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Abstract

Effects of beraprost sodium, a chemically stable prostacyclin analogue, on renal dysfunction in an experimental rat model of

glomerulonephritis were investigated. Beraprost sodium (30, 100 and 300 Ag/kg) was orally given twice daily from the late stage of nephritis

in which renal dysfunction was already developed. Beraprost sodium treatment inhibited the increase in urinary protein, serum creatinine and

blood urea nitrogen, and the decrease in creatinine clearance. The elevation of serum creatinine was also inhibited by predonisolone (1 mg/

kg). However, captopril (25, 50 and 100 mg/kg) and dipyridamole (20 and 60 mg/kg) failed to inhibit the elevation of serum creatinine. In the

beraprost sodium-treated nephritic rats, the increase in mRNA levels for monocyte chemoattractant protein-1 (MCP-1) and collagen in the

kidney was inhibited. These results suggest that beraprost sodium ameliorates developed renal dysfunction and is possibly an effective agent

for the treatment of human glomerulonephritis.
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1. Introduction

Prostacyclin, largely produced in vascular endothelial

cells, acts on platelets and blood vessels through its specific

cell surface receptor whereby inhibiting platelet function,

dilating blood vessels and protecting the vascular endothe-

lium (Moncada et al., 1976; Moncada, 1982). Prostacyclin is

also known to inhibit leukocyte functions such as migration

and reactive oxygen species production (Boxer et al., 1980)

and inhibit mesangial cell proliferation (Mene et al., 1990).

Leukocyte infiltration into the glomerulus (Lefkowith et

al., 1991), platelet aggregation (Poelstra et al., 1993) and

hypertension (Mayer et al., 1993) are important risk factors

for the development and progression of renal disorder.

Glucocorticoids (Taniguchi et al., 1994), immunosuppres-

sants (Hayashi et al., 1996), anti-platelet drugs (Kincaid-

Smith et al., 1970) and angiotensin-converting enzyme

inhibitors (Heeg et al., 1991; Ruiz-Ortega et al., 1995)

reduce those risk factors and have been clinically used,

but the effects are still insufficient. Beneficial effects of

prostacyclin and its analogue have been reported on the anti-

Thy-1 antibody induced nephritic rat (Poelstra et al., 1993)

and the NZB/WF1 mouse, a model of spontaneous lupus

nephritis (Clark et al., 1987; Utsunomiya et al., 1995).

However, the pharmacological, clinical studies of prostacy-

clin have been limited by its in vivo rapid metabolic

degradation. Beraprost sodium is a stable prostacyclin

analogue (Ohno et al., 1985), acts through prostacyclin

receptor and possesses a similar pharmacological profile to

prostacyclin (Nishio et al., 1988; Kajikawa et al., 1989).

Because beraprost sodium has a long biological half-life and

a high oral bioavailability, it has become possible to

administer long-term to patients and experimental animals.

Beraprost sodium improves walking distance in the patient

with peripheral arterial occlusive disease (Lievre et al.,

2000) and the survival rates of patients with primary

pulmonary hypertension (Nagaya et al., 1999). Recently,

the beneficial effect of beraprost sodium on anti-glomerular

basement membrane serum-induced nephritic rats was
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reported (Kushiro et al., 1998). They started the adminis-

tration of beraprost sodium 24 h before the anti-glomerular

basement membrane serum injection. They observed the

amelioration of urinary protein and crescent formation

during the early phase of nephritis up to 14th days after

anti-glomerular basement membrane serum injection. It is

more important to evaluate the effect of beraprost sodium in

the established late phase of nephritis than in a prophylactic

setting because of its relevance to clinical applications for

human disorders. However, unfortunately, the effects of

beraprost sodium in the established late phase have not

been explored.

