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ABSTRACT

Effects of AST-120 (Kremezit?) on
Oxidative Stress and Fibronectin Expression

in Experimental Diabetic Nephropathy

Ea Wha Kang

Department of Medicine

The Graduate School, Yonsel University

(Directed by Professor Shin-Wook Kang)

Background: Numerous experimental and clinical evidences geic
that oxidative stress plays an important role ia tevelopment and
progression of diabetic nephropathy. AST-120 (Kreimieé Kureha-
Chemical Co., Tokyo, Japan) is a well-known orataatdent which
binds and prevents absorption of several biololyicaitive substances
such as indole from the gastrointestinal tractoleads a precursor of

indoxyl sulfate, which is known as a uremic substanand serum



indoxyl sulfate concentrations are reported to ii@aased in patients
with decreased renal function. In animal and hursiadies on renal
failure, a close relationship was found betweeroxytl sulfate and
oxidative stress. Moreover, AST-120 treatment inbd the
progression of diabetic and non-diabetic chronginkly disease along
with a decrease in oxidative stress. To date, hewehe effect of AST-
120 on non-uremic kidney disease has never bedoregp

Purpose: This study was undertaken to investigate whether t
administration of oral adsorbent, AST-120, couldiuee oxidative
stress and ameliorate the development of nephrppataxperimental
diabetic rats with normal renal function in termsertracellular matrix
(ECM) accumulation.

Methods: Thirty-two Sprague-Dawley rats were injected wilifuent
(C, N=16) or 65 mg/kg streptozotocin intraperitdheéDM, N=16).
Eight rats from each group were treated with stechtiboratory chow
containing 5% AST-120 (KremeZij (C+AST-120, DM+AST-120) for
3 months. At the time of sacrifice, 24-hour urinatpumin excretion
and urinary 8-hydroxy-2'-deoxyguanosine (8-OHdGgretion were
determined by ELISA, and serum indoxyl sulfate @ornications by

high performance liquid chromatography (HPLC). Géoolar



endothelial nitric oxide synthase (eNOS), subuoit8lADPH oxidase
(gp91phox, p47phox, and p22phox), and fiboronectRNA and protein
expressions were determined by real-time PCR andtékfe blot,
respectively, with sieved glomeruli, and these @rotexpressions in
renal tissue were also determined by immunohistoated staining. In
addition, Dichlordihydrofluorescin diacetate (DCHRDstaining was
performed to detect glomerular reactive oxygen igggaroduction.
Results: Compared to the C group (0#D06 mg/day), 24-hour
urinary albumin excretion was significantly higherthe DM group
(1.99t0.17 mg/day, p<0.01), and AST-120 treatment sigaiftly
reduced albuminuria in DM rats (1.04+£0.19 mg/dag0.p5). On the
other hand, serum creatinine and indoxyl sulfateelle were
comparable among the four groups. Glomerular eNgpS1phox, and
p47phox mMRNA expressions were significantly inceshgn DM rats
by 2.1-, 3.3-, and 2.7-folds, respectively (p<0,@®mpared to C rats,
and these increases in DM glomeruli were signifigaabrogated by
AST-120 treatment (p<0.05). In contrast, there wasdifference in
glomerular p22phox mMRNA expression among the fououpgs.
Fibronectin mRNA expression was also increased M dmpared to

C glomeruli, and AST-120 treatment significantly edrorated this



increase in DM rats (p<0.05). The protein expressmf these
molecules assessed by Western blot showed a sipaléern to the
MRNA expression. In addition, immunohistochemic#irsng for
glomerular eNOS, subunits of NADPH oxidase, androfiiectin
confirmed the Western blot findings. The intensifyDCF fluorescence
was 2.6-fold higher in DM relative to C glomerupi<0.05), and this
increase in DM glomeruli was significantly atterecitby AST-120
treatment (p<0.05). Urinary 8-OHdG excretion ratese significantly
higher in DM compared to C rats (486:982.25 vs. 37.2#13.78
ng/kg/hr, p<0.001), and this increase in 8-OHdGretxan rates in DM
rats was significantly inhibited by AST-120 treatmhp<0.01).
Conclusion: AST-120 treatment alleviates oxidative stress iahebits
the increase in fibronectin expression in diabeephropathy. These
effects of AST-120 seem to be associated with tmeliaration of
enhanced NAPDH oxidase and eNOS expression undavetil
conditions. These findings provide a new perspection the

renoprotective effects of AST-120 in diabetic negathy.

