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ABSTRACT
Accelerated cardiovascular disease is a frequent com-
plication of CKD. Monocyte-mediated inflammation and
adhesion of monocytes to vascular endothelium are
key events in atherogenesis. An oral adsorbent, AST-
120, retards renal function deterioration by lowering IS,
which is known to accumulate in CKD patients. How-
ever, the effect of AST-120 on CKD-related monocyte
activation is unknown. We aimed to determine whether
AST-120 improves monocyte-mediated inflammation
through IS reduction. Flow cytometric analysis showed
that Mac-1 expression and ROS production were signifi-
cantly higher in peripheral blood monocytes of subtotal
Nx CKD mice than in sham-operated mice. AST-120
treatment significantly decreased Mac-1 expression
and ROS production in CKD model mice. Furthermore,
administration of IS induced monocyte-mediated in-
flammation and ROS generation. In vitro studies indi-
cated that IS dose-dependently increased THP-1 mono-
cytic cell adhesion to IL-1�-activated HUVECs under physi-
ological flow conditions. IS also induced monocyte-
mediated inflammation and ROS production in THP-1
cells. Phosphorylation of p38 MAPK and membrane
translocation of NAD(P)H oxidase subunit p47phox in
THP-1 cells were induced by IS. Both SB203580 (p38
MAPK inhibitor) and apocynin [NAD(P)H oxidase inhibitor]
reduced THP-1 cell adhesion to HUVECs. Apocynin also
inhibited IS-induced ROS production in THP-1 cells. IS in-
duced monocyte-driven inflammation through NAD(P)H
oxidase- and p38 MAPK-dependent pathways in mono-
cytes. The main finding of this study was that AST-120
inhibited monocyte activation by reducing IS in vivo.
This provides new insights on how AST-120 attenuates
the progression of atherosclerosis in CKD.
J. Leukoc. Biol. 93: 837–845; 2013.

Introduction
Cardiovascular disease is a major cause of death in CKD
[1]. Atherosclerosis is highly prevalent in patients with se-
vere renal failure, and it advances more rapidly in individu-
als with renal dysfunction than in healthy individuals [2].
Reduced kidney function is associated with the risk of devel-
oping cardiovascular disease, even when the dysfunction is
mild [3]. In recent years, the relationship between cardio-
vascular dysfunction and renal insufficiency has been re-
ferred to as the “cardiorenal syndrome”. Many factors, such
as development of uremic toxin, chronic inflammation, ane-
mia, malnutrition, and renin angiotensin aldosterone sys-
tem, are considered to affect the cardiovascular system and
kidney function [4].

Monocyte recruitment to the vascular endothelium plays an
important role in the development of atherosclerosis [5] and
may occur through a variety of selectin- and integrin-depen-
dent mechanisms [6]. Leukocyte adhesion to the inflamed en-
dothelium involves the �2-integrin family of receptors (which
share a common �2 subunit), such as LFA-1 (CD11a/CD18),
Mac-1 (CD11b/CD18), p150,95/CR4 (CD11c/CD18), and
CD11d/CD18 [7–9]. Mac-1 is a receptor for ICAM-1 and
ECMs, which are abundant in injured tissue. Mac-1 inactiva-
tion (by a mAb) or depletion (by gene targeting) prevents
neointima formation after vascular injury [10, 11], suggesting
a dominant role for Mac-1 in development of atherosclerosis.
Oxidative stress is also a major cause of cardiovascular disease
and other complications of renal disease [12]. Oxidative stress
can provoke inflammation by generating proinflammatory cy-
tokines and chemokines [13, 14], which are capable of induc-
ing oxidative stress and mediating Mac-1 expression on the
cell surface of monocytes [15]. Recently, Mac-1 overexpression
and increased ROS generation has been observed in patients
with end-stage renal disease [12], suggesting that the mono-

1. Correspondence: Life Science and Bioethics, Dept. of International
Health Development, Tokyo Medical and Dental University, Tokyo, 113-
8510, Japan. E-mail: masa.vasc@tmd.ac.jp

Abbreviations: CKD�chronic kidney disease, DHE�dihydroethidium,
FSC�forward-scatter, IS�indoxyl sulfate, Mac-1�macrophage 1 antigen,
Nx�nephrectomized, SSC�side-scatter

Article

0741-5400/13/0093-837 © Society for Leukocyte Biology Volume 93, June 2013 Journal of Leukocyte Biology 837

mailto:masa.vasc@tmd.ac.jp


cyte activation mediates vascular disease development in pa-
tients with renal injury.

