Pokharel et al.
(32) reported that Ac-SDKP inhibited the TGF-␤–stimulated
proliferation of cardiac fibroblasts by inhibiting Smad2 phosphorylation. We also have reported that Ac-SDKP inhibited
TGF-␤ signaling by suppressing Smad2 activation via the
nuclear export of Smad7 in human mesangial cells (17).
Furthermore, Ac-SDKP ameliorated glomerulosclerosis by
inhibiting Smad3 activation in diabetic mice (14). In the
model used in this study, Ac-SDKP not only reduced TGF-␤1
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Figure 7. Effects of Ac-SDKP on the phosphorylation of Smad2 and the expression of Smad7 in kidneys from anti-GBM nephritic
rats. Representative Western blotting shows the expression of phosphorylated Smad2 and total Smad2 at 58 kD (A) and the
expression of Smad7 at 45 kD and ␤-actin as a control (B). (C and D) Densitometric quantification of the corresponding bands was
performed using an image analyzer. The data are presented after normalization to total Smad2 expression or ␤-actin expression.
Each column shows data from normal rats (u), day 42 nephritic rats that were treated with vehicle (䡺), and day 42 nephritic rats
that were treated with 1 mg/kg per d Ac-SDKP (f). Each column represents the mean ⫾ SEM of three to four samples. Statistical
significance is based on the Mann-Whitney U test: #P ⬍ 0.05 versus the normal group; *P ⬍ 0.05 versus the vehicle group.

protein expression but also inhibited Smad2 activation and
restored Smad7 protein expression. From these results, we
speculate that Ac-SDKP inhibits renal fibrosis via blockade of
the TGF-␤/Smad signal transduction pathway.
In our model, monocytes/macrophages accumulated remarkably into the glomeruli and tubulointerstitium. Ac-SDKP
treatment significantly attenuated monocyte/macrophage accumulation and suppressed the expression of mediators of the
inflammatory response in the renal tissue. These results led us
to speculate that Ac-SDKP inhibits monocyte/macrophage accumulation via the suppression of proteins that are involved in
the inflammatory response. It has been reported that monocytes/macrophages that infiltrate into the glomeruli and tubulointerstitium may play a pivotal role in the progression of
renal fibrosis. Indeed, blockade of monocyte/macrophage ac-

cumulation by anti—MCP-1 antibody has been shown to improve the renal fibrosis in anti-GBM rat nephritis (33,34). Therefore, the antifibrotic action of Ac-SDKP may also be attributed
partially to the suppression of monocyte/macrophage accumulation. Furthermore, to assess the possibility that Ac-SDKP–
induced attenuation of monocyte/macrophage accumulation
into the renal tissue was due to the inhibition of hematopoietic
stem cell proliferation, another function of Ac-SDKP, we evaluated the effects of Ac-SDKP on the number of peripheral
leukocytes. If Ac-SDKP exerted an inhibitory effect on the
hematopoietic stem cell proliferation, then we would predict a
reduction in the number of each type of leukocyte, including
monocytes, neutrophils, and lymphocytes (35,36). However, in
our study, the number of total leukocytes was not decreased by
Ac-SDKP treatment. Therefore, we speculate that Ac-SDKP did
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Figure 8. Effects of Ac-SDKP on ED-1–positive monocyte/macrophage infiltration into the glomerulus and tubulointerstitium. (A
through D) Representative photomicrographs of glomerular lesions in renal sections from normal rats (A), day 14 nephritic rats
(B), day 42 nephritic rats that were treated with vehicle (C), and day 42 nephritic rats that were treated with 1 mg/kg per d
Ac-SDKP (D). (E through H) Representative photomicrographs of tubular lesions in renal sections from normal rats (E), day 14
nephritic rats (F), day 42 nephritic rats that were treated with vehicle (G), and day 42 nephritic rats that were treated with
Ac-SDKP (H). Quantification of monocyte/macrophage infiltration into the glomerulus (I) and tubulointerstitium (J) was
evaluated by counting the number of ED-1–positive cells. Each column shows data from normal rats (light gray column), day 14
nephritic rats that were treated with vehicle (dark gray column), day 42 nephritic rats that were treated with vehicle (䡺), and day
42 nephritic rats that were treated with 1 mg/kg per d Ac-SDKP (f). Each column represents the mean ⫾ SEM of four rats for
the normal and day 14 vehicle groups or seven rats for the day 42 vehicle and Ac-SDKP groups. Statistical significance: #P ⬍ 0.05,
##
P ⬍ 0.01 versus the normal group by Dunnett test; *P ⬍ 0.05 versus day 42 in the vehicle group by the t test. Bar ⫽ 30 m.

684

Journal of the American Society of Nephrology

J Am Soc Nephrol 17: 674 – 685, 2006

Figure 9. Inhibitory effect of Ac-SDKP on the expression of genes that are involved in the inflammatory response in anti-GBM
nephritic rats. The mRNA levels of monocyte chemoattractant protein-1 (MCP-1; A), TNF-␣ (B), IL-1␤ (C), and intercellular
adhesion molecule-1 (ICAM-1; D) were determined by real-time RT-PCR analyses. Renal cortex tissue was isolated from anti-GBM
nephritic rats on day 42. All data are presented after normalization to the level of GAPDH in the same sample. Each column shows
data from normal rats (u), day 42 nephritic rats that were treated with vehicle (䡺), and day 42 nephritic rats that were treated with
1 mg/kg per d Ac-SDKP (f). Each column represents the mean ⫾ SEM of four rats for the normal group or seven rats for the day
42 vehicle and Ac-SDKP groups. Statistical significance: ##P ⬍ 0.01 versus the normal group by Dunnett test; *P ⬍ 0.05 versus the
vehicle group by the t test.

not affect stem cell proliferation and that the numbers of circulating monocytes in Ac-SDKP– and vehicle-treated rats were
similar. It follows that Ac-SDKP may have inhibited monocyte
infiltration without changing the number of monocytes in the
peripheral blood.
We and others have reported that a 10- to 100-nM concentration of Ac-SDKP is effective against TGF-␤ signal transduction and expression of extracellular matrix in vitro (17,32). In
this study, the plasma Ac-SDKP concentration in the Ac-SDKP–
treated group was 36 nM, 18 times greater than the endogenous
levels and within the range of the effective concentrations in the
in vitro experiments.

Conclusion
We have demonstrated for the first time that Ac-SDKP significantly ameliorated the progression of renal dysfunction and
fibrosis, after the establishment of glomerulonephritis. Thus,
Ac-SDKP treatment may represent a novel therapeutic strategy
for halting the progression of renal disease.
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