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Abstract

This study was undertaken to investigate the effect of azuki bean (Vigna angularis) seed coats (ABSC), which contain polyphenols, on the
infiltration of macrophages and the progression of diabetic nephropathy in streptozotocin (STZ)-induced diabetic rats. The diabetic rats were
divided into three groups with 0% (commercial diet), 0.1% and 1.0% ABSC diets. The vehicle-injected controls were given a commercial
diet. At 10 weeks, the macrophage kinetics, the degree of fibrosis in glomeruli and mRNA expression for monocyte chemoattractant protein-
1 (MCP-1) were examined. There was no difference in plasma glucose levels between diabetic rats treated with and without ABSC. The
plasma levels of malondialdehyde (MDA) in the ABSC-treated diabetic rats were significantly lower than those in the untreated diabetic rats.
Histopathologically, the percentage of the fibrotic areas stained by Sirius red stain in the glomeruli in the ABSC-treated diabetic rats was
lower than in the untreated diabetic rats. ED1-positive macrophages in the glomeruli and tubulointerstitium in the untreated diabetic rats
showed a significant increase in number compared with the controls. In contrast, the number of macrophages in the ABSC-treated diabetic
rats was smaller than that in untreated diabetic rats. MCP-1 mRNA expression, estimated by real-time quantitative RT-PCR, was increased
2.5-fold in the untreated diabetic rat kidney, while a lower level was observed in the ABSC-treated diabetic rats. In conclusion, our results
suggest that ABSC treatments suppress the increased number of infiltrating macrophages and MCP-1 mRNA expression, and attenuated the
glomerular expansion in STZ-induced rat diabetic nephropathy.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction the increase of infiltrating macrophages and tubulointersti-
tial fibrosis in kidneys of rats induced by cisplatin, which
has been used as a chemotherapeutic agent against malig-
nant carcinoma [11].

Diabetic nephropathy is known to be the leading cause of
end-stage renal disease and the most frequent cause of
mortality in patients with diabetes. Oxidative stress has been
thought to be a potential factor in the progression of diabetic
complications [12,13]. Thus far, attenuation of diabetic
nephropathy has been demonstrated by using many anti-
oxidants such as vitamin E, a-lipoic acid and flavonoids
[14—-16]. On the other hand, in the pathogenesis of diabetic
nephropathy, infiltration of macrophages in the glomeruli
and tubulointerstitium is one of the characteristic features, in
addition to accumulation of extracellular matrix protein,
which results in mesangial expansion and tubulointerstitial
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The azuki bean (Vigna angularis) has long been widely
cultivated in Japan, China, South Korea and Taiwan, and is
one of the most important crops in these areas. Azuki beans
contain proanthocyanidins, which are a group of polyphe-
nolic bioflavonoids with remarkable radical scavenging
activities in vitro [1,2]. An aroma extract from azuki beans
inhibits malonaldehyde formation in vitro [3]. Generally,
proanthocyanidins are known to be natural antioxidants that
possess protective properties against oxidative stress. For
example, grape seed proanthocyanidins extract has been
reported to have beneficial effects on inflammation [4—6],
cancer [7,8] and diabetes [9,10]. Recently, we demonstrated
that polyphenol-containing azuki bean seed coats attenuated
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and activating macrophages, has been thought to play an
important role in the fibrogenic process of diabetic
nephropathy [13,21]. However, little is known about
whether a diet of azuki bean seed coats (ABSC), which
contain proanthocyanidins, has any beneficial effects on
diabetic nephropathy.

The purpose of the present study was to determine
whether seed coats of azuki beans could play a role in the
progression of the diabetic nephropathy in streptozotocin
(STZ)-induced diabetic rats. In this study, we demonstrate
that the ABSC treatments suppress the increased number of
infiltrating macrophages and MCP-1 mRNA expression,
and attenuate the glomerular expansion in STZ-induced rat
diabetic nephropathy.