Beraprost sodium has multiple effects directed to

improve microcirculation, such as anti-platelet, vasodila-

tory and anti-inflammatory effects. It is unknown which

effects are involved in the improvement of renal dys-

function by beraprost sodium treatment. In order to

clarify this issue, we compared beraprost sodium with

an anti-platelet drug (dipyridamole), an anti-hypertensive

angiotensin-converting enzyme inhibitor (captopril) and

an anti-inflammatory glucocorticoid (predonisolone) in

the efficacy on the established late phase of experimental

glomerulonephritis in the rat. Furthermore, we examined

the effects of beraprost sodium on the renal monocyte

chemoattractant protein-1 (MCP-1) that is recently proved

to play an important role in the aggravation of renal

dysfunction in the above model (Wada et al., 1996; Lloyd

et al., 1997).

2. Materials and methods

2.1. Animals

Specific pathogen-free Male Wistar–Kyoto (WKY) rats

weighting 300–350 g (Charles River Japan, Kanagawa,

Japan) were used in the experiments. The rats were treated

in accordance with procedures approved by the Animal

Ethics Committee in the Toray Pharmaceutical Research

Laboratories, Toray Industries, Japan.

2.2. Drugs

Beraprost sodium, (sodium(F )-(1R*,2R*,3aS*,8bS*)-

2,3,3a,8b-tetrahydro-2-hydroxyl-1-[(E)-(3S*)-3-hydroxy-4-

methyl-1-octen-6-ynyl]-1H-cyclopenta[b]benzofuran-5-

butyrate) was synthesized in our chemical laboratory.

Predonisolone was purchased from Shionogi Pharmaceuti-

cal (Osaka, Japan). Captopril was purchased from Sigma (St

Louis, MO, USA). Dipyridamole was purchased from Wako

(Osaka, Japan).

2.3. Induction of glomerulonephritis

Glomerular basement membrane of rats was prepared by

the method of Krakower et al. (1978). Five albino rabbits

were subcutaneously immunized with glomerular basement

membrane (1 mg/ml) emulsified with an equal volume of

Freund’s complete adjuvant (Difco Laboratories, Detroit,

MI, USA). The booster was given three times every 2 weeks

using the same immunogen. Four days after the final

booster, the rabbits were bled from the carotid artery under

anesthesia. Anti-glomerular basement membrane sera were

heat-decomplemented for 30 min at 56 jC and absorbed

with freshly harvested rat erythrocytes. In order to perform

preliminary experiments for glomerulonephritis, several

anti-glomerular basement membrane serum doses were

intravenously injected to rats. The anti-glomerular basement

membrane serum diluted 10-fold with saline at a dose of 0.3

ml/100 g body weight was sufficient to induce proteinuria

and severe glomerulonephritis (data not shown). At this

dose, some rats became proteinuric on the 4th day after the

anti-glomerular basement membrane serum injection and all

animals showed significant proteinuria on the 7th day and

thereafter.

Rats were divided into several groups, each of which

consisted of six rats. The rats assigned for the nephritic

groups were then injected to the dorsal tail vein with 0.3

ml/100 g body weight of anti-glomerular basement mem-

brane serum diluted 10-fold with saline under ether anes-

thesia. The day of the anti serum injection was defined as

the day 0. On the other hand, the rats assigned for the

normal groups were intravenously injected with the same

volume of non-immune, normal rabbit serum, for compar-

ison with the nephritic rats. The general condition and

body weight of the rats was observed over the course of

the experiment.

2.4. Drug administration

Beraprost sodium-treated groups were orally adminis-

trated at doses of 30, 100 and 300 Ag/kg body weight of

beraprost sodium in a volume of 0.1 ml/100 g body

weight, twice daily at various timing until sacrifice.

Predonisolone (0.1 or 1 mg/kg), captopril (25, 50 or 100

mg/kg) and dipyridamole (20 or 60 mg/kg) were orally

administrated to nephritic groups twice daily at the 14th

day until sacrifice. The remaining groups were orally

given the vehicle distilled water instead of test drugs and

served as the nephritic control. Each group consisted of six

rats.