AST-120 (Kremezin; Kureha, Tokyo, Japan) is known to re-
tard the progression of CKD in humans and experimental ani-
mals by decreasing serum concentration of uremic toxins, such
as IS [16–20]. IS is synthesized in the liver from indole, which
is a metabolite of dietary protein-derived tryptophan produced
by the intestinal flora, such as Escherichia coli [21]. IS is nor-
mally excreted in urine; however, serum levels of IS are in-
creased significantly in patients with CKD compared with those
in healthy individuals because of declining renal clearance
[22]. A number of studies have indicated that IS stimulates
glomerular sclerosis and fibrosis by producing free radicals,
increasing expression of TGF-�1, tissue inhibitor of metallo-
proteinase-1, and pro�1(I)collagen [23], whereas the accumu-
lation of IS promotes renal failure [24–26]. IS also increases
oxygen consumption in rat and human tubular cells as a result
of the production of ROS. In contrast, AST-120 prevents hyp-
oxia and ameliorates renal injury [27]. Other studies have also
shown that IS promotes aortic calcification and enhances aor-
tic wall thickening [23]. Furthermore, IS impairs vascular en-
dothelial dilation in patients with CKD by inhibiting viability
and NO production in endothelial cells [19, 23, 28], and it
stimulates the proliferation of vascular smooth muscle cells by
inducing oxidative stress [29–31]. In addition, we showed pre-
viously that IS induces leukocyte–endothelial interactions
through the up-regulation of vascular endothelial adhesion
molecules, such as E-selectin, via JNK- and oxidative stress-de-
pendent pathways [32]. Taken together, these data indicate
that IS plays a crucial role in the dysfunction of vascular
smooth muscle cells and endothelial cells in CKD patients.
However, the effect of IS on leukocyte dysfunction, which con-
tributes to the progression of atherosclerosis and is found fre-
quently in patients with renal disease, has not been well docu-
mented.

Therefore, the present study was designed to test the hy-
pothesis that IS can induce the expression of adhesion mole-
cules, such as Mac-1, and increase production of ROS in
monocytes. We report for the first time that AST-120 adminis-
tration lowers IS levels and thereby, improves CKD-induced
monocyte Mac-1 expression and ROS generation in a Nx mice
model. Furthermore, as indicated by our in vitro studies, IS
enhances monocyte adhesion to vascular endothelium by in-
ducing Mac-1 expression and augmenting oxidative stress in
monocytes. The underlying mechanisms seem to involve activa-
tion of p38 MAPK and NAD(P)H oxidase-dependent ROS pro-
duction. In conclusion, our findings reveal a previously unrec-
ognized molecular link between uremic toxins and cardiovas-
cular diseases.

MATERIALS AND METHODS
IS, RPMI-1640 medium, Dulbecco’s PBS, NAD(P)H oxidase inhibitor
(apocynin), mitochondrial electron transport inhibitor (rotenone), xan-
thine oxidase inhibitor (allopurinol), and anti-�-actin antibody were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). The p38 MAPK phos-
phorylation inhibitor (SB203580), JNK phosphorylation inhibitor
(SP600125), and MEK1/2 inhibitor (U0126) were purchased from Cal-

biochem (San Diego, CA, USA). Alexa Fluor 488-labeled anti-mouse
Mac-1 (CD11b) mAb was obtained from Serotec (Oxford, UK). PerCP/
Cy5.5-labeled anti-mouse CD45 mAb, APC-labeled anti-mouse CD115
mAb, and a functional blocking mAb against human Mac-1 were ob-
tained from BioLegend (San Diego, CA, USA). DHE was purchased
from Molecular Probes (Eugene, OR, USA). Anti-human Mac-1 (CD18;
clone 7A10) was a generous gift from The Scripps Research Institute
(La Jolla, CA, USA). Antiphospho-ERK, antiphospho-p38 MAPK, and
antiphospho JNK antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA).