2. Materials and methods
2.1. Plant materials

Japanese azuki beans harvested in Tokachi, Hokkaido,
Japan, in 1998 and 1999 were kindly supplied by Dr. Y.
Nagaoka (Biotech, Obihiro, Japan). The ABSC were
collected from azuki beans according to the method
described previously [11]. In brief, the azuki beans were
immersed in distilled water overnight at 25°C. The ABSC
were collected, dried, ground in a Waring blender and kept at
—80°C. Normally, approximately 80 g of the dried seed coats
was collected from 1 kg of azuki beans. The composition of
ABSC was as follows: moisture 10.2 g, crude protein 6.5 g,
crude fat 0.9 g, crude ash 7.2 g, crude fiber (carbohydrate)
73.3 g/100 g, polyphenols 7632 mg and proanthocyanidins
2040 mg/100 g of total ABSC materials [11]. They were
mixed with a standard commercial laboratory diet (CE-2 diet
obtained from CLEA Japan, Tokyo, Japan), the composition
of which was moisture 8.6%, crude protein 24.9%, crude fat
4.6%, crude ash 6.7%, crude fiber 3.7%, nitrogen-free
extract (including carbohydrates) 51.4 %, minerals (Ca,
1.03 g; P, 0.97 g; Mg, 0.33 g; Na, 0.32 g; K, 1.05 g/100g of
total minerals, Mn, 11.26 mg; Fe, 34.35 mg; Cu, 0.79 mg;
Zn, 5.35 mg/100 g of total minerals) and vitamins (retinol,
0.96 mg; By, 1.70 mg; B,, 1.33 mg; Bg, 1.25 mg; By,, 6.3 pg;
C, 13 mg; E, 6.2 mg; pantothenic acid, 2.90 mg; niacin,
16.9 mg; folic acid, 0.28 mg; choline, 0.21 g; biotin, 41.6 pg;
inositol, 616 mg/100 g of total vitamins), according to the
description of the manufacturer.

2.2. Animal treatments and sample collections

All procedures were performed according to the regu-
lations of the Guidelines for Animal Experimentation,
Aomori University of Health and Welfare. Male Wistar
rats (CLEA Japan) weighing 179-202 g were used. They
were maintained at a temperature of 23+1°C under a
12-h light-dark cycle starting at 8:00 a.m. The animals
received a single intraperitoneal injection of 65 mg/kg
body weight of STZ (Sigma, St. Louis, MO, USA) in 0.5 ml
of 0.05 mol/L citrate buffer (pH 4.6) to induce diabetes

mellitus. The blood glucose concentration was determined
48 h after STZ injection, and it was confirmed that in all
diabetic animals it was over 300 mg/dl before starting this
study. The diabetic rats were divided into three groups: a
control (n=6), 0.1% (n=6) and 1.0% ABSC (n=7) diets.
The vehicle-injected control animals (n=7) were given
CE-2 diet only. The rats were given each diet and tap water
ad libitum. Body weights were measured during the ABSC
treatments. Before the animals were killed at week 10, all
animals were fasted overnight, then weighed, and blood
samples were collected under ether anesthesia. Kidneys
were quickly removed, rapidly rinsed, weighed and fixed in
4% paraformaldehyde phosphate buffer solution for histo-
pathology and immunohistochemistry. Portions of the
kidneys were immediately frozen in liquid nitrogen and
stored at —80°C until used in experiments.

2.3. Blood chemistry

Plasma samples were obtained after centrifugation (3000
rpm for 15 min) and were tested for glucose and blood urea
nitrogen (BUN) by using an autoanalyzer for blood
chemistry (Dry-Chem 3500 V, Fuji Film, Tokyo, Japan).
The amount of lipid peroxidation was determined by
measuring the accumulation of thiobarbituric acid reactive
substances (TBARS) in plasma using a commercially
available kit (Wako, Osaka, Japan) and was expressed as
malondialdehyde (MDA) content.

