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Oral adsorbent AST-120 ameliorates endothelial
dysfunction independent of renal function in rats
with subtotal nephrectomy

Tamehachi Namikoshi1, Naruya Tomita1, Minoru Satoh1, Takeo Sakuta1, Atsunori Kuwabara1,
Shinya Kobayashi1, Yuusuke Higuchi2, Fuyuhiko Nishijima2 and Naoki Kashihara1

It is important to consider a strategy to halt the development of cardiovascular disease (CVD) in patients with chronic kidney

disease (CKD). Oral adsorbent AST-120 retards deterioration in renal function, reducing indoxyl sulfate (IS) accumulation. The

aim of this study was to determine whether AST-120 improves endothelial dysfunction by reducing oxidative/nitrative stress

in a rat-CKD model. Subtotally nephrectomized (Nx) rats aged 17 weeks were divided into two groups: control rats and rats

orally treated with AST-120. Two weeks after initiation of AST-120, serum and urinary IS levels, renal histological scores and

endothelium-dependent vascular responses (EDVRs) in the aorta were investigated. EDVR in 5-h incubation with 250lgml�1

IS was also examined in normal rat aortas. Nitrotyrosine content, mRNA expression of p47phox, a nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase component, and expression and phosphorylation (serine-1177) of endothelial nitric

oxide synthase (eNOS) in the aorta were examined in untreated and treated Nx rats. At the end of treatment, renal function and

histological scores were not different in the two groups. AST-120 prevented the elevation of serum IS level in Nx rats, reducing

urinary IS excretion, and ameliorated decreased EDVR in Nx rats. Incubation with IS tended to reduce EDVR in normal aortas,

albeit insignificantly. AST-120 also suppressed nitrotyrosine accumulation and inhibited p47phox expression in Nx rats.

The eNOS expression and phosphorylation were similar in the two groups. In conclusion, AST-120 ameliorated endothelial

dysfunction and alleviated oxidative/nitrative stress in the aorta through reduced accumulation of IS, independent of renal

function, in a rat CKD model.
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INTRODUCTION

Chronic kidney disease (CKD) leading to end-stage renal disease is a
risk factor for the development of cardiovascular disease (CVD) and
consequently for increased morbidity and mortality associated with
this disease.1 Several experimental and clinical studies have documen-
ted the renovascular protective effects of inhibitors of the renin–
angiotensin–aldosterone system (RAAS) and their potential usefulness
for retarding the development of CKD.2,3 However, the use of these
inhibitors has not yet resulted in reduced incidence of CKD.4

Therefore, it is important to consider another strategy to halt the
development of CVD associated with CKD, in addition to the use of
RAAS inhibitors.

Several studies have revealed that oral adsorbent AST-120 retards
the deterioration of renal function in patients with CKD partly by
inhibiting the accumulation of indoxyl sulfate (IS), one of the uremic
toxins.5–7 AST-120 was also found to delay the progression of
renal dysfunction in Japanese type 2 diabetic patients.8 Furthermore,

experimental studies also showed that AST-120 prevents the progres-
sion of renal injury in rats with subtotal nephrectomy and focal
glomerulosclerosis.9,10 The renoprotective effects of AST-120 are
thought to be mediated by reduced interstitial fibrosis (IF) through
downregulation of transforming growth factor-b1 and tissue inhibitor
of metalloproteinase-1 in uremic and diabetic rat kidneys.11,12

There is some evidence that AST-120 can also retard the develop-
ment of CVD in patients with CKD. It was reported to reduce carotid
intima–media thickness and arterial stiffness in patients with chronic
renal failure.13 Furthermore, IS directly stimulated the proliferation
of rat vascular smooth muscle cells by activating mitogen-activated
protein kinase14 and also induced aortic calcification with expression
of osteoblast-specific proteins and aortic wall thickening in hyperten-
sive rats,15 suggesting that AST-120 possibly prevents the progression
of atherosclerosis associated with CKD by inhibiting IS accumulation.
Intriguingly, endothelial dysfunction is seen in patients with CKD and
is most likely linked to cardiovascular complications.16 However, it
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remains to be determined whether AST-120 improves endothelial
dysfunction associated with CKD.