Key words: AST-120, diabetic nephropathy, oxidative stress,

fibronectin



Effects of AST-120 (Kremezitf) on
Oxidative Stress and Fibronectin Expression
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Ea Wha Kang

Department of Medicine
The Graduate School, Yonsal University

(Directed by Professor Shin-Wook Kang)

[. INTRODUCTION

Diabetic nephropathy, the leading cause of endestagal disease (ESRD)
in the US and many other countfiess characterized pathologically by
cellular hypertrophy and increased extracellulatringECM) accumulation
and clinically by proteinurfa The molecular and cellular mechanisms
responsible for these disease characteristics neinabmpletely resolved.
While the diabetic miliewper se, hemodynamic changes, and local growth
factors such as transforming growth factor (TGE)and angiotensin 1l (All)
are considered to be mediators in the pathogenésimbetic nephropatfly
the underlying pathways mediating these proceseasa well understood.

Numerous experimental and clinical evidences inditiaat oxidative stress



plays an important role in the development and m@egjon of diabetic
nephropathy’. High glucoseper se, TGF{1, and All are all reported to
increase reactive oxygen species (ROS) in cultoresangial cells, which in
turn activates protein kinase C (PKC) and nucleatdr (NF)xB® ° In
addition, the pathologic changes of glomeruli adlvas the increase in
urinary albumin excretion in diabetic rats were honated by dietary
antioxidant supplementation with vitamin E, taurioelipoic acid, supporting
the role of oxidative stress in the pathogenesdiatietic nephropatfiy™®

The degree of oxidative stress is determined byb#ilance between the
production of ROS and the antioxidant defense sy$tén experimental and
human diabetes, ROS generation is known to be aserk via multiple
pathways, including glucose auto-oxidation, inceelas mitochondrial
superoxide production, PKC-dependent activatiomiobtinamide adenine
dinucleotide phosphate (NADPH) oxidase, uncouplatbéhelial nitric oxide
synthase (eNOS) activity, formation of advancectglipn products (AGES),
and stimulation of cellular ROS production by eggitular AGEs through
their receptors ™' Among these, the activation of NADPH oxidase and
uncoupling of eNOS mainly contribute to the inceeam glomerular
superoxide production in experimental diabetic'fats

AST-120 (Kremezifi, Kureha-Chemical Co., Tokyo, Japan) is a well-



known oral adsorbent which binds and prevents ahisor of several
biologically active substances such as indole ftbengastrointestinal tract
Indole is a precursor of indoxyl sulfate, whictkiwn as a uremic substance,
and serum indoxyl sulfate concentrations are repotb be increased in
patients with decreased renal functfoin animal and human studies on renal
failure, a close relationship was found betweerxyt sulfate and oxidative
stres§" %> Moreover, AST-120 treatment inhibited the progres of
diabeti¢** and non-diabetic chronic kidney dise4s€along with a decrease
in oxidative stress *® % To date, however, the effect of AST-120 on non-
uremic kidney disease has never been explored. present study was
undertaken to investigate whether the administnadiboral adsorbent, AST-
120, could reduce oxidative stress and ameliorbe development of
nephropathy in experimental diabetic rats with rerrenal function in terms

of ECM accumulation.



II. MATERIALS AND METHODS

1. Animals

All animal studies were conducted under an appraretbcol. Thirty-two
male Sprague-Dawley rats (Orientbio, Inc., SeongeaniKorea) weighing
220-250 g were studied. Sixteen were injected withent (Control, C) and
16 with 65 mg/kg streptozotocin (SigmaChemical i.louis, MO, USA)
(Diabetes, DM) intraperitoneally. Blood glucose leweere measured 3 days
after the streptozotocin injection to confirm thevelopment of diabetes.
Control and diabetic rats were then randomly assigio two groups. One
group, comprised of 8 control and 8 diabetic ratsre feed with standard
laboratory chow containing 5% AST-120 (KreméJinand the remaining 8
control and 8 diabetic rats with standard labosatcnow. All rats were
housed in a temperature-controlled room and warengiree access to water
and chow during the 3-month study period.

Body weights were checked monthly, and kidney wisighere measured at
the time of sacrifice. Serum glucose was measurewtity and blood urea
nitrogen, creatinine, and 24-hour urinary albumin ELISA (Nephrat Il,

Exocell, Inc., Philadelphia, PA, USA) at the tinfesacrifice.



2. Measurement of serum indoxyl sulfate concentratins

Serum indoxyl sulfate concentrations were meashyeligh performance
liquid chromatography (HPLC) using a system (ShimadKyoto, Japan)
equipped with an autoinjector at@ (SIL-10AD), a degasser (DGU-12A), a
pump (LC-10AD), a column oven at 35 (CTO-10AC), a column (Shiseido
capsule pack type SG80, 4.6 x 150 mnun3), a fluorescence detector (RF-
10A XL), a system controller (SCL-10AP), and softer@CLASS-VP). Serum
samples (10ul) were analyzed in 10 minutes with a mobile phas#
tetrahydrofuran/0.1 M KHPO, (pH 6.5), at a flow rate of 1 ml/min and with

fluorescence detection with excitation at 295 nmh eamission at 390 nm.