2.4. Histopathology and immunohistochemistry

For histologic examination, the paraformaldehyde-fixed
kidney tissues were embedded in paraffin, and sections 4 pm
in thickness were stained with hematoxylin—eosin (HE). To
assess the degree of fibrosis, staining of collagen fibrils by
Sirius red F3BA was carried out according to a previous
method [22]. For expression of the ED1 antibody (Chem-
icon International, Temecula, CA, USA), the avidin—biotin
complex method (LSAB 2kit; Dako, Carpinteria, CA, USA)
was employed using deparaffinized sections according to a
previous method [23]. ED1 is a mouse monoclonal antibody
to rat macrophages, labeling blood monocytes and exudate
macrophages [24,25]. Briefly, deparaffinized sections were
pretreated with 0.1% trypsin solution in phosphate-buffered
saline (PBS), pH 7.4, for 15 min at 37°C and 3% H,0, for
10 min at room temperature. Sections were then preincu-
bated with 1.5% skim milk in PBS for 30 min at room
temperature and incubated for 14 h at 4°C with the ED1
antibody (1:200), which was diluted in PBS including 1%
bovine serum albumin. Thereafter, they were incubated with
an antimouse immunoglobulin for 10 min. Final incubation
was carried out for 10 min with streptavidin conjugated to
horseradish peroxidase, and positive reactions were visual-
ized with 3,3’-diaminobenzidine tetrahydrochloride in
50 mmol/L Tris—HCI buffer, pH 7.4, containing 3% H,0,.
Sections were counterstained lightly with hematoxylin.
Cells showing a distinct immunoreaction for ED1 were
counted in 50 randomly selected glomeruli and five
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Fig. 1. Effects of ABSC treatments on body weights in control and STZ-
induced diabetic rats. Values are expressed as meantS.E. (n=6-7).
*Significantly different from control, P<.01.

randomly selected areas (0.0625 mm? each) in the cortico-
medullary junctions of sections for all animals.

2.5. Computer-aided morphometrical analysis

To evaluate fibrosis in the glomeruli, the area stained red
by Sirius red was measured using a Color Image Analyzer
(Mac SCOPE, Mitani, Fukui, Japan) in five randomly
selected glomeruli of sections for all animals. The percent-
age of the fibrotic area per unit of glomerulus was calculated.

2.6. mRNA Analysis for MCP-1

Total RNA was isolated from each kidney using a spin-
vacuum (SV) total RNA isolation system (Promega,
Madison, WI, USA) according to the manufacturer’s pro-
tocol. Transcripts from 1 pg of total RNA were reverse-
transcribed with predeveloped TagMan assay reagents
(Applied Biosystems, Foster City, CA, USA) using oligo
(deoxythymidine),4 primer. Elongation was performed for
30 min at 48°C in a GeneAmp PCR system 9600 (Perkin-
Elmer, Norwalk, CT, USA), and the enzyme was inactivated
for 5 min at 95°C. The resultant complementary DNA was
amplified by real-time quantitative reverse transcription—
polymerase chain reaction (RT-PCR) using a TagMan
Universal PCR Master Mix (Applied Biosystems). The
PCR reaction was directly monitored by the ABI Prism
7000 sequence detection system. To control for variation in
the amount of DNA available for RT-PCR in the different
samples, gene expression of the target sequences was
normalized in relation to the expression of an endogenous
control, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA (TagMan Rodent GAPDH Control
Reagent kit, Applied Biosystems). The nucleotide sequen-
ces of PCR primers and TagMan probe were as follows:
the forward primers were 5'-TCTCTTCTTCCACCACTA-
TGCA- 3/, and the reverse primers were 5'-GGCTGAGAC-
AGCACGTGGAT-3'. The TagMan probe was 5-FAM-
TCACGCTTCTGGGCCTGTTGTTCA-TAMRA-3'. The
RT-PCR conditions were one cycle of 50°C for 2 min,

95°C for 10 min, followed by 50 cycles of 95°C for 15 s and
58°C for 1 min, according to a previous report [26]. The
amount of amplified cDNA was normalized by the amount
of amplified GAPDH cDNA to correct for variations in the
initial RNA content.

2.7. Statistical analysis

Each value is expressed as meanzS.E. Statistical
analyses were performed by one-way analysis of variance
(ANOVA), followed by the Tukey test.