Plasma biochemistry
Plasma urea, total cholesterol, HDL cholesterol, and triglyceride measure-
ments were performed using an automated biochemical analyzer
(Spotchem SP-4410; Arkray, Kyoto, Japan). Plasma IS was identified by
HPLC.

Surgical procedure
Renal failure was induced in 9-week-old male C57BL/6J mice (Oriental
Yeast, Tokyo, Japan) using a two-step surgical nephrectomy protocol, as
described previously [32]. Briefly, under i.p. anesthesia induced by so-
dium pentobarbital (Schering-Plough, Kenilworth, NJ, USA) at 65 mg/
kg, two of the three branches of the left renal artery were ligated
through a lateral incision. One week after the first operation, the right
kidney was removed after ligation of the renal blood vessels and ureter
under anesthesia as described above. Four weeks after the procedure,
blood pressure was measured by the tail-cuff method, and blood urea
nitrogen was determined by an automated biochemical analyzer as de-
scribed previously in Materials and Methods. Mice were allocated to ex-
perimental groups: one-half of the mice was fed a standard mouse diet
containing 5% (w/v) of AST-120 (Nx�AST group; n�9), whereas the
remaining mice were fed a regular diet (Nx; n�10) for 4 weeks. Sham-
operated mice (n�10) received a regular diet and were used as the con-
trol group.

In another experiment, 10-week-old male C57BL/6J mice were adminis-
tered 0.1% IS (200 mg/kg/day) in drinking water (n�10), whereas age-
matched mice were given water alone (normal; n�10) and used as control
animals. Four weeks after administration, these mice were killed, and whole
blood samples were collected from the heart using heparinized syringes.

Flow cytometry analysis
Whole blood was lysed and incubated with Alexa Fluor 488-labeled anti-
mouse Mac-1 mAb, PerCP/Cy5.5-labeled anti-mouse CD45 mAb, and
APC-labeled anti-mouse CD115 mAb for 20 min, followed by incubation
with DHE at 37°C for 25 min. Analysis of stained cells was performed
using flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA,
USA), and the data were analyzed with FlowJo software (Treestar, San
Carlos, CA, USA).

THP-1 cells were incubated with anti-human Mac-1 antibody, followed by
incubation with Alexa Fluor 488-conjugated goat anti-mouse antibody. DHE
was used to detect ROS generation. Fluorescence intensity was analyzed
using flow cytometry as described above.

Cell culture
THP-1 cells, a human monocytic cell line, were obtained from the
American Type Culture Collection (Manassas, VA, USA), and the cells
were maintained in RPMI-1640 medium, supplemented with 10% FCS,
100 IU/mL penicillin, 100 �g/mL streptomycin, and 2 mmol/L l-glu-
tamine in humidified 95% air with 5% CO2 at 37°C. HUVECs were pur-
chased from Sanko Junyaku (Tokyo, Japan). For use in the flow-cham-
ber apparatus, HUVECs were placed onto 22-mm, fibronectin-coated
glass coverslips.
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Leukocyte adhesion assay
The protocols for an in vitro adhesion assay that mimics physiological flow
conditions have been described in detail previously [32]. Briefly, HUVEC
monolayers were stimulated with 10 U/mL IL-1� for 4 h on coverslips and
then positioned in a flow chamber mounted on an inverted microscope
(Nikon, Tokyo, Japan). THP-1 cells (1�106/mL) were incubated in 0, 0.2,
0.5, or 1.0 mmol/L IS for 1 h. For inhibitor treatment, all inhibitors were
added 30 min before IS stimulation. After resuspending the cells in perfu-
sion medium (PBS containing 0.2% human serum albumin), the cells were
perfused through the chamber with a syringe pump (PHD2000; Harvard
Apparatus, Holliston, MA, USA) for 10 min at a controlled flow rate to
generate a shear stress of 1 dyne/cm2. The entire period of perfusion was
recorded by videotape and then analyzed by using image analysis soft-
ware (Image Tracker PTV; Digimo, Osaka, Japan) to determine the
number of rolling and adherent cells on HUVEC monolayers in 10 ran-
domly selected, 15� (magnification) microscope fields.