3. Isolation of glomeruli
Glomeruli were isolated by sieving. Purity of thimrgerular preparation

was greater than 98% as determined by light miomsc

4. Isolation of total RNA

Total glomerular RNA was extracted as previouslgatied’. Briefly,
addition of 10Qul of RNA STAT-60 reagent (Tel-Test, Inc., Friendsadp TX,
USA) to the glomeruli was followed by glomerularsiy by freezing and

thawing three times. Another 7Q0 of RNA STAT-60 reagent was added, the



mixture was vortexed and stored for 5 minutes atréemperature, 160 of
chloroform was added, and the mixture was shakgaoreusly for 30 seconds.
After 3 minutes, the mixture was centrifuged atODB, g for 15 minutes at
4°C and the upper aqueous phase containing the wdra@NA was
transferred to a new tube. RNA was precipitatedhftbe aqueous phase by
400ul isopropanol and pelleted with centrifugation afQD0 g for 30 minutes
at £C. The RNA precipitate was washed with 70% ice-celdanol, was
dried using Speed Vac, and was dissolved in DEB&s«d distilled water.
Glomerular RNA vyield and quality were assessed dhasen

spectrophotometric measures at the wavelength@ag6é 280 nm.

5. Reverse transcription

First strand cDNA was made by using a Boehringemhf@im cDNA
synthesis kit (Boehringer Mannheim GmbH, Mannhe@eymany). Twaug
of total RNA extracted from sieved glomeruli waseaese transcribed using
10 uM random hexanucleotide primer, 1 mM dNTP, 8 mM MgG0 mM
KCI, 50 mM Tris-HCI, pH 8.5, 0.2 mM dithiothreithd®5 U RNAse inhibitor,
and 40 U AMV reverse transcriptase. The mixture imagbated at 3 for
10 minutes and 4Z for 1 hour, followed by inactivation of enzymea#C

for 5 minutes.
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6. Real-time PCR

Using the ABI PRISM 7700 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA), the PCR wasgrentd in a total volume
of 20 pl in each well, containing 10l of SYBR Greefi PCR Master Mix
(Applied Biosystems), il of cDNA, and 5 pmol sense and antisense primers
for endothelial nitric oxide synthase (eNOS), NADPRKidase (gp91phox,
p47phox, and p22phox), fibronectin, and 18s, whvels determined after the
analysis of the optimal concentrations of each eririthe primer sequences
for eNOS, gp91phox, p47phox, p22phox, fibronecdind 18s are shown in
Table 1. Each sample was run in triplicates in sspatubes to permit
quantification of the gene normalized to 18s.

After real-time PCR, the temperature was incredseh 60 to 95°C to
construct a melting curve. A control without cDNAasvrun in parallel with
each assay. The cDNA content of each specimen wésrniined using
comparative CT method with“2°“". The results were given as relative
expression of specific gene normalized to the Ifsbkeeping gene. Signals

from control glomeruli were considered a relatiatue of 1.0.
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Table 1. Sequences of primers used in this study

Name Forward Reverse Size

eNOS GGCTGCTGCCCGAGATATC GGCAGTAATTGCAGGCTCTCA 93

gp91phox CCTGCAGCCTGCCTGAA AAGGAGAGGAGATTCCGACACA 63

p47phox CCGGTGAGATCCACACAGAA TGCACGCTGCCCATCAT 207
p22phox  GGTGAGCAGTGGACTCCCATT  TGGTAGGTGGCTGCTTGATG 79
fibronectin TGACAACTGCCGTAGACCTG TACTGGTTGTAGGTGTGGCCG 72
18s AGTCCCTGCCCTTTGTACACA  GATCCGAGGGCCTCACTAAAC 67

7. Western blot analysis

Sieved glomeruli were lysed in sodium dodecyl gelféSDS) sample
buffer (2% sodium dodecyl sulfate, 10mM Tris-HCH 6.8, 10% [vol/vol]
glycerol). Aliquots of 5Qug protein were treated with Laemmli sample buffer,
were heated at 10GQ for 5 minutes, and were electrophoresed gidilane in
a 8-12% acrylamide denaturing SDS-polyacrylamide Beteins were then
transferred to a Hybond-ECL membrane using a Hoeféanidry blotting
apparatus (Hoeffer Instruments, San Francisco,l(3%), the membrane was
incubated in blocking buffer A (1xPBS, 0.1% Twedh-2nd 8% nonfat milk)
for 1 hour at room temperature, and was incubatednight at 4C in a 1:500
dilution of polyclonal antibody detecting eNOS, dp8ox, p47phox,

p22phox (Santa Cruz Biotechnology, Inc., Santa Qo4 USA), fibronectin

12



(Chemicon International, Inc., Temecula, CA, US#&),a dilution of 1:2000
B-actin (Santa Cruz Biotechnology, Inc.). The membravas then washed
once for 15 minutes and twice for 5 minutes in 1¥REth 0.1% Tween-20,
and was incubated in buffer A with horseradish piglase-linked goat anti-
mouse or anti-rabbit IgG (Amersham Life Science,,lArlington Heights, IL,
USA) at 1:1000 dilution. The washes were repeaed, the membrane was
developed with chemiluminescent agent (ECL; Amearshie Science, Inc.).
Band densities were measured using TINA image soéw(Raytest,

Straubenhardt, Germany) and were used for analysis.