3. Results

3.1. Effects of ABSC treatments on the STZ-induced diabetic
rat kidney

There was no mortality in the STZ-induced diabetic rats
treated with or without ABSC. The body weights of the
STZ-induced diabetic rats were significantly lower than
those of control rats (Fig. 1). There was no difference
between body weights of ABSC-treated and -untreated
diabetic rats. The absolute weights of left and right kidneys
in the diabetic rats were heavier than those of controls
(Table 1). When expressed as a function of body weight, the
relative weights of the left and right kidneys in the diabetic
rats were significantly higher than those in controls. On the
other hand, a tendency toward lower levels in 1.0% ABSC-
treated diabetic rats was observed compared with the
untreated diabetic rats. The plasma glucose levels of the
diabetic rats were significantly higher than those of control
rats (Table 1); there was no difference in the levels between
diabetic rats treated with and without ABSC, indicating
irreversible damage of pancreatic islet cells by STZ. The

Table 1
Body and kidney weights, and plasma parameters in control and STZ-
induced diabetic rats

Control STZ+ABSC treatments
0% 0.1% 1.0%
BW (g) 42148 245+8° 270+3° 266+7°
RK (g) 1.40£0.04  1.65+0.08°  1.60£0.04*  1.53+0.04
LK (g) 1324007  1.63£0.11°  1.59+0.09  1.48+0.03
RK/BW 3.13£0.13  6.70£0.50°  6.15+0.55*  5.62+0.21°
(g/kg)
LK/BW 3.3240.07 6.66=0.38"  6.17+£0.51*  5.81%0.27°
(g/kg)
Plasma 12849 537+29° 450+57% 520+15°
glucose
(mg/dl)
Plasma urea 15.8+09 457+2.8"  33.4%34%°  33.1+1.8°
(mg/dl)
Plasma MDA 224437  80.5%12.2% 20.1+3.6°  29.6+6.7°
(nmol/ml)

BW, body weight at sacrifice; RK, right kidney; LK, left kidney. Values are
expressed as meant+S.E. (n=6-7).

 Significantly different from control, P<.05.

® Significantly different from ABSC-untreated diabetic rats, P<.05.
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plasma levels of BUN in the untreated diabetic rats were
significantly higher than those of controls and were lower in
the diabetic rats with 0.1% and 1.0% ABSC treatments. The
plasma MDA levels of the untreated diabetic rats were
significantly higher than those of controls. Compared with
the untreated diabetic rats, the levels of MDA in the ABSC-
treated diabetic rats significantly decreased.

3.2. Histopathological changes and EDI-positive
macrophages in the STZ-induced diabetic rat kidney

Histopathologically, glomerular expansion due to thick-
ening of the basement membrane and mesangial matrix was
observed in the diabetic rat kidney; in the corticomedullary
junction, tubular cell dropout and atrophy, as well as focal
areas of interstitial inflammatory cell infiltration and slight
fibrosis, were occasionally seen (data not shown). When the
renal damage in the ABSC-treated and -untreated groups
was compared, the ABSC-treated rats were considerably
ameliorated. There were no pathological changes in controls.

Representative Sirius red stains of renal cortical sections
from rats in control, ABSC-untreated and 1.0% ABSC-
treated groups are shown in Fig. 2. The basement membrane
and mesangial matrix areas in the glomeruli of the ABSC-
untreated diabetic rats were expanded compared with
controls (Fig. 2A and C). On the other hand, a reduced
extent and magnitude of the expansion in the basement
membrane and mesangial matrix areas were observed in
1.0% ABSC-treated diabetic rats (Fig. 2E). To estimate the
effect of ABSC on the glomerular fibrosis, the area stained
red by Sirius red stain in the glomeruli was measured using
an image analyzer. The percentage of the fibrous area per
glomerulus increased in the ABSC-untreated diabetic rat
kidney, showing a significant difference from the controls
(Fig. 3). In the diabetic rats treated with ABSC, the
percentage of the fibrotic areas was significantly lower than
in the ABSC-untreated diabetic rats. These results suggested
that the ABSC treatments attenuated the mesangial expan-
sion in the diabetic rat kidney.

Fig. 2. Histopathology and immunohistochemical staining of rat macrophage-specific ED1 in the glomeruli. (A, B) Controls, (C, D) ABSC-untreated diabetic
rats, (E, F) 1.0% ABSC-treated diabetic rats. Sirius red staining in (A), (C) and (E). ED1-positive macrophages are shown by arrows in (D) and (F).

Counterstaining with hematoxylin is carried out (original magnification X600).
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Fig. 3. Effects of ABSC treatments on fibrotic areas per unit of glomerulus
in control and STZ-induced diabetic rats. Values are expressed as
mean+S.E. (n=6-7). *Significantly different from control, P<.01. ®Signi-
ficantly different from ABSC-untreated diabetic rats, P <.01. “Significantly
different from 0.1% ABSC-treated diabetic rats, P<.01.