Immunoblotting
Total cell lysates and membrane fraction of THP-1 cells (1�106/condition)
were prepared as described previously [32]. Western blotting analysis was
carried out with antibodies (described previously in Materials and Meth-
ods) using ECL Plus reagents (Amersham Pharmacia Biotech, Buckingham-
shire, UK).

Statistical analysis
Results are expressed as mean � sem. Data were analyzed using one-way
ANOVA with Tukey’s post hoc analysis or a two-way ANOVA with the
Bonferroni correction. P values �0.05 were considered statistically sig-
nificant.

RESULTS

AST-120 attenuates CKD-induced Mac-1 expression
and ROS production in vivo
To examine the effect of AST-120 on monocyte activation in
vivo, we generated Nx CKD model mice and allocated them to
AST-120-treated (Nx�AST; n�9) or untreated (Nx; n�10)
groups. In Nx and Nx � AST groups, the systolic blood pres-
sure, plasma urea, total cholesterol, HDL cholesterol, and tri-
glyceride levels were elevated, and the body weight was low
compared with that of sham-operated control mice (Table 1).

As expected, administration of AST-120 resulted in a signifi-
cant reduction of plasma IS compared with that in the Nx
group, whereas other plasma parameters, body weight, blood
pressure, and number of white blood cells in the peripheral
blood were not significantly different between Nx and Nx �
AST groups (Table 1). The monocyte population was deter-
mined based on double-positive staining for CD45 and
CD115 after excluding cellular debris and doublets by gat-
ing based on the FSC and SSC properties, as shown in
Fig. 1A. Flow cytometry analysis of peripheral blood mono-
cytes showed that Mac-1 expression and ROS production

TABLE 1. Comparison among Sham, Nx, and Nx with
AST-120 (Nx�AST) Mice

Parameter Sham Nx Nx � AST

B.W. (g) 29.1 � 1.9 28.1 � 1.5a 28.2 � 1.7a

Systolic BP (mmHg) 92 � 9 119 � 9a 117 � 5a

Urea (mg/dL) 41 � 5 72 � 11b 77 � 12b

Total cholesterol
(mg/dL) 92 � 14 111 � 10c 109 � 9c

HDL cholesterol
(mg/dL) 55 � 9 69 � 5b 69 � 7b

Triglyceride (mg/dL) 121 � 26 152 � 27a 153 � 15c

White blood cells
(10

2
cells/ul) 75 � 16 77 � 17 76 � 21

IS (mg/dL) 0.31 � 0.11 0.65 � 0.21b 0.44 � 0.17d

Data are means � sd. B.W., Body weight; BP, blood pressure. aP �
0.05 versus sham; bP � 0.001 versus sham; cP � 0.01 versus sham; dP �
0.05 versus Nx.