AST-120 was also reported to reduce oxidative stress in the kidneys
of rats with subtotal nephrectomy.17 In addition, IS induced free
radical production in renal proximal tubular cells18 and reduced
superoxide scavenging activity in the kidneys of normal and uremic
rats.19 We previously showed that endothelial dysfunction was asso-
ciated with enhanced vascular oxidative and nitrative stress in rats
with obesity and renal injury.20,21 The aim of this study was to
determine whether AST-120 improves endothelial dysfunction and
reduces vascular oxidative/nitrative stress in subtotally nephrecto-
mized rats. We also examined the altered expression and phosphory-
lation of endothelial nitric oxide synthase (eNOS) in the aorta.

METHODS

Animal preparation
The Ethics Review Committee for Animal Experimentation of the Kawasaki

Medical School, Kurashiki, Japan, approved the experimental protocol of this

study (No. 07-067). Male Wistar rats were purchased from Japan SLC

(Hamamatsu, Japan), housed in a temperature- and humidity-controlled room

with 12/12 h light/dark cycles and provided free access to water. All rats

underwent five-sixths renal ablation using the method described earlier.17,19

Eight weeks later, the subtotally nephrectomized rats (age 17 weeks) were

divided randomly into two groups (n¼12 in each group): the first group was

fed a normal diet (MF; Oriental Yeast, Osaka, Japan) (Nx) and the second

group was fed a normal diet containing 0.4 g of AST-120 per 100 g body weight

per day (Kureha, Tokyo, Japan) (Nx+AST). Age-matched sham-operated rats

fed a normal diet (Sham) were used for comparison. Body weight and food

intake per day were measured every week. Two weeks after the initiation of

AST-120, rats were killed by intraperitoneal injection of sodium pentobarbital

(50 mg kg�1 body weight). Kidneys and aortas were harvested from all animals

for histological and biochemical analyses. Abdominal aortas were frozen in

liquid nitrogen and stored at �80 1C, whereas the left kidneys were fixed in 4%

paraformaldehyde and embedded in paraffin.

Physiological and biochemical measurements
Systolic arterial blood pressure (SBP) was measured by the tail-cuff method in

pre-warmed rats (BP-98A; Softron, Tokyo, Japan).22 To collect urine samples,

rats were placed in metabolic cages for 24 h and provided tap water but no

food. Urinary protein excretion (UPE), serum and urinary creatinine (Cr),

serum and urinary IS, and blood urea nitrogen (BUN) levels were measured

before and 2 weeks after the initiation of AST-120. Serum and urinary IS were

measured by HPLC as described earlier.19

Morphological studies
Four-mm-thick sections were prepared from renal tissue samples embedded in

paraffin, and stained with periodic acid-Schiff (PAS) and Masson-trichrome

(MT). Histological scores were assessed using a Nikon Coolscope (Nikon,

Tokyo, Japan). Two investigators semiquantitatively analyzed PAS-stained

sections in a blind manner. The severity of glomerular injury was evaluated

by the glomerulosclerosis (GS) score as described earlier:21,23 0, no sclerosis;

1, sclerotic changes in o25% of the total area of the glomerulus; 2, from 25 to

50% of the total area; 3, from 50 to 75% of the total area; 4, in more than 75%

of the total area. At least 30 glomeruli were randomly selected in each rat and

the mean score was calculated. The severity of tubulointerstitial injury was

evaluated by the interstitial fibrosis score as described earlier.21,23 The fibrotic

areas stained blue by MT were measured quantitatively using a color image

analyzer (Win ROOF; Mitani, Fukui, Japan). The percentage of interstitial

fibrotic areas per cortical field (magnification, �100) was calculated, and the

mean percentage in five randomly selected fields was determined as the IF score

for each rat.