2.5. Determination of urinary protein, creatinine and blood

urea nitrogen

The 24 h urine samples were obtained at the indicated

time points after the anti-glomerular basement membrane

serum injection, each rat being kept in an individual

metabolic cage with free access to water and food. The

urine volume was measured, the urine then centrifuged at

1500� g for 10 min at 4 jC, and the supernatant used for

the determination of protein and creatinine. The amount of
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urinary protein was determined by the Pyrogallol Red

method using rat serum albumin as a standard, and

expressed as mg/day urine. The levels of urine creatinine

were determined by creatinine amidohydrolase–N-ethyl-N-

(2-hydroxy-3-sulfopropyl)-m-toluidine (TOOS) method

using a commercially available assay kit (Creatinine II-HA

Test Wako, Wako). At the end of the urine collection, 0.5 ml

of bloodwas drawn from the dorsal tail vein of each rat lightly

anesthetized with ether. The blood was centrifuged at

1500� g for 10 min at room temperature to obtain serum

for the determination of creatinine and blood urea nitrogen.

The levels of serum creatinine were determined by the

creatinine amidohydrolase–TOOS method and expressed

as mg/100 ml serum. The blood urea nitrogen levels in the

serum samples were determined by the urease–indophenol

method using a commercially available assay kit (Wako Urea

N B, Wako) and expressed as mg/100 ml serum. Creatinine

clearance was calculated from the measurement of serum and

urine creatinine levels.

2.6. Detection and semiquantitation of mRNA levels of

MCP-1 and collagen type I by reverse transcription-

polymerase chain reaction (RT-PCR)

At the indicated time points after the anti-glomerular

basement membrane serum injection, the kidneys were

perfused with cold Hanks’ balanced salt solution (HBSS),

and removed from rats for RNA extraction. Total RNA was

prepared from each renal cortex by a guanidinium isothio-

cyanate method using ISOGEN reagent (Nippon Gene,

Tokyo, Japan) according to the manufacturer’s instructions.

The total RNA was dissolved in RNase-free water and

precisely quantified by UV spectrophotometer at 260 nm

and 280 nm. RNA with an OD260/280 ratio greater than 1.9

was used for cDNA synthesis.

Total RNA (1 Ag) from each sample was reverse-tran-

scribed at 42 jC for 1 h in 20 Al of the buffer (50 mM Tris–

HCl, pH 8.3, 75 mM KCl and 3 mM MgCl2) containing 200

U of the reverse transcriptase frommoloney-murine leukemia

virus (GIBCO BRL, Rockville, MD, USA), 5 AM of random

hexamer oligonucleotides (GIBCO BRL), 0.5 mM deoxyri-

bonucleotide triphosphates (dNTP, Amersham Pharmacia

Biotech, Buckinghamshire, UK) and 10 mM dithiothreitol.

Reverse-transcribed materials were amplified by polymerase

chain reaction (PCR), using sense and antisense primer

specific for rat MCP-1 (sense primer, 5V-CTC TTC CTC

CAC CAC TAT GC-3V; antisense primer, 5V-CTC TGT CAT

ACT GGT CAC TTC-3V, which amplify rat MCP-1 frag-

ment), and rat collagen type I (sense primer, 5V-TGA GAA

GTGGCAGAGGAGGT-3V; antisense primer, 5V-ATGCCC

ACT CCC TAACAG TG-3V, which amplify rat collagen type

I fragment). The rat glyceraldehyde 3-phosphate dehydro-

genase (G3PDH) gene (a housekeeping gene) was used as an

internal standard gene. Because the internal standard gene

was also amplified, relative mRNA levels of MCP-1 and

collagen type I were quantified. PCR primers for rat G3PDH

were purchased from CLONTECH Laboratories (Palo Alto,

CA, USA). PCR was performed 32 cycles for MCP-1, 30

cycle for collagen type I and 30 cycle for G3PDH in 50 Al of
the PCR buffer (20 mM Tris–HCl, pH 8.3, 50 mM KCl and