Figure 1. Effect of AST-120 on CKD-related monocyte-mediated
inflammation. (A) Determination of peripheral blood monocytes.
Cellular debris was excluded based on the FSC and SSC plots
(gated area in the left panel). The double-positive cells that stained
for CD45 and CD115 were identified as monocytes (gated area in
right panel). Representative examples of peripheral blood mono-
cytes stained with anti-Mac-1 antibody (B) and DHE to detect ROS
production (D), detected by flow cytometry in Nx mice treated with
(Nx�AST; dotted line) or without AST-120 (Nx; thick line) and in
sham-operated mice (sham; thin line). An isotype control antibody
was used as the negative control (gray filled). Quantitative analysis
of Mac-1 expression (C) and ROS generation (E). White bars repre-
sent the sham-operated group (n�10), black bars represent the Nx
group (n�10), and gray bars are Nx � AST group (n�9). Data are
expressed as mean � sem. *P � 0.01 versus sham, one-way ANOVA
test with Tukey’s post hoc analysis.
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were increased significantly in the Nx group compared with
that of the sham group. AST-120 therapy improved CKD-
enhanced Mac-1 expression and ROS production in mono-
cytes (Fig. 1). However, the expression level of Mac-1 in
granulocytes was not significantly different between sham
and Nx groups (data not shown).

IS directly enhanced monocyte-mediated
inflammation in vivo
To further elucidate the importance of IS in monocyte-medi-
ated inflammation, we performed flow cytometry on periph-
eral blood monocytes obtained from mice that received IS in
drinking water or only water (normal) for 4 weeks. Plasma IS
was significantly elevated in the IS group, whereas other pa-
rameters, such as urea, lipids, and body weight, were not signif-
icantly different between the IS and normal groups (Table 2). Flow
cytometry analysis of peripheral blood monocytes revealed sig-
nificant activation of Mac-1 and ROS production in mice that
received drinking water with IS compared with that in normal
mice (Fig. 2).

IS induced monocyte adhesion to vascular
endothelium in vitro
First, we examined the effects of IS on monocyte–endothelial
interactions under physiological flow conditions (shear stress,
1 dyne/cm2) in vitro. Treatment of THP-1 cells with 1
mmol/L IS for 1 h significantly induced adhesion to 10 U/mL
IL-1�-stimulated HUVECs (Fig. 3A), whereas treatment with IS
for 0.5, 4, or 24 h did not enhance THP-1 cell adhesion to
HUVECs (Fig. 3B). IS also enhanced THP-1 cell adhesion in a
dose-dependent manner (Fig. 3C). Based on these results, we
incubated THP-1 cells with IS (1.0 mmol/L) for 1 h in subse-
quent cell adhesion assays.

As integrin expression on monocytes plays a crucial role in
adhesion of monocytes to vascular endothelial cells, we exam-
ined Mac-1 expression in THP-1 cells treated with IS by using
flow cytometry. As shown in Fig. 3D and E, treatment with IS
for 1 h dose-dependently enhanced Mac-1 expression in
THP-1 cells.

Furthermore, a functional blocking antibody for Mac-1
significantly reduced THP-1 cell adhesion to HUVECs
(Fig. 3F).

p38 MAPK signaling pathway involved in monocyte
activation
To further elucidate the molecular mechanisms involved in
IS-mediated monocyte activation, we examined the role of
MAPK family members p38 MAPK, JNK, and ERK1/2. Western
blot analyses revealed that IS enhanced phosphorylation of
p38 MAPK but did not enhance phosphorylation of JNK or
ERK1/2 in THP-1 cells (Fig. 4A). To further determine the
role of p38 MAPK, we examined the effect of inhibitors of the
MAPK pathways, such as p38 MAPK, JNK, and ERK1/2. Al-
though all inhibitors reduced baseline THP-1 adhesion, only
SB203580, a chemical inhibitor of p38 MAPK signaling path-
way, abrogated the IS-induced enhancement of THP-1 cell ad-
hesion to HUVECs at baseline, whereas the JNK inhibitor
SP600125 and the ERK1/2 inhibitor U0126 did not inhibit
THP-1 cell adhesion at baseline (Fig. 4B). Moreover, SB203580
suppressed IS-induced Mac-1 expression (Fig. 4C). In contrast,
neither SP600125 (Fig. 4D) nor U0126 (Fig. 4E) altered IS-
enhanced Mac-1 expression (Fig. 4F).