8. Immunohistochemistry

Slices of kidney for immunohistochemical staininghich were fixed in
10% neutral buffered formalin, were processed endtandard manner, and 4
micron sections were utilized. Slides were depaniafd and hydrated in
ethyl alcohol and were washed in tap water. Antigerieval was carried out
in 10 mM sodium citrate buffer for 20 minutes usagegetable steamer. For
staining, polyclonal antibodies recognizing eNO$9Iphox, p47phox,
p22phox (Santa Cruz Biotechnology, Inc.), and filectin (Chemicon
International, Inc.) were diluted in 1:100-1:200ttwR% casein in BSA and

were applied for overnight incubation at room terapgre. After washing, a

13



secondary goat anti-rabbit antibody was added @omkhutes, the slides were
washed and were incubated with a tertiary rabbR-Bémplex for 20 minutes.
DAB was added for 2 minutes and the slides werenteostained with
hematoxylin. A semi-quantitative score for meaggrintensity of staining
within glomeruli was developed by examining 30 géoaii in each section
using digital image analysis (MetaMorph versionr@,8Jniversal Imaging
Corp., Downingtown, PA, USA). Briefly, the degred etaining was
quantitated on a scale of 0-4. The score was daataby multiplying the
intensity of staining by the percentage of glomeshowing the same
intensity of staining; these numbers were then sadhfor each experimental

animal to give the final staining score:

Y (intensity of staining) x (% of glomeruli with thisitensity) = staining score

9. Dichlordihydrofluorescin diacetate (DCF-DA) staining

The fluorescent dye, 2',7'-DCF-DA (Invitrogen, Calsad, CA, USA), was
used to detect the presence of ROS in sieved gldm&’,7’-DCF-DA
diffuses across cell membranes and is hydrolyzechdnyspecific cellular
esterases to the nonfluorescent compound dichimmascin (DCFH), which

is predominantly trapped within the cell. In theeggnce of ROS, DCFH

14



rapidly undergoes one-electron oxidation to thénlyigluorescent compound
dichlorofluorescein (DCF). Sieved glomeruli wereatpld into 2-well Lab-
Tek®ll Chamber Slide (Nalge Nunc International Corpapidrville, IL, USA),
were rinsedwith PBS,and then replaced with Dulbecco's Modified Eagle's
Medium (DMEM) without phenol red. DCF-DA was dissolved in DMSO
to a final 50 mM stock solution, which was furtheluted in DMEM to a
final concentration of 5M. The glomeruli were then incubated at 37°C for
5 minutes and subsequently rinsed two additiomakgi with DMEM and
were imaged immediately. The exposure time was teptl secend to avoid
photo-oxidation of the ROS sensitive dyes, and ddr treatments, the
exposure time was kept constant. At least threepaeddent fields were
chosen for each condition, and 5 to 10 glomerui given field were used for
quantification of the fluorescence signals. Upoidation via interaction with
ROS, the dye is cleaved forming the fluorescent pmumd DCF, and the
formation of DCF was monitored in a fluorescent noptate reader with
emission at 520 nm and excitation at 500 nm. Resudtre expressed as fold

of control.

10. Measurement of urinary 8-hydroxydeoxyguanosiné8-OHdG) levels

Urinary specimens were centrifuged at 1500 rpmilfbminutes to remove

15



particulates. The supernatants were used for tlesunmement of the 8-OHdG
levels using a competitive in vitro enzyme-linkeshniunosorbent assay
(ELISA) kit (Bioxytech, OXIS Health Products, In®prtland, OR, USA). A
50 pl urine sample and 501 of reconstituted primary antibody were added
into each well of 8-OHAG coated microtiter platel @amcubatecat 37°C for 1
hour. The antibodies in the sample bound to théedo&OHdG were washed
three times with phosphate-buffered saline. Thesdmadish peroxidase-
conjugated secondary antibody was added to the foiowed by incubation
at 37°C for 1 hour, the unbound enzyme-labeled redmy antibody was
removed, and the plate was washed again three.tirhesamount of antibody
bound to the plate was determined by the developwferplor intensity after
the addition of a substrate containing 3,3',5Batenethyl-benzidine. The
reaction was terminated by the addition of phosighacid, and the
absorbance was measured using a computer-contrsfiedtrophotometric
plate reader at a wavelength of 450 nm. The coratort of 8-OHdG of the
urine samples was interpolated from a standard ecutxawn with the
assistance of logarithmic transformation. The deircrange of the ELISA
assay was 0.5 to 200 ng/ml. The intra-assay césftiof variance (CV) was

9.8%, and the inter-assay CV was 6.7%.