1.5 mM MgCl2) containing 5 AM of the reverse-transcribed

RNA solution, 0.25 AM of each primer, 170 AM dNTP and

1.25 U Taq polymerase (Takara Shuzo, Shiga, Japan) using

a thermal cycler (GeneAmpTM PCR System 9600, Perkin

Elmer Cetus, Norwalk, CT, USA). Each cycle consisting of

30 s denaturation at 95 jC, 30 s annealing at 58 jC, and 1

min extension at 72 jC. After PCR, 10 Al of the reaction

mixture was loaded onto a 1.5% agarose minigel, and the

PCR products were visualized by ethidium bromide staining

after electrophoresis. The levels of mRNA for MCP-1,

collagen type I and G3PDH were quantified by densitomet-

ric scanning, and the ratio of the MCP-1 and collagen type I

mRNA density vs. the G3PDH mRNA density in each point

was calculated.

2.7. Measurement of blood pressure

Hypotensive effects of beraprost sodium and captopril

on day 14 after anti-glomerular basement membrane serum

injection were examined under pentobarbital (50 mg/kg,

i.p.) anesthesia. The left carotid artery was inserted with a

polyethylene catheter for recording arterial blood pressure.

Animals were stabilized for 1 h and the initial values were

recorded. Beraprost sodium (300 Ag/kg) or captopril (100
mg/kg) was then injected into duodenum through a cath-

eter, and the arterial blood pressure was recorded 5, 10, 15,

30, 45 and 60 min after the injection. Each group consisted

of three rats.

2.8. Statistical significance

Results were analyzed for statistical significance by

Student’s t-test for unpaired observations and Dunnett’s test

for multiple comparison. A P value of < 0.05 was consid-

ered to be statistically significant.

3. Results

3.1. Effects of beraprost sodium, administered on the day of

the anti-glomerular basement membrane serum injection

and thereafter on urinary protein excretion in nephritic

rats

The extent of proteinuria in the various treatment

groups is shown Fig. 1. After the intravenous injection

of anti-glomerular basement membrane serum, all

untreated nephritic rats (nephritic control rats) showed

significant proteinuria exceeding 100 mg/day on the 7th

day. In contrast, serum creatinine levels, blood urea nitro-

gen levels and creatinine clearance appeared to be

unchanged by the anti-glomerular basement membrane
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serum injection in nephritic rats on the 7th day (data not

shown). When the treatment with beraprost sodium was

started on the day of the anti-glomerular basement mem-

brane serum injection, beraprost sodium significantly sup-

pressed the urinary protein excretion in a dose-dependent

manner. Beraprost sodium at 300 Ag/kg prevented protei-

nuria completely. In normal rats that received beraprost

sodium at 300 Ag/kg, the urinary protein excretion was

not different from that in normal rats that did not receive

beraprost sodium.

3.2. Effects of beraprost sodium, administered on the 14th

day of the anti-glomerular basement membrane serum

injection and thereafter on renal function and body weight

in nephritic rats

3.2.1. Urinary protein excretion

As shown in Fig. 2A, the nephritic control rats not

receiving beraprost sodium developed a severe proteinuria,

showing a value of about 400 mg/day on the 14th day after

the injection of anti-glomerular basement membrane serum,

reaching a peak on the 35th day. The peak elevated level in

urinary protein excretion (35th day) remained elevated,

although it was not maintained at the same level throughout

the rest of the experiment. When the treatment with bera-

prost sodium was started on the 14th day after the anti-

glomerular basement membrane serum injection, beraprost

sodium at 300 Ag/kg significantly inhibited the development

of urinary protein excretion by 20–40% as compared with

that in the nephritic control rats through the 28th to 35th

day. Beraprost sodium at 100 Ag/kg showed only a tendency

of the diminished excretion of the urinary protein. However,

beraprost sodium at 30 Ag/kg had no effect on the urinary

protein excretion.