Role of oxidative stress in monocytic cell adhesion
and Mac-1 expression
As IS has been shown to cause oxidative stress in various cells
[29–32], we evaluated the role of intracellular ROS in IS-medi-
ated monocyte activation. Staining for ROS estimation was per-
formed using DHE, followed by flow cytometric analysis, which
showed that IS dose-dependently induced ROS production in
THP-1 cells (Fig. 5A and B). To identify the mechanisms un-
derlying the oxidative stress caused by IS, we tested whether

TABLE 2. Comparison between Normal and IS-Treated Mice

Parameter Normal IS

B.W. (g) 29.1 � 1.9 28.1 � 1.5
Systolic BP (mmHg) 109 � 5 107 � 7
Urea (mg/dL) 33 � 3 35 � 3
Total cholesterol (mg/dL) 100 � 11 99 � 9
HDL cholesterol (mg/dL) 59 � 7 57 � 6
Triglyceride (mg/dL) 129 � 17 147 � 29
White blood cells

(102 cells/ul) 76 � 22 77 � 20
IS (mg/dL) 0.33 � 0.15 0.94 � 0.23a

Data are means � sd. aP � 0.0001 versus normal.

Figure 2. Effect of IS on monocyte-mediated inflammation in vivo.
Representative examples of peripheral blood monocyte staining using
flow cytometry to analyze the expression of Mac-1 (A) and ROS pro-
duction detected by DHE (C) in mice treated with (IS; dotted) or
without IS (Normal; line). An isotype control antibody was used as a
negative control (gray, filled). Quantitative analysis of Mac-1 expres-
sion (B) and ROS generation (D). White bars represent normal mice
group, whereas black bars represent IS group. Data are expressed as
mean � sem (n�10). Statistical analysis was performed using one-way
ANOVA test with Tukey’s post hoc analysis.
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NAD(P)H oxidase activation was crucial to monocyte activa-
tion. Western blot analysis revealed that membrane translo-
cation of NAD(P)H oxidase subunit p47phox was increased
and peaked at 30 min after treatment with IS and decreased
thereafter (Fig. 5C, upper panels). IS also enhanced mem-
brane translocation of p47 phox in a dose-dependent man-
ner (Fig. 5C, lower panels). The NAD(P)H oxidase inhibi-
tor apocynin reduced IS-induced THP-1 cell adhesion to
HUVECs (Fig. 5D). In contrast to apocynin, rotenone (in-
hibitor of mitochondrial electron transport) and allopurinol
(xanthine oxidase inhibitor) failed to change IS-induced
THP-1 cell adhesion (Fig. 5D). Apocynin also suppressed
Mac-1 expression and ROS production in THP-1 cells (Fig.
5D and E). Neither rotenone nor allopurinol suppressed
IS-induced Mac-1 expression and ROS production (data not
shown).

DISCUSSION

Our main finding was that AST-120 ameliorated CKD-induced
Mac-1 expression and ROS production by the reduction of IS.
AST-120 prevents the aggravation of fibrosis in kidney and
heart by reducing oxidative stress in experimental animal
models [23, 33–35]. However, the precise mechanisms have
not been clearly identified.

Oxidative stress is involved in the progression of renal
damage in patients with diabetic nephropathy [36] and is
correlated significantly with glomerular abnormalities in dia-
betic nephropathy [37]. Furthermore, monocytes/macro-
phages have been shown to accumulate in the extracapillary
areas of glomeruli [38, 39]. In addition, reduction of oxida-
tive stress has been shown to reduce macrophage infiltra-
tion and improve renal function [40]. Thus, these observa-