Immunohistochemical analyses revealed that ED1-posi-
tive macrophages were present in the glomeruli in both the
ABSC-treated and -untreated diabetic rats (Fig. 2D and F).
When compared with the ABSC-untreated rats, fewer ED1-
positive macrophages were seen in the glomeruli of the
ABSC-treated rats (Fig. 2F). To determine the effect of
ABSC on the appearance of macrophages in the diabetic rat
kidney, the numbers of EDI-positive macrophages were
counted in the glomeruli and tubulointerstitum of the
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Fig. 4. Effects of ABSC treatments on the number of EDI-positive
macrophages in the glomeruli (A) and in the tubulointerstitium of the
corticomedullary junction areas (B) in control and STZ-induced diabetic
rats. Values are expressed as mean+S.E. (n=6-7). *Significantly different
from control, P<.01. "Significantly different from ABSC-untreated (0%)
diabetic rats, P<.01.
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Fig. 5. Expression of MCP-1 mRNA in kidneys of control, ABSC-untreated
and 1.0% ABSC-treated diabetic rats. Values are indicated as arbitrary
ratios of the amount of expressed mRNA of each factor to that of GADPH.
Values are expressed as mean+S.E. (n=6-7). *Significantly different from
control, P<.05. bSigniﬁcantly different from ABSC-untreated diabetic rats,
P<.05.

corticomedullary junction. As shown in Fig. 4, ED1-positive
macrophages in the ABSC-untreated diabetic rats showed a
significant increase in number (P<.01), compared with
those of control rats. On the other hand, the number of
macrophages in the diabetic rats treated with 1.0% ABSC
was significantly smaller than that in the ABSC-untreated
diabetic rats (P <.01). These results indicated that the ABSC
treatments prevented the appearance of ED1-positive macro-
phages in both the glomerular and tubulointerstitial areas.

3.3. Effect of ABSC treatments on the expression of MCP-1
mRNA in the STZ-induced diabetic rat kidney

MCP-1 mRNA expression determined by RT-PCR was
significantly increased in the kidneys of the ABSC-
untreated diabetic rats (P<.05), compared with controls
(Fig. 5). On the other hand, the levels of MCP-1 mRNA
expression in the ABSC-treated diabetic rats were signifi-
cantly lower than in the ABSC-untreated rats (P <.05),
indicating that the ABSC treatments suppressed the expres-
sion of MCP-1 mRNA in the diabetic rat kidney.

4. Discussion

The major findings of the present study were that
polyphenol-containing seed coats of azuki beans attenuated
the glomerular expansion in STZ-induced diabetic rats
(Fig. 3), and that the ABSC treatments suppressed the
increase of the number of infiltrating macrophages in the
glomerular and tubulointerstitial areas (Fig. 4), compared
with the ABSC-untreated diabetic rats. Moreover, the ABSC
treatments suppressed the expression of MCP-1 mRNA
involved in infiltrating and activating macrophages in the
kidney of the diabetic rats (Fig. 5). Azuki beans are known
to contain polyphenols such as proanthocyanidins with
remarkable radical scavenging activities in vitro [1,2].
Proanthocyanidins have some preventive effects against
oxidative damage associated with a variety of diseases,
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including inflammation, cardiovascular diseases, atheroscle-
rosis and diabetes [4—6]. However, little is known about
whether a diet of seed coats of the azuki bean has beneficial
effects on diabetic nephropathy.

Glomerular expansion has been reported to be a
characteristic of experimental diabetic animals and humans
with diabetes mellitus [18,19,27,28]. In our histologic
analyses, we confirmed that the glomerular lesions consisted
of the thickening of basement membrane and mesangial
matrix areas in the STZ-induced diabetic rats and were
regarded as an early stage of glomerular sclerosis. As
compared with diabetic rats without ABSC treatments, there
was markedly less staining by the Sirius red method in the
glomeruli in the ABSC-treated diabetic rats (Fig. 2), and,
morphometrically, the areas of fibrosis in the glomeruli of
the ABSC-treated diabetic rats were significantly smaller
than those of the ABSC-untreated diabetic rats (Fig. 3). In
addition, in the ABSC-treated diabetic rats, a decrease in
BUN levels was seen in contrast to the ABSC-untreated
diabetic rats, and the kidney weights showed a tendency to
recover (Table 1). These results suggested that the ABSC
treatments attenuated the diabetic nephropathy in the STZ-
induced rat model.