3.2.2. Serum creatinine levels

On the 14th day, the nephritic control rats had 0.5 to 0.7

mg/100 ml of serum creatinine (Fig. 2B). This serum

creatinine level was significantly higher (80–120%) than

that of the normal rats. The high level in serum creatinine in

nephritic control rats was further increased time-depend-

ently. In rats treated with beraprost sodium, the increase in

serum creatinine levels was prevented in a dose-dependent

manner. The serum creatinine level was markedly decreased

by beraprost sodium 300 Ag/kg, although it remained at a

level twofold higher than in the normal group. In nephritic

rats treated with beraprost sodium at 100 Ag/kg, serum

creatinine levels were only slightly reduced, compared with

the nephritic control rats. Beraprost sodium at 30 Ag/kg had

no effect on the increase of serum creatinine levels.

3.2.3. Blood urea nitrogen levels

As shown in Fig. 2C, the blood urea nitrogen in the

nephritic control rats increased about twofold as compared

with that of normal rats on the 14th day after the anti-

glomerular basement membrane serum injection, and there-

after, the level was further increased time-dependently. The

increase in urea nitrogen levels observed in the nephritic

control rats was dose-dependently inhibited by the admin-

istration of beraprost sodium. The blood urea nitrogen level

was markedly decreased by beraprost sodium 300 Ag/kg,
although it remained at a level twofold higher than in the

normal group. In the group treated with 100 Ag/kg beraprost

sodium, the urea nitrogen levels were significantly reduced

through the 42nd to 49th day. However, 30 Ag/kg beraprost

sodium had no effect.

3.2.4. Creatinine clearance

On the 14th day, the nephritic control rats showed 0.8 to

1.0 ml/min of creatinine clearance (Fig. 2D). This level was

significantly lower (45–55%) than that of the normal rats.

The low level in creatinine clearance in nephritic control rats

was further decreased time-dependently. In the groups

treated with beraprost sodium, the decrease in creatinine

clearance was prevented in a dose-dependent manner. Bera-

prost sodium at 300 Ag/kg completely prevented the

decrease in creatinine clearance. Beraprost sodium at 100

Ag/kg only showed a tendency to diminish the decrease in

creatinine clearance over the experimental period, and it was

ineffective at 30 Ag/kg.

3.2.5. Body weight

Throughout the experimental period, the nephritic con-

trol rats gained less weight than the normal rats on the 21st

day and thereafter (Fig. 2E). On the other hand, the rats in

the beraprost sodium-treated group dose-dependently

exhibited a better growth than that of the nephritic control

group.

Fig. 1. Effects of beraprost sodium administered on the day of the anti-

glomerular basement membrane serum injection and thereafter on urinary

protein excretion in nephritic rats. Normal and nephritic rats were orally

treated with beraprost sodium (30, 100 or 300 Ag/kg) or vehicle, twice daily
from the 1st day to the 7th day. The day of anti-glomerular basement

membrane serum injection was defined as the day 0. On day 7, urinary

protein excretion for 24 h was determined. Open column: normal; hatched

column: nephritic control; dotted column: + beraprost sodium (30, 100, 300

Ag/kg). Each column and bar denotes the mean with S.E. of six rats.