Figure 3. Effect of IS on monocyte-mediated inflammation in vitro. Representative phase contrast micrographs showing adhesion of THP-1 cells
stimulated with (IS�) and without (IS�) IS (1 mmol/L for 1 h) to 10 U/mL IL-1�-activated HUVECs. Arrowheads indicate adhered THP-1
cells. Original magnification, 200�. Adhesion assay in THP-1 cells (1�106 cells/mL in 12-well plate) treated with 1 mmol/L IS for 0, 0.5, 1,
4, 24 h (B) or stimulated with indicated concentrations of IS for 1 h (C). Adhesion assay data are shown as mean � sem (n�10). *P � 0.01;
**P � 0.001 versus nontreated THP-1 cells, one-way ANOVA test with Tukey’s post hoc analysis. HPF, High-power field. (D) Flow cytometric
analysis of Mac-1 expression in THP-1 cells treated with 0 (thin line), 0.2 (dotted line), 0.5 (dashed line), and 1.0 (thick line) mmol/L IS
for 1 h. An isotype control antibody was used as a negative control. (E) Quantitative analysis of Mac-1 expression in THP-1 cells treated with
0, 0.2, 0.5, and 1 mmol/L IS for 1 h. *P � 0.01; **P � 0.001 versus nontreated THP-1 cells, one-way ANOVA test with Tukey’s post hoc
analysis. (F) Adhesion assay in THP-1 cells (1�106 cells/mL in 12-well plate) treated with anti-Mac-1 mAb or control IgG (20 �g/mL), fol-
lowed by addition of 1 mmol/L IS for 1 h. *P � 0.001 versus control antibody-treated THP-1 cells. Results are expressed as mean � sem.
Statistical analysis was performed using a two-way ANOVA with the Bonferroni correction. These data are representative of three indepen-
dent experiments.
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tions suggest that ROS and monocyte activation also play an
important role in the pathogenesis of renal dysfunction.

Our group reported previously that inhibition of NAD(P)H
oxidase in leukocytes dramatically decreased leukocyte–
endothelial interaction in a wire-injured vascular inflamma-
tion model [41], and Mac-1 deficiency ameliorated vascular
injury [10, 11], indicating that Mac-1 and oxidative burst in
leukocytes play an important role in atherosclerosis develop-

ment. In fact, IS-induced THP-1 adhesion was blocked
by an anti-Mac-1 antibody and inhibitor of NAD(P)H oxi-
dase.

These observations also suggest that kidney injury and
atherosclerosis have a common pathway in terms of oxida-
tive stress and infiltration of monocytes/macrophages. Palm
et al. [27] clearly demonstrated that IS-lowering therapy by
AST-120 administration decreased tubule-intestinal macro-

Figure 4. Effect of IS on the p38 MAPK pathway. Western blot detection of phosphorylated MAPK family members p38 MAPK, JNK, and ERK1/2.
THP-1 cells (1�106 cells/mL in 12-well plate) were incubated in the presence of the indicated concentrations of IS for 1 h. Adhesion assay in
THP-1 cells treated with the p38 MAPK inhibitor SB203580 (p38: 5 �mol/L), JNK inhibitor SP600125 (JNK: 10 �mol/L), or ERK1/2 inhibitor
U0126 (ERK: 10 �mol/L) for 30 min, followed by incubation with (�) or without (�) 1 mmol/L IS for 1 h. The cells were then subjected to ad-
hesion assays. Data of adhesion assay are shown as mean � sem (n�10). Statistical analysis was performed using a two-way ANOVA with the Bon-
ferroni correction. Flow cytometric analysis of THP-1 cells stained with anti-Mac-1 antibody in THP-1 cells treated with p38 MAPK inhibitor
SB203580 (p38: 5 �mol/L; C), JNK inhibitor SP600125 (JNK: 10 �mol/L; D), or ERK inhibitor U0126 (ERK: 10 �mol/L; E), followed by stimula-
tion with 1 mmol/L IS for 1 h. The data shown are representative of three independent experiments. (F) Quantitative analysis of Mac-1 ex-
pression in THP-1 cells performed by flow cytometry in C–E. Statistical analysis was performed using a two-way ANOVA with the Bonferroni
correction.
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phage influx by reducing oxidative stress. Our results may
link the mechanisms that enable AST-120 in diminishing
infiltration of monocytes/macrophages to the kidney. Fur-
thermore, our data partly explain a recent report by Barreto
et al. [42], which shows an association of serum IS with the
incidence of cardiovascular diseases and total mortality in
CKD patients.