Endothelium-dependent vascular responses
Endothelium-dependent vascular responses (EDVR) were measured after the

preparation of thoracic rat aortic rings as described earlier.20,21 Briefly,

cylindrical 3-mm-long segments were cut from the aortas and bathed in 5 ml

of Krebs bicarbonate saline equilibrated with 95% O2 and 5% CO2, and

maintained at 37 1C. Aortic segments were suspended under 1 g tension,

depolarized with 50 mmol l�1 potassium chloride and preconstricted by adding

3�10�7 mol l�1 norepinephrine. After the contraction force reached a plateau,

acetylcholine, an endothelium-dependent vasodilator, was added in incremen-

tal concentrations (10�9–10�5 mol l�1) to the bath. The force of isometric

contraction was measured using a force–displacement transducer (Model

MTOB-1Z; Labo Support, Osaka, Japan). Responses to acetylcholine were

expressed as a percentage of the precontracted tension induced by norepi-

nephrine. To validate IS-induced endothelial dysfunction, thoracic aortic rings

obtained from male Wistar rats aged 10 weeks were incubated in Dulbecco’s

modified eagle’s medium (DMEM) with or without 250mg ml�1 IS (Sigma-

Aldrich, Tokyo, Japan), containing 120 U ml�1 penicillin, 120mg ml�1 strepto-

mycin, 50mg ml�1 polymyxin B and 1% fetal bovine serum, for 5 h at 37 1C

(n¼4), as described earlier.24,25 The IS concentration and incubation time

accepted in this study were the maximum of those described in earlier in vitro

studies.26,27 Vascular responses were then examined.

Immunohistochemistry
Four-mm-thick sections were prepared from aortic tissue samples embedded in

paraffin. Immunohistochemical staining and evaluation for nitrotyrosine, a

tracer of nitrative stress, was performed in aorta as reported earlier.28,29 A rabbit

anti-nitrotyrosine polyclonal antibody (5mg ml�1) (Upstate Biotechnology,

Table 1 Changes in various physiological and biochemical

parameters in sham-operated (Sham), subtotally nephrectomized

(Nx) and subtotally nephrectomized-AST-120-treated rats (Nx+AST)

Sham Nx Nx+AST

Body weight, g

Baseline 328±5 293±3* 296±3*

2-week AST-120 316±5 279±3** 281±4**

Food intake, g day�1

Baseline 17.7±0.4 14.1±0.4* 15.1±0.3*

2-week AST-120 17.5±0.3 14.6±0.3** 15.4±0.3**

Systolic blood pressure, mmHg

Baseline 122±2 146±5* 143±4*

2-week AST-120 132±4 160±5** 151±5**

Blood urea nitrogen, mg per 100ml

Baseline 16±1 36±3* 35±2*

2-week AST-120 18±1 44±4** 41±4**

Serum creatinine, mg per 100ml

Baseline 0.64±0.03 1.03±0.05* 1.03±0.05*

2-week AST-120 0.52±0.04 1.08±0.10** 1.04±0.08**

Ccr, ml per min per 100g body weight

Baseline 0.39±0.03 0.23±0.01* 0.23±0.01*

2-week AST-120 0.48±0.03 0.27±0.02** 0.28±0.03**

Urinary protein excretion, mgday�1

Baseline 9.0±0.3 55.2±11.1* 51.3±9.6*

2-week AST-120 9.3±0.7 157.6±30.7** 123.2±19.7**

Ccr, creatinine clearance. Data are the mean±s.e.m. of 12 rats in each group.
*Po0.01 vs. the Sham group at baseline (8 weeks after subtotal nephrectomy), **Po0.01 vs.
the Sham group 2 weeks after the initiation of AST-120.
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Lake Placid, NY, USA) was used as the primary antibody. Antibody binding