Statistical significance: *P< 0.05 vs. normal control group; #P < 0.05 vs.

nephritic control group.
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Fig. 2. Effects of beraprost sodium administered on the 14th day of the anti-glomerular basement membrane serum injection and thereafter on renal function

and body weight in nephritic rats. Nephritic rats were orally treated with beraprost sodium (30, 100 or 300 Ag/kg) or vehicle, twice daily from the 14th day to

the 49th day. On days 0, 14, 21, 28, 35, 42 and 49, urinary protein excretion for 24 h (A), serum creatinine levels (B), blood urea nitrogen levels (C), creatinine

clearance (D) and body weight (E) were determined. o: normal; . nephritic control; q: nephritic + beraprost sodium (30 Ag/kg); D: nephritic + beraprost

sodium (100 Ag/kg); E: nephritic + beraprost sodium (300 Ag/kg). Each symbol and bar denotes the mean with S.E. of six rats. Statistical significance:

*P < 0.05 vs. normal group; #P< 0.05 vs. nephritic control group.
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3.3. Mechanisms of the anti-nephritic effects of beraprost

sodium

3.3.1. Effects of beraprost sodium and captopril on mean

arterial pressure of anti-glomerular basement membrane

nephritic rats

Hypotensive effects of intraduodenally administered

beraprost sodium (300 Ag/kg) and captopril (100 mg/kg)

were tested in rats on day 14 after the anti-glomerular

basement membrane serum injection under anesthesia.

There was no difference between the maximum decreases

in the mean arterial pressure by beraprost sodium and

captopril (39F 7% vs. 39F 5%, meanF S.E. from three

rats, P= 0.34). One hour after the administration, the

decrease in mean arterial pressure of beraprost sodium

was not significantly different from that of captopril

(30F 7% vs. 36F 9%, P= 0.38).

3.3.2. Effects of predonisolone, captopril and dipyridamole

on renal function in anti-glomerular basement membrane

nephritic rats

When predonisolone at 0.1 and 1 mg/kg was given on

and from the 14th day after the anti-glomerular basement

membrane serum injection, predonisolone dose-dependently

reduced the level of serum creatinine when compared with

the nephritic control rats on the 28th day (Fig. 3A). The

inhibitory effect of predonisolone at 1 mg/kg was compa-

rable to that with 300 Ag/kg beraprost sodium.

Fig. 3. Effects of predonisolone, captopril, dipyridamole and beraprost sodium on serum creatinine levels in nephritic rats. Nephritic rats were orally treated

with predonisolone (0.1 or 1 mg/kg, A), captopril (25, 50 or 100 mg/kg, B), dipyridamole (20 or 60 mg/kg, C), beraprost sodium (300 Ag/kg, A and B) or

vehicle, twice daily from the 14th day to the 28th or the 35th day. On the indicated days after anti-glomerular basement membrane serum injection, serum

creatinine levels were determined. Each column and bar denotes the mean with S.E. of six rats. Statistical significance: *P < 0.05 vs. normal group; #P < 0.05

vs. nephritic control group.
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When captopril at 25, 50 and 100 mg/kg was given on

and from the 14th day, captopril reduced the serum crea-

tinine levels by 50–90% of the control level on the 35th

day, although the effects were not dose-dependent (Fig. 3B).

However, the inhibitory effect with captopril at 25 mg/kg

was less than that with 300 Ag/kg beraprost sodium.

On the other hand, when dipyridamole at 20 and 60 mg/

kg was given on and from the 14th day after the anti-

glomerular basement membrane serum injection, dipyrida-

mole at any doses failed to inhibit the elevation of serum

creatinine levels observed in the nephritic control rats on the

35th day (Fig. 3C).

3.3.3. Effects of beraprost sodium on mRNA expression of

MCP-1 and collagen in nephritic rats

In order to determine whether mRNA levels of MCP-1

and collagen type I are regulated during the development of

glomerulonephritis, RT-PCR analysis was conducted with

total RNA prepared from renal cortex in the nephritic rats at

the various time points after the anti-glomerular basement

membrane serum injection. As shown in Fig. 4, the MCP-1

mRNA levels in normal rats, as evaluated by RT-PCR

analysis, were very low. In contrast, increased MCP-1

mRNA levels were detected in renal cortex of nephritic

control rats compared with the normal rats. The increase in

Fig. 4. Effects of beraprost sodium on mRNA levels of MCP-1 and collagen type I in nephritic rats. Nephritic rats were orally treated with beraprost sodium