16



11. Statistical analysis

All values are expressed as the meatandard error of the mean (SEM).
Statistical analysis was performed using the sizdis package SPSS for
Windows Ver. 11.0 (SPSS, Inc., Chicago, IL, USAgsRBIts were analyzed
using the Kruskal-Wallis nonparametric test for tplé comparisons.
Significant differences by the Kruskal-Wallis testere confirmed by the
Mann-Whitney U test. P values less than 0.05 wesasidered to be

statistically significant.

17



[ll. RESULTS

1. Animal data

All animals gained weight over the 3-month experitaé period, but
weight gain was highest in C rats (p<0.01). Thésaof kidney weight to
body weight in DM (1.34#0.09%) and DM+AST-120 rats (1.28.10%) were
significantly higher than those in C (0#204%) and C+AST-120 rats
(0.64:0.06%) (p<0.01). The mean blood glucose levels pICEAST-120,
DM, and DM+AST-120 rats were 10&3.7 mg/dl, 110.54.2 mg/dl,
495.+8.9 mg/dl, and 482#5.3 mg/dl, respectively (p<0.01). Compared to
the C group (0.480.06 mg/day), 24-hour urinary albumin excretion was
significantly higher in the DM group (1.20.17 mg/day, p<0.01), and AST-
120 treatment significantly reduced albuminuria DM rats (1.04+0.19
mg/day, p<0.05). On the other hand, serum creatimind indoxyl sulfate

levels were comparable among the four groups (Table

18



Table 2. Animal data

C C+AST-120 DM DM+AST-120
Body weight (g) 557.8+18.8 580+15.1 292.1+9'% 281.3+93
Kwt/Bwt (X1079) 0.62+0.04 064+0.06 1.34+0'9 1.28+0.10
Glucose (mg/dl) 106.4+5.7 1105+4.2 495.048.9482.6+6.3
S-Cr (mg/dl) 1.0+0.1 0.9+0.1 1.2+0.2 1.1%0.
UAE (mg/day) 0.40+0.06 0.36+008 1.99+0.171.04+0.19
IS level (mg/dl) 0.06+0.07 0.06+0.03 0.07+®.0 0.05+0.01

Kwt, kidney weight; Bwt, body weight; S-Cr, serumeatinine; UAE urinary

albumin excretion; 1S, indoxyl sulfaté; p<0.01 vs. C, *; p<0.05 vs. DM

2. Effects of AST-120 on glomerular eNOS, subunitsf NADPH oxidase,
and fibronectin mRNA expression

Compared to C rats, glomerular eNOS, gp91phox, @iphox mRNA
expressions were significantly increased in DM #as2.1-, 3.3-, and 2.7-
folds, respectively (p<0.05), and these increasesRNA expressions in DM
glomeruli were significantly abrogated by AST-12@atment (p<0.05). In
contrast, there was no difference in glomerularph® mRNA expression

among the four groups (Fig. 1A). Fibronectin mRN®pression was also

19



increased in DM compared to C glomeruli, and ASU-12eatment
significantly ameliorated this increase in glomaruffibronectin mMRNA

expression in DM rats (p<0.05) (Fig. 1B).
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eNOS gp91phox p47phox p22phox

Figure 1A. Glomerular eNOS and subunits of NADPH oxidase mRNA
expression assessed by real-time PCR in C, C+ASTDR®I, and DM+AST-
120 groups. Compared to C rats, glomerular eNOS]1gjpox, and p47phox
MRNA expressions were significantly increased in Blts by 2.1-, 3.3-, and
2.7-folds, respectively, and these increases in mRIpressions in DM
glomeruli were significantly abrogated by AST-12@atment. In contrast,
there was no difference in glomerular p22phox mR&f@ression among the

four groups. *; p<0.05 vs. C and C+AST-120p<0.05 vs. DM

20



3.5 1 *
& 3.0 1
d
é 2.5 1 mC
4 O C+AST-120
E 20 1 t @ DM
£ B DM+AST-120
o 1.5 1
(&)
c
S 1.0 1
=
LL
0.5 1
0.0