was detected using a Histofine Simple Stain MAX-PO (MULTI) Kit (Nichirei,

Tokyo, Japan) and 3,3¢-diaminobenzidine (Sigma-Aldrich, Tokyo, Japan),

counterstained by hematoxylin. Stained sections were photographed using

the Nikon Eclipse E800 Microscope (Nikon) and digitized into 1280�1024

pixel colored images using the Nikon ACT-1 DXM 1200 software (Nikon). The

positive areas were measured quantitatively using a color image analyzer (Win

ROOF). The percentage of positive areas per aortic field containing endothelial

and smooth muscle layers (magnification, �400) was calculated, and the mean

percentage in four randomly selected fields was determined as the net score for

each rat.

Real-time quantitative PCR
RNA isolation and real-time quantitative PCR were performed as described

earlier.21,30 Briefly, total RNA was extracted from the aorta with TRIzol

(Invitrogen, Tokyo, Japan). Reverse transcriptase reactions were performed

using a Ready-To-Go T-Primed First-Strand Kit (Amersham Biosciences,

Piscataway, NJ, USA). Real-time quantitative PCR was performed on an ABI

Prism 7700 sequence-detection system (Applied Biosystems, Foster City, CA,

USA). Primers and probes used for the p47phox, which is one among the

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase components,

were 5¢-GTGAAGCCATCGAGGTCATTC-3¢ as forward, 5¢-CCCGCGG

CTTCTAATCTGT-3¢ as reverse and 5¢-FAM-CATCACCGGCTACTTCCCATC

CATGT-TAMRA-3¢ as TaqMan probe. Changes in expression were quantified

by standardization against RNA levels corrected for glyceraldehyde-3-phos-

phate dehydrogenase expression in the sample.

Western blot analysis
Western blotting was performed to detect eNOS and phosphorylation of eNOS

at serine residue 1177 (p-eNOS) in aortas, as described earlier.28 At protein

extraction, complete EDTA-free and PhosSTOP (Roche Applied Science,

Mannheim, Germany) were used for inhibition of protease and phosphatase,

respectively. Extracted proteins (100mg per lane) were resolved by 7.5% SDS-

PAGE and then electrotransferred onto polyvinylidene difluoride membranes

(Millipore, Bedford, MA, USA). Membranes were blocked and incubated with

rabbit anti-eNOS, rabbit anti-p-eNOS or goat anti-a-tubulin polyclonal anti-

bodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing, they

were incubated with horseradish peroxidase-conjugated donkey anti-rabbit IgG

or the anti-goat IgG (1:5000; Santa Cruz Biotechnology). The resolved proteins

were visualized using an enhanced chemiluminescence method (ECL Plus;

Amersham Biosciences). The relative optical densities of bands were quantified

using NIH Image analysis software V1.61 (National Institutes of Health,

Bethesda, MD, USA).

Statistical analysis
The values are expressed as mean±s.e.m. All parameters were evaluated with

the two-tailed unpaired Welch’s t-test or Mann–Whitney’s U-test, or compared

by one-way analysis of variance when multiple mean comparisons were

required. A P-value o0.05 was considered to be statistically significant.

RESULTS

Physiological and biochemical parameters
Table 1 summarizes the physiological and biochemical data at baseline
(8 weeks after subtotal nephrectomy, and before the initiation of
AST-120). Body weight, food intake and creatinine clearance (Ccr)
were significantly lower, and SBP, BUN, serum Cr and UPE were
significantly higher in the Nx and Nx+AST groups compared with the
Sham group (Po0.01). None of the parameters were significantly
different between the Nx and Nx+AST groups at baseline. Table 1 also
depicts the physiological and biochemical data 2 weeks after the
initiation of AST-120. Body weight, food intake and Ccr were
significantly lower, and SBP, BUN, serum Cr and UPE were signifi-
cantly higher in the Nx and Nx+AST groups compared with the Sham
group (Po0.01). Furthermore, SBP and UPE tended to be lower in
the Nx+AST group than in the Nx group, albeit insignificantly. BUN,
serum Cr and Ccr were not different in the Nx+AST group compared
with the Nx group. These results indicate that the administration of
AST-120 for 2 weeks did not significantly change the renal function in
this model.