More interestingly, the number of ED1-positive macro-
phages in the glomerular and tubulointerstitial areas was
reduced in the ABSC-treated diabetic rats, compared with
the ABSC-untreated diabetic rats (Figs. 2 and 4). Previous
studies have observed an increased number of glomerular
macrophages in diabetic animals [17,21]. The infiltrating
macrophages have been considered to be related to the
progression toward glomerulosclerosis via the production of
fibrogenic factors such as transforming growth factor-p and
platelet-derived growth factor [17—19]. Polyphenols seem
likely to affect activation and/or infiltration of macrophages,
and green tea polyphenols were reported to inhibit UV-
induced infiltrating monocytes/macrophages and neutro-
phils in the skin in mice [29]. In addition, a green tea extract
including epicatechin suppressed infiltration of monocytes/
macrophages after ischemia-reperfusion and prevented
ischemia-reperfusion injury to the rat liver [30]. We pre-
viously reported that seed coats of azuki beans suppressed
the increased number of infiltrating macrophages and tubu-
lointerstitial fibrosis in kidneys of rats induced by cisplatin,
which is often used as a chemotherapeutic agent against
malignant carcinoma [11]. Thus, polyphenol-containing
ABSC may be expected to suppress the infiltration of
macrophages in the glomerular and tubulointerstitial areas
in rat diabetic nephropathy. As infiltrating macrophages are
known to play crucial roles in the progression of glo-
merulosclerosis [13,21,26], the reduced number of EDI-
positive macrophages in the glomeruli of the ABSC-treated
diabetic rats might be attributable to the decreased
glomerular expansion.

The reasons for the attenuation of STZ-induced diabetic
nephropathy caused by ABSC treatments remain unclear.
However, this phenomenon may be interpreted as follows:

one possibility is that polyphenol-containing ABSC may be
associated with the expression of MCP-1 in the kidney in
STZ-induced diabetic rats. MCP-1 has been believed to play
an important role in infiltration and activation of macro-
phages, thus leading to progressive fibrosis in diabetic
nephropathy [13,21]. In our RT-PCR analyses, the ABSC-
treated diabetic rats showed significantly lower level of
MCP-1 mRNA expression in the kidneys, compared with
the ABSC-untreated diabetic rats (Fig. 5). Therefore, we
supposed that ABSC treatments, at least in part, may play a
role in reducing macrophage infiltration through the
suppression of up-regulation of MCP-1 expression in the
glomeruli and tubulointerstitium, and that the reduction
might lead to the attenuation of the nephropathy of STZ-
induced diabetic rat. This hypothesis is also supported by
reports that flavonoids found in berries and red wine inhibit
MCP-1 expression in vitro and in vivo [31,32]. Another
possibility is that ABSC may act as an antioxidant to
suppress the oxidative toxicity in the diabetic rat kidney,
because the plasma levels of MDA in the ABSC-treated
diabetic rats were significantly lower than those in the
untreated diabetic rats (Table 1). Oxidative stress is well
known as an important factor in the progression of diabetic
complications [12,33]. As azuki beans have been reported to
contain proanthocyanidins with marked radical scavenging
activities in vitro [1,2], we hypothesized that polyphenols,
including the proanthocyanidins in ABSC might, at least in
part, play a role in reducing oxidative injury by suppressing
macrophage infiltration in the diabetic rat kidney.

In conclusion, we herein demonstrated that polyphenol-
containing seed coats of azuki beans suppressed the
increased number of infiltrating macrophages, mRNA of
MCP-1 and glomerular expansion in diabetic nephropathy,
whereas there was no difference in the plasma glucose level
between diabetic rats treated with and without ABSC.
Although the mechanisms by which molecules in ABSC
attenuate the macrophage infiltration and glomerular expan-
sion in STZ-induced diabetic kidneys should be investigated
in further studies, the current results would be useful for
investigation of a potential strategy for the preventive care
of diabetic nephropathy.
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