(300 Ag/kg) or vehicle, twice daily from the indicated time until sacrifice. The rats were sacrificed on the 2nd, 7th, 14th and 28th days after the anti-glomerular

basement membrane serum injection. The total RNA extracted from renal cortex of normal rats (Nor.), nephritic control rats (Cont.) and beraprost sodium-

treated nephritic rats (Bera.) was used for RT-PCR analysis to determine mRNA levels of MCP-1, collagen type I and G3PDH. (A) A representative RT-PCR

analysis showing mRNA levels of MCP-1, collagen type I and G3PDH. Data shown were reproduced in two independent experiments. (B) Summarized graphs

of the densitometry analysis of the RT-PCR-based mRNA levels of MCP-1 and collagen type I relative to that of G3PDH. The double columns represent the

two independent experiments.
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MCP-1 mRNA levels was detected on the 2nd day after the

anti-glomerular basement membrane serum injection, and

reached a plateau on the 7th–28th day. When the nephritic

rats were treated with 300 Ag/kg beraprost sodium daily on

the day of the anti-glomerular basement membrane serum

injection until sacrifice, beraprost sodium treatment reduced

mRNA levels of MCP-1 to less than about 50% of the levels

for non-beraprost sodium-treated nephritic control rats at

each time point. When beraprost sodium treatment was

started 1 day prior to sacrifice, beraprost sodium also

reduced the mRNA levels of MCP-1 at every time point

after the anti-glomerular basement membrane serum injec-

tion.

In non-beraprost sodium-treated nephritic control rats,

the signal of collagen type I mRNA was first detected in

renal cortex on the 7th day after the anti-glomerular base-

ment membrane serum injection, and increased gradually

afterwards. The mRNA levels of collagen type I was

reduced when the rats were treated with 300 Ag/kg beraprost

sodium.

4. Discussion

In this study, we showed the suppressive effects of

beraprost sodium on the late phase of a rat anti-glomerular

basement membrane nephritis model, which exhibits cres-

centic-type anti-glomerular basement membrane nephritis

and many features similar to that of rapidly progressive

glomerulonephritis in human.

In clinical situations, therapies for glomerulonephritis are

initiated after the establishment of nephritic symptoms.

Therefore, it is important to evaluate the anti-nephritic effect

of beraprost sodium in the late phase in which nephritic

symptoms has established. In the model used in this study,

on the 14th day after anti-glomerular basement membrane

serum injection, the rats developed a severe proteinuria,

continuous increase in serum creatinine and blood urea

nitrogen, and decrease in creatinine clearance. These

changes indicated that nephritic symptoms had fully estab-

lished. We started the treatment with beraprost sodium on

the 14th day after anti-glomerular basement membrane

serum injection. The treatment with beraprost sodium

started on the 14th day markedly and dose-dependently

inhibited the aggravation of these parameters. The dose–

response relationship in the late phase was similar to that

shown in the early phase. These results suggest that bera-

prost sodium treatment improves renal dysfunction on the

progression of nephritis in late phase. In addition, the

nephritic rats treated with beraprost sodium at 300 Ag/kg
exhibited the same growth rate compared with normal rats,

while the nephritic control rats gained less weight than the

normal ones. These results suggested that beraprost sodium

treatment also improve the systemic condition in these rats.

Because beraprost sodium has anti-platelet effects and

anti-hypertensive, we compared the effects of beraprost

sodium with other drugs that were reported to be effective

for renal dysfunction in this model. Dipyridamole (Kincaid-

Smith et al., 1970) has been clinically used as an anti-

platelet drug. In rats, the administration of 10 mg/kg/day of

dipyridamole caused 33.7% inhibition of platelet aggrega-

tion (De La Cruz et al., 1994) and significant reduction in

thrombus formation (Weichert et al., 1983). In this nephritic

rats, dipyridamole up to 60 mg/kg twice a day did not

inhibit the increase in serum creatinine levels in late phase

of nephritis. It has been reported that dipyridamole improves

proteinuria and histological findings only when the admin-

istration is started simultaneously with anti-glomerular base-

ment membrane serum injection (Hattori et al., 1989, 1990).