Serum and urinary IS levels
At baseline, serum IS was similar in the Nx (0.38±0.05 mg per
100 ml) and Nx+AST (0.34±0.05 mg per 100 ml) groups, but the
values of both groups were significantly higher than those of the Sham
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Figure 1 Serum and urinary indoxyl sulphate (IS) levels before and 2 weeks after the initiation of AST-120. (a) Before the initiation of AST-120, serum IS

increased significantly in subtotally nephrectomized rats (Nx) and rats treated with AST-120 (Nx+AST) compared with sham-operated rats (Sham).

(b) Urinary IS was not significantly different in the three groups. (c) At 2 weeks after the initiation of AST-120, serum IS increased significantly in the Nx

group, but not in the Nx+AST group, compared with the Sham group. (d) Urinary IS decreased significantly in the Nx+AST group compared with both the

Sham and Nx groups. Data are the mean±s.e.m. of 12 rats in each group. *Po0.01 vs. the Sham group, wPo0.01 vs. the Sham and Nx groups.
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group (0.12±0.01 mg per 100 ml; Po0.01 vs. Sham) (Figure 1a).
Urinary IS was not significantly different in the three groups
(Sham: 2.07±0.10 mg day�1, Nx: 2.06±0.12 mg day�1, Nx+AST:
1.90±0.12 mg day�1, Figure 1b). At 2 weeks after the initiation
of AST-120, serum IS increased significantly in the Nx
group (0.28±0.04 mg per 100 ml) but not in the Nx+AST
group (0.18±0.04 mg per 100 ml) compared with the Sham group
(0.10±0.01 mg per 100 ml, Po0.01 vs. Sham) (Figure 1c). It was
lower in the Nx+AST group than in the Nx group, albeit
insignificantly (P¼0.083). Urinary IS tended to be higher in
the Nx group (1.71±0.14 mg day�1) than in the Sham group
(1.59±0.07 mg day�1), albeit insignificantly (Figure 1d), but was
significantly lower in the Nx+AST group (0.56±0.05 mg day�1)
than in the Sham and Nx groups (Po0.01). These results indicate
that AST-120 prevented the increase in serum IS level and decreased
the urinary IS level in this model.

Morphological studies
The GS and IF scores in renal tissues 2 weeks after the initiation of
AST-120 were both significantly higher in the Nx and Nx+AST groups
than in the Sham group (Table 2). Both scores tended to be lower in
the Nx+AST group than in the Nx group, albeit insignificantly. These
results suggest that a 2-week treatment with AST-120 did not change
the severity of renal damage in this model.

Endothelium-dependent vascular responses
At 10�8 and 10�5 mol l�1 acetylcholine, the relaxation responses in the
Nx group were significantly lower than in the Sham group (Po0.05)
(Figure 2a). Administration of AST-120 for 2 weeks significantly
improved the relaxation response in the Nx group at 10�7–
10�5 mol l�1 acetylcholine (Po0.05). It is to be noted that the
relaxation response at 10�5 mol l�1 acetylcholine correlated signifi-
cantly with the serum IS level (P¼0.011) (Figure 2b). In addition, a
5-h incubation with 250mg ml�1 IS tended to reduce the acetylcho-
line-induced relaxation response in normal aortas, albeit insignif-
icantly (P¼0.065) (Figure 2c). These results indicate that AST-120
ameliorates the decreased endothelium-dependent vascular response
independent of the renal function in this model, and that the
ameliorative effect of AST-120 on endothelial dysfunction was
associated with decreased level of serum IS.