Figure 1B. Glomerular fibronectin mRNA expression assessededy-time
PCR in C, C+AST-120, DM, and DM+AST-120 groups. fehwas a 2.6-fold
increase in fibronectin MRNA expression in DM congghto C glomeruli,
and AST-120 treatment significantly ameliorateds timicrease in glomerular
fibronectin MRNA expression in DM rats. *; p<0.08. & and C+AST-12G;

p<0.05 vs. DM

3. Effects of AST-120 on glomerular eNOS, subunitsf NADPH oxidase,
and fibronectin protein expression

Similar to the results of mMRNA expressions, glonar@NOS, gp91phox,
and p47phox protein expressions assessed by Wddtdrwere significantly
increased in DM compared to C rats, and these asee in protein

expressions in DM rats were significantly attendaby AST-120 treatment
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(p<0.05). In contrast, there was no differencelomngerular p22phox protein
expression among the four groups. Fibronectin protepression was also
significantly increased in DM glomeruli, and ASTedtment significantly
inhibited this increase in glomerular fibronectiotein expression in DM rats

(p<0.05) (Fig. 2).
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Figure 2. A representative Western blot of glomerular eN®@J ¢p91phox
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(B), p47phox (C), p22phox (D), fibronectin (E), arfitactin (F) in C,
C+AST-120, DM, and DM+AST-120 groups (representatdf four blots).
Compared to C rats, glomerular eNOS, gp91phox, lpd¥pand fibronectin
protein expressions were significantly increasedly, 2.0-, 2.3-, and 2.5-
folds, respectively, in DM rats, and these incredseprotein expression were
significantly attenuated by AST-120 treatment. lonttast, there was no
difference in glomerular p22phox protein expressiomong the four groups.

*: p<0.05 vs. C and C+AST-12%; p<0.05 vs. DM

4. Immunohistochemistry

Immunohistochemical staining for glomerular eNO&yumits of NADPH
oxidase, and fibronectin confirmed the Western Wilotings. Glomerular
eNOS, gp91phox, p47phox, and fibronectin stainingrew significantly
stronger in DM compared to C rats, and AST-120tineat significantly
abrogated these increases in protein expressi@Mimglomeruli. In contrast,
there was no difference in glomerular p22phox stginramong the four
groups, (Fig. 3A-E). The mean semi-quantitativengtg scores for eNOS
(50.2+3.8 vs. 28.315.8, p<0.05), gp91lphox (75.448533.1+10.8, p<0.05),
p47phox (59.1+7.1 vs. 30.7+8.7, p<0.05), and filexin (78.5+8.8 vs.

36.6+11.1, p<0.05) wergignificantly higher in DM compared to C glomeruli,
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and AST-120 treatment in DM rats significantly aioedted the
immunohistochemical staining scores for eNOS (3B.0%x p<0.05),
gp91phox (51.548.0, p<0.05), p47phox (44.3t6.0,.p50) and fibronectin
(55.1+8.2, p<0.05). In contrast, there was no diffiee in glomerular staining

score for p22phox among the four groups.
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Figure 3A. Immunohistochemical staining for eNOS in C, C+ABX0, DM,
andDM+AST-120 groups (x400). The mean semi-quantitatitaining scores
for glomerular eNOS were significantly higher in Dddmpared to C and
C+AST-120 groups, and AST-120 treatment signifisardttenuated this
increase in glomerular eNOS staining score in Did.rA: C, B: C+AST-120,
C: DM, D: DM+AST-120. *; p<0.05 vs. C and C+AST-120 p<0.05 vs.

DM
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Figure 3B. Immunohistochemical staining for gp91phox in C, GHA120,
DM, and DM+AST-120 groups (x400). The mean semingjtaive staining
scores for glomerular gp91phox were significanilyhler in DM compared to
C and C+AST-120 groups, and AST-120 treatment Bagmitly attenuated
this increase in glomerular gp91phox staining sdor®M rats. A: C, B:
C+AST-120, C: DM, D: DM+AST-120. *; p<0.05 vs. CAIC+AST-120,1;

p<0.05 vs. DM
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Figure 3C. Immunohistochemical staining for p47phox in C, CHAR0,
DM, and DM+AST-120 groups (x400). The mean semingjtative staining
scores for glomerular p47phox were significantlgh@r in DM compared to
C and C+AST-120 groups, and AST-120 treatment Bagmitly attenuated
this increase in glomerular p47phox staining sdorddM rats. A: C, B:

C+AST-120, C: DM, D: DM+AST-120. *; p<0.05 vs. CaC+AST-120,1;

p<0.05 vs. DM
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Figure 3D. Immunohistochemical staining for p22phox in C, CHAR0,
DM, and DM+AST-120 groups (x400T.he mean semi-quantitative staining
scores for glomerular p22phox were comparable artteafpur groups. A: C,