Moreover, an angiotensin-converting enzyme inhibitor cap-

topril did not inhibit the increase in serum creatinine levels

in late phase of nephritis, although its hypotensive effects

was similar to beraprost sodium. It has been reported that

captopril improves proteinuria but not blood urea nitrogen,

when the administration is started on the day of anti-

glomerular basement membrane serum injection (Naga-

matsu et al., 1999). Because neither dipyridamole nor

captopril was effective in the established renal dysfunction,

it is suggested that the anti-platelet and anti-hypertensive

effects of beraprost sodium have little contribution to the

improvement of renal dysfunction in this late phase model.

The treatment of beraprost sodium in rats causes an eleva-

tion of plasma renin activity in response to a decrease in

blood pressure (Murata et al., 1989), although captopril

inhibits renin–angiotensin system. Therefore, this differ-

ence might explain the discrepancies in the author report

regarding the effects of treatments on serum creatinine

levels. The possibility remains that activation of the intra-

renal renin–angiotensin system by treatment of beraprost

sodium contributes to maintain glomerular filtration rate in

this experimental setting. On the other hand, the anti-

inflammatory glucocorticoid predonisolone exhibited a

dose-dependent effect against the aggravation of renal

dysfunction. This result suggested to us that glucocorticoids

improved renal dysfunction even when administered after

the establishment of renal dysfunction in this model.

MCP-1 is produced by various cells, including fibro-

blasts, endothelial cells, mesangial cells, smooth muscle

cells as well as monocytes/macrophages in kidney. There

has been increasing evidence that MCP-1 plays an important

role in the aggravation of renal dysfunction in this model

(Wada et al., 1996; Lloyd et al., 1997; Segerer et al., 2000).

Glucocorticoid is reported to reduce MCP-1 production and

to improve renal dysfunction. In order to obtain further

insight into the mechanism of the improvement of renal

dysfunction by beraprost sodium treatment, we examined

the effects of beraprost sodium on MCP-1 mRNA levels in

renal cortex using RT-PCR methods. The increase in MCP-1

mRNA levels was inhibited by beraprost sodium, whenever

its administration was started after the anti-glomerular base-

ment membrane serum injection. Collagen type I is consid-

ered a marker for glomerular sclerosis and interstitial
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fibrosis. The levels of collagen type I mRNAwas increased

as nephritis progressed, and its increase was also inhibited

by beraprost sodium treatment. These findings may explain

the reason that beraprost sodium exhibited an inhibitory

effect even when its administration was started on the 14th

day after anti-glomerular basement membrane serum injec-

tion. Effects of beraprost sodium are consistent with the

view that the inhibition of both intraglomerular coagulation

and induction of intercellular adhesion molecules is con-

tributed to the beneficial effect of beraprost sodium in this

model (Kushiro et al., 1998). In addition, prostacyclin

presumably has a variety of effects such as the improvement

renal microcirculation (Natov et al., 1994) and protection of

endothelial cells (Moncada, 1982). Therefore, the beneficial

effects of beraprost sodium observed in this rat model of

glomerulonephritis might be achieved by these multiple

mechanisms.

In conclusion, the prostacyclin analogue beraprost

sodium inhibits the development and progression of renal

dysfunction in the late phase of rat anti-glomerular basement

membrane nephritis model, even when its administration

was started on evidence of nephritis. Moreover, beraprost

sodium administration inhibits the increase in mRNA levels

for MCP-1 and collagen in the kidney, suggesting that the

inhibition of the progression of renal dysfunction is possibly

due to the inhibition of MCP-1 and collagen.
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