Immunohistochemistry
The Sham aorta showed weak staining for nitrotyrosine in endothelial
and smooth muscle cells (Figure 3a). In the Nx aorta, enhanced
staining was observed in endothelial cells (arrowheads) and smooth
muscle cells compared with the Sham aorta (Figure 3b). Staining was
weaker in the Nx+AST aorta compared with the Nx aorta (Figure 3c).
Figure 3d shows the results of quantitative analysis of nitrotyrosine
staining. The area stained for nitrotyrosine was significantly larger in
the Nx group, but not in the Nx+AST group, compared with the
Sham group. Furthermore, the area tended to be smaller in the

Nx+AST group than in the Nx group, albeit insignificantly. These
results indicate that AST-120 suppresses nitrotyrosine accumulation in
the aorta independent of renal function in this model.

Real-time quantitative PCR
One of the major sources of superoxide (O2

�) production in the
blood vessels is NADPH oxidase.31 We examined the mRNA expres-
sion of p47phox, one of the NADPH oxidase components, in the aorta
using real-time PCR. As shown in Figure 4, the mRNA expression of

Table 2 Renal histological scores at the end of this study

Sham Nx Nx+AST

Glomerulosclerosis score 0.18±0.02 1.33±0.14* 1.23±0.14*

Interstitial fibrosis score (%) 4.6±0.5 16.9±2.2* 13.8±1.5*

Nx, nephrectomized rats; Nx+AST, subtotally nephrectomized-AST-120-treated rats.
Data are mean±s.e.m. of 10 rats in each group.
*Po0.01 vs. the Sham group.
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Figure 2 Endothelium-dependent vascular response (EDVR) in thoracic

aorta. (a) The relaxation response in subtotally nephrectomized rats (Nx)

was significantly lower than that in sham-operated rats (Sham), at 10�8

and 10�5 mol l�1 acetylcholine. The relaxation response in subtotally

nephrectomized rats treated with AST-120 (Nx+AST) was significantly

improved compared with the Nx group at 10�7 to 10�5 mol l�1

acetylcholine. (b) The relaxation response at 10�5 mol l�1 acetylcholine

correlated significantly with serum indoxyl sulfate (IS) level. (c) In addition,
5-h incubation with 250mg ml�1 IS reduced acetylcholine-induced

relaxation response in normal aortas, albeit insignificantly. Data are the

mean±s.e.m. of 4–7 rats in each group. *Po0.05 vs. the Sham group,
wPo0.05 vs. the Nx group.
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p47phox was similar in the Sham and Nx groups. However, it was
significantly lower in the Nx+AST group than in the Sham and Nx
groups (Po0.05). These results suggest that the ameliorative effects of
AST-120 on endothelial dysfunction and nitrotyrosine accumulation
in the aorta are mediated through downregulation of a component of
NADPH oxidase.

Western blot analysis
Endothelial dysfunction is possibly caused by decreased NO produc-
tion through inhibition of expression and/or phosphorylation of
eNOS. To test this, western blotting for eNOS and p-eNOS in aortas
was performed. Bands for eNOS and p-eNOS were detected at
135 kDa. The protein expressions of eNOS and p-eNOS were eval-
uated as the eNOS/a-tubulin ratio (Figure 5a) and p-eNOS/eNOS
ratio (Figure 5b), respectively. Both expressions were similar in the
three groups. These results indicate that expressions of eNOS and
p-eNOS were not different in the Nx group compared with the Sham
group, and that AST-120 did not modify their expressions.

DISCUSSION

In this study, we showed that AST-120 improved the reduced
endothelium-dependent vascular response of the aorta in subtotally
nephrectomized rats by reducing the serum and urinary IS levels. The
endothelium-dependent vascular response of the aorta at 10�5 mol l�1