B: C+AST-120, C: DM, D: DM+AST-120.
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Figure 3E. Immunohistochemical staining for fibronectin in C+AST-120,
DM, and DM+AST-120 groups (x400). The mean semirgjtaive staining
scores for glomerular fibronectin were significgrttigher in DM compared
to C and C+AST-120 groups, and AST-120 treatmeagrtiitantly attenuated
this increase in glomerular fibronectin stainingrecin DM rats. A: C, B:
C+AST-120, C: DM, D: DM+AST-120. *; p<0.05 vs. CAIC+AST-120,1;

p<0.05 vs. DM

5. Effect of AST-120 on glomerular ROS production

Glomerular ROS production was evaluated by detdngithe fluorescent
intensity of DCF. The intensity of DCF fluoresceneas 2.6-fold higher in
DM compared to C glomeruli (p<0.05), and this irse in the intensity of
DCEF fluorescence in DM glomeruli was significanihhibited by AST-120

treatment (p<0.05).
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Figure 4. A representative DCF-DA staining for glomerular R@®duction.
The intensity of DCF fluorescence was 2.6-fold leigin DM compared to C
glomeruli, and this increase in the intensity of @uorescence in DM
glomeruli was significantly inhibited by AST-120eatment. A: C, B:
C+AST-120, C: DM, D: DM+AST-120. *; p<0.05 vs. CARC+AST-120,t;

p<0.05 vs. DM

6. Effect of AST-120 on urinary 8-OHdG excretion

Urinary 8-OHdG excretion rates were significantigtter in DM compared
to C rats (486.96182.25 vs. 37.2713.78 ng/kg/hr, p<0.001), and this
increase in 8-OHAG excretion rates in DM rats wgsiicantly abrogated by

AST-120 treatment (p<0.01) (Fig. 5).
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Figure 5. Urinary 8-OHdG excretion rates assessed by ELIS&, C+AST-

120, DM, and DM+AST-120 groups. Urinary 8-OHdG estmn rates were

significantly higher in DM compared to C rats, ahé increase in 8-OHdG

excretion rates in DM rats was significantly abrtegiby AST-120 treatment.

* p<0.001 vs. C and C+AST-126;, p<0.01 vs. DM
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IV. DISCUSSION

Recent experimental and clinical studies have detnated that AST-120,
an oral absorbent, inhibited the progression obetig>?®> and non-diabetic
chronic kidney disead&?’ along with a decrease in oxidative stfe$%2 but
the effect of AST-120 on non-uremic kidney diselaas never been explored.
In this study, | demonstrate for the first timettAST-120 treatment inhibited
the increase in albuminuria and enhanced glomefiblamectin expression in
diabetic rats. In addition, the results of thisdstusuggest that reduced
oxidative stress may contribute to these effec&s3i-120.

AST-120 is an oral adsorbent that consists of fapderical carbonic
particles of approximately 0.2-0.4 mm in diameterd acan adsorb low
molecular weight substances such as indoledole is a precursor of indoxyl
sulfate, which is known as one of the circulatinggemic toxins, to be
accumulated in renal failuf® to stimulate glomerular sclerosis and interstitia
fibrosis™ 2 and to be effectively removed by AST-#26* Since Sanaka et
al”® demonstrated that AST-120 attenuated the ratefedfne of reciprocal
creatinine in 27 undialyzed uremic patients, numsrinvestigations have
been taken to elucidate not only the effects of A3U on the progression of

renal failure but also the underlying mechanisnthaf beneficial effects of
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AST-120. The progression of renal failure has bestarded or improved in
both diabetic and non-diabetic patients treated$y-120 irrespective of the
degree of renal failufé ? > 3® |n addition, AST-120 has been shown to
improve renal function, glomerulosclerosis, andutalmterstitial fibrosis in
various animal models of acute and chronic rerirég® 3 °’

These beneficial effects of AST-120 were consideoele attributed to the
removal of indole, leading to a decrease in semdmiyl sulfate levef§.
Aoyama et &’ demonstrated that the administration of indoxylfase
stimulated the expression of T@H; tissue inhibitor of metalloproteinase
(TIMP)-1, and proal(l) collagen in the kidneys and these changesemic
Otsuka Long-Evans Tokushima Fatty rats were rederbg AST-120
treatment. In addition, AST-120 significantly inhdxl the increases in renal
cortical nuclear factor (NF§B DNA-binding activity in 3/4 nephrectomized
rats, resulting in less monocyte chemoattractaatepr-1 (MCP-1) mRNA
expression and macrophage infiltrafftbnRecently, there have been some
studies suggesting a close association between itldaixyl sulfate and
oxidative stress. Gelasco ef'ahind Dou et &f found that indoxyl sulfate
induced a significant production of ROS in culturatl mesangial cells and
cultured human umbilical vein endothelial cellsspectively. In addition,