Previously, we showed that IS induced oxidative stress in
vascular endothelium. Numerous factors, such as the ren-
nin-angiotensin system, hypertension, infection, and antioxi-

dant deficiency, appear to be involved in oxidative stress
and inflammation in CKD [12]. Our results indicated that
oxidative stress in leukocytes is partially a result of the accu-
mulation of uremic toxins, such as IS, in patients with renal
disease. AST-120 also decreased various types of uremic tox-
ins in serum, such as hippuric acid, phenyl sulfate, and
4-ethylphenyl sulfate [20], suggesting a critical role for ure-
mic toxin in the activation of monocytes in vivo. Other ure-
mic toxins may also be potentially involved with CKD-
related oxidative stress.

Figure 5. Effect of IS on NAD(P)H oxidase-dependent ROS production. Flow cytometry analysis of THP-1 cells (1�106 cells/mL in 12-well plate)
treated with 0 (thin line), 0.2 (dotted line), 0.5 (dashed line), and 1.0 (thick line) mmol/L IS, followed by staining with DHE to detect ROS gen-
eration. (B) Quantitative analysis of Mac-1 expression in THP-1 cells treated with 0, 0.2, 0.5, and 1.0 mmol/L IS for 1 h. *P � 0.01; **P � 0.001
versus nontreated THP-1 cells, one-way ANOVA test with Tukey’s post hoc analysis. (C) Western blot detection of NAD(P)H oxidase subunit
p47phox in membrane fraction and the total cell homogenates. THP-1 cells (1�106 cells/mL in 12-well plate) were incubated in the presence of
1 mmol/L IS for the indicated period (upper panels) or treated with indicated concentrations of IS for 30 min (lower panels). (D) THP-1 cells
(1�106 cells/mL in 12-well plate) were treated with the NAD(P)H oxidase inhibitor, apocynin (apo; 200 �mol/L); mitochondrial electron trans-
port inhibitor, rotenone (rot; 5 �mol/L); or xanthine oxidase inhibitor, allopurinol (alp; 100 �mol/L) for 30 min, followed by incubation with
(�) or without (�) 1 mmol/L IS for 1 h; the cells were subjected to adhesion assays. Data of adhesion assay are mean � sem (n�10). Statistical
analysis was performed using a two-way ANOVA with the Bonferroni correction. Flow cytometric analysis of THP-1 cells stained with anti-Mac-1 an-
tibody (E) and DHE (F). Cells were treated with apocynin for 30 min, followed by stimulation with 1 mmol/L IS for 1 h. The data shown are rep-
resentative of three independent experiments.
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We showed previously that IS enhanced p38 MAPK and
JNK in vascular endothelial cells, suggesting that distinct
signaling pathways were involved in monocytes. An inhibitor
of p38 MAPK did not suppress IS-induced oxidative stress
(data not shown). Furthermore, NAD(P)H oxidase activated
p38MAPK, which mediated Mac-1 expression induced by
ischemia-reperfusion injury [43, 44] and by proinflamma-
tory cytokines, such as TNF-� [45]. These observations
strongly suggested that p38 MAPK was downstream of ROS
and upstream of Mac-1.

As shown in Fig. 3B, induction of IS on THP-1 adhesion
peaked after 1-h incubation. This pattern is in contrast to ef-
fect of IS on HUVECs, where IS-dependent adhesion was max-
imum after 4 h of incubation with TNF-�. This difference may
have resulted from distinct intracellular machinery in mono-
cytes and HUVECs.

In conclusion, IS directly induced cell-surface expression
of Mac-1 and increased oxidative stress in vitro and in vivo.
Notably, AST-120 administration attenuated monocyte acti-
vation in vivo. In addition, IS-enhanced monocyte activation
may be mediated by activation of p38 MAPK- and NAD(P)H
oxidase-dependent pathways. Thus, our data suggest a novel
role for uremic toxins that enables the toxins to produce
vascular inflammation in patients with renal dysfunction.
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