acetylcholine correlated significantly with the serum IS level, and
incubation with IS tended to reduce the endothelium-dependent
vascular response of normal aortas. AST-120 also prevented the
accumulation of nitrotyrosine in the vascular wall in this model,
inhibiting the mRNA expression of p47phox, one of the NADPH
oxidase components, although it did not modify eNOS expression or
phosphorylation at serine residue 1177. Importantly, these effects of
AST-120 were independent of renal function. Considered together,
the results suggest that AST-120 treatment of rats with subtotal
nephrectomy resulted in amelioration of vascular endothelial dysfunc-
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area positive for nitrotyrosine (d). (a) The aorta of a representative sham-operated rat (Sham) showed weak staining in endothelial and smooth muscle cells.
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with the Sham aorta. (c) Staining for nitrotyrosine was weak in the aorta of a subtotally nephrectomized rat treated with AST-120 (Nx+AST) compared with

the Nx aorta. (d) The nitrotyrosine-stained area was significantly larger in the Nx group but not in the Nx+AST group, compared with the Sham group. The

area tended to be smaller in the Nx+AST group than in the Nx group, albeit insignificantly. Magnification, �400. Data are the mean±s.e.m. of 9 or 10 rats

in each group. *Po0.05 vs. the Sham group.
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Figure 4 Real-time PCR analysis for mRNA expression of p47phox, a

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase component,

in aortas. The mRNA expression levels of p47phox were similar in sham-

operated rats (Sham) and subtotally nephrectomized rats (Nx). The level

was significantly decreased in subtotally nephrectomized rats treated with

AST-120 (Nx+AST) compared with the Sham and Nx groups. Data are the

mean±s.e.m. of 7 or 8 rats. wPo0.05 vs. the Sham and Nx groups.
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tion and alleviated oxidative/nitrative stress in the vasculature by
reducing IS accumulation, independent of renal function.

One of the pathogenetic mechanisms of endothelial dysfunction is
oxidative/nitrative stress.21,29 Enhanced O2

� production in the vascu-
lature reduces NO bioavailability through scavenging NO by O2

�,
followed by endothelial dysfunction.31 Peroxynitrite is generated by
the immediate reaction of NO and O2

� and is considered cytotoxic as
it modifies tyrosine residues in proteins to generate nitrotyrosine.32 In
this regard, ebselen, a peroxynitrite scavenger, was reported to reduce
nitrotyrosine accumulation in the aorta and ameliorate the acetylcho-
line-induced vasorelaxation in diabetic Zucker rats.29 Therefore, the
reduced endothelium-dependent vascular response of the aorta in the
Nx group of this study may be caused by enhanced oxidative/nitrative
stress, as nitrotyrosine accumulation in the aorta was increased
significantly in the Nx group compared with the Sham group.
AST-120 improved the decreased endothelium-dependent vascular
response in the aorta and concomitantly prevented the accumulation
of nitrotyrosine in the aorta of Nx rats. Taken together, we consider
that IS accumulation in the CKD status enhanced O2

� production
in the vasculature, that O2

� immediately reacted with NO to
form peroxynitrite, and that nitrotyrosine accumulation was then
augmented in vasculature.

Earlier in vitro studies have reported that IS can induce endothelial
damage.33,34 IS inhibited endothelial proliferation and wound repair,
and increased endothelial microparticles in human umbilical vein
endothelial cells (HUVEC). In this study, we showed that the
endothelium-dependent aortic response correlated significantly with
serum IS levels. In addition, incubation with IS tended to reduce the
endothelium-dependent vascular response of normal aortas in the
ex vivo study, albeit insignificantly. These findings suggest that
accumulation of IS causes endothelial dysfunction. We accepted
250mg ml�1 IS concentration in this ex vivo study as it was the
maximum of those described in earlier in vitro studies. An earlier
study reported that the average plasma IS level was 35.2mg ml�1,
ranging from 1.8 to 86.2mg ml�1, with a median of 33.3mg ml�1 in
Japanese hemodialysis patients.35 The ex vivo EDVR with or without
50mg ml�1 IS was also investigated in our study; however, the EDVR
with 50mg ml�1 IS was not significantly different from that without IS
(data not shown). It may be because of the difference between in vivo
and ex vivo experiments. In addition, other uremic toxins may play a
role in AST-120-mediated improvement of endothelial dysfunction.

Recent studies showed that IS enhanced reactive oxygen species
production in HUVEC, increasing NADPH oxidase activity and
decreasing glutathione levels.26,27 Therefore, IS accumulation may
enhance O2

� production and oxidative/nitrative stress in vascular

endothelial cells, followed by endothelial dysfunction. We investigated
the mRNA expression of p47phox, one of the NADPH oxidase
components, in the aorta to elucidate the pathogenic mechanism of
O2

� production by IS. The results showed that AST-120 significantly
reduced p47phox expression in the Nx group. However, we could not
assess the mRNA expression levels of other components of NADPH
oxidase in this study because of their extremely low expression levels.
It remains to be determined whether enhanced O2

� production by IS
in the vasculature is dependent on NADPH oxidase or other mechan-
isms (e.g., superoxide dismutase, glutathione).

In this study, we examined the expression and phosphorylation of
eNOS in the aorta, as endothelial function is dependent on the
expression and phosphorylation of eNOS. The results showed no
changes in both the expression and phosphorylation of eNOS in the
aorta in the Nx group compared with the Sham group, and AST-120
did not modify these expressions. The results indicate that the altered
endothelium-dependent vascular response of the aorta was not related
to the expression and phosphorylation of eNOS in our rats. Therefore,
we consider that reduced NO bioavailability induced endothelial
dysfunction in the Nx group through scavenging NO by O2

�, but
not eNOS dysfunction, in this study.

It is important to note that AST-120 ameliorated the reduced
vascular response in the Nx group, independent of renal function.
Ccr and renal histological scores were not significantly different
between the Nx and Nx+AST groups because of the short duration
of AST-120 treatment. AST-120 probably ameliorates endothelial
dysfunction by reducing IS accumulation, independent of renal
function. Clinically, AST-120 may retard the development of CVD
in patients with CKD, as it is reported to reduce the intima–media
thickness and arterial stiffness of the carotid artery, which are
associated with CVD, in patients with CKD.13

The limitation of this study is its inability to demonstrate the
specificity of the toxicity of IS in the vasculature sufficiently. However,
some in vitro studies have revealed the toxicity of IS in vascular
cells.14,33,34 In addition, oxidative stress induced by IS may damage
vascular cells in an indirect manner.26,27,36 Therefore, IS accumulation
is considered to be one of the pathogenic mechanisms causing
endothelial dysfunction in patients with CKD.

In conclusion, the oral adsorbent AST-120 ameliorated endothelial
dysfunction by reducing IS accumulation, independent of renal
function, in a rat model of CKD. AST-120 also alleviated oxidative/
nitrative stress in the aorta. Therefore, the ameliorative effect of AST-
120 on endothelial function may be associated with reduced oxidative/
nitrative stress in the vessel wall. Our results suggest that AST-120
could be potentially useful in retarding the development of CVD in

Sham Nx Nx+AST

0.5

1.0

1.5

0eN
O

S
/α

-t
u

b
 r

at
io

eNOS
α-tub

Sham Nx Nx+AST

0.5

1.0

0p
-e

N
O

S
/e

N
O

S
 r

at
io

eNOS
p-eNOS

Figure 5 Western blot analysis for endothelial nitric oxide (eNOS) and phosphorylation of eNOS at serine residue 1177 (p-eNOS) in aortas. Bands for eNOS

and p-eNOS were detected at 135 kDa. The protein expression levels of eNOS and p-eNOS were evaluated as eNOS/a-tubulin (a-tub) ratio (a) and p-eNOS/

eNOS ratio (b), respectively. The expression levels were similar in sham-operated rats (Sham), subtotally nephrectomized rats (Nx) and subtotally

nephrectomized rats treated with AST-120 (Nx+AST).
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patients with CKD. Further studies are needed to elucidate the
pathogenetic mechanism of uremic toxin-induced endothelial dys-
function.
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