AST-120 suppressed the progression of renal failurg/6 nephrectomized
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rats, at least in part, by attenuation of oxidatteess assessed by urinary
excretion of acrolein and 8-OHd% Furthermore, a recent study by Kato et
al”® revealed that carboxymethyllysine (CML) and peidiog levels were
significantly correlated with serum indoxyl sulfateoncentrations in
hemodialysis patients. In the present study, okidatress, assessed by DCF-
DA staining and urinary 8-OHdG excretion, was digantly higher in
diabetic compared to control kidney and this insee@as abrogated by AST-
120 treatment in accordance with aforementionedies$y suggesting that
AST-120 abrogated enhanced oxidative stress lewvelsr diabetic conditions.
In contrast to the previous studies, however, thexe no difference in serum
indoxyl sulfate concentrations among the study gsosince the diabetic rats
| used in this study do not develop renal failur8 enonths after the induction
of diabetes, it seems that similar levels of seindoxyl sulfate is due to
comparable renal function between control and dialbrats. On the other
hand, besides indoxyl sulfate AST-120 is known dsaab hippuric acid, p-
cresol, and AGEs, including methylglyoxal and CNall,of which are known
to be associated with oxidative stfé88 Therefore, further study is needed to
clarify the molecules which levels are increaseddiabetic rats and are
decreased by AST-120 treatment, that is, the mi@sauhich are responsible

for the antioxidant effect of AST-120 in diabetats.
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Even though the term ‘oxidative stress’ has beemwidle use, no clear
definition exists yet. A number of researchers, &osy, define oxidative
stress as a status where production of the shvedsli highly-reactive
molecules is increased. Sie$’Heferred oxidative stress to a pro-oxidant
status following the disturbance in the pro-oxidamtioxidant balance.
Oxidative stress involves various molecules caRéaS of which superoxide
anion, hydrogen peroxide, nitric oxide (NO), andopgnitrite are known to
be important, and plays a pivotal role in the pgdmesis of diabetic
nephropath$® *> An extensive pool of researches suggests thatatixe
stress is increased in both diabetic animals anghahs. High glucose
increased production of DCF-sensitive ROS in celfumesangial cells in a
time-dependent manrfernd this increase in ROS is known to be dependent
on PKC, NADPH oxidase, and mitochondrial electroadient’ *° TGF{1
and All also increased ROS production in culturedsamgial cells in a
NADPH oxidase-dependent manhet In addition, ROS is known to mediate
bothin vivo andin vitro activation of PKC, N«B, TGF{31, fibronectin, and
plasminogen activator inhibitor (PAl)-1 under ditibeconditiong' ** *2 In
high glucose-stimulated mesangial cells, antioxid@eatment normalized
PKC and NF«B activation as well as PAI-1 expression, suggegstirat ROS

might mediate the high-glucose induced changesiliured mesangial cefts
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%334 |n diabetic animals, increased activities of gtootar PK@ and PKCe
were also inhibited by treatment with taurine, amiaxidanf®. Similarly,
antioxidant treatment suppressed the increase amagular TGH31 and
fibronectin  MRNA expression and ameliorated glor@ruthickening,
mesangial expansion, and proteinuria in diabetisra® Not only urinary
albumin excretion but also glomerular basement mman thickening and
TGF{f31 and type IV collagen protein expressions wereniaantly
attenuated in diabetic rats whose copper/zinc suj dismutase, a catalytic
antioxidant, was over-expressédAs inflammation was recently found to be
involved in the pathogenesis of diabetic nephropaite interest has been
drawn to MCP-1, the most important mediator of anfimatory cell
infiltration®® *>. ROS was reported to contribute to the high gladosguced
increase in MCP-1 expression in cultured mesarngitd’. It was also found
to mediate TGH1l-induced phsphorylation of mitogen-activated prote
kinase and Smad 2 as well as epithelial-mesenchiaraition in the tubular
epithelium of normal raf8 The results of this study show that fibronectin
MRNA and protein expression are increased in dalggomeruli and this
increase in fibronectin expression are attenuayedI-120 treatment along
with reduced oxidative stress, suggesting thatethdganges in fibronectin

expression are in part mediated by alleviationrdfamced oxidative stress by
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AST-120 in diabetic rats.

NADPH oxidase is a major source of oxidants in free#ls such as tubular
epithelial cells and glomerular mesangial C&INADPH oxidase was
originally found in neutrophils and is composedso$ubunits: 2 membrane-
associated subunits; gp91phox and p22phox, andj@& mgosolic subunits;
p67phox, p47phox, and p40ptixUnder diabetic conditions, the expression
of some subunits of NADPH oxidase is known to lweasedn vitro andin
vivo, resulting in enhanced oxidative stress leveltadé et af demonstrated
that oxidative stress in early diabetic glomerdi mediated by NADPH
oxidase activation and that the membranous traastot of p67phox and
p47phox via PK@ activation plays a crucial role. A study by Onazaet af
also showed that renal expression of p47phox wemreased in early diabetic
kidney along with an increase in plasma lipid pé&ation products and renal
hydrogen peroxide production and nitrotyrosine dépmmn and that these
changes were inhibited by ACEi or ARB, indicatingathogenic role for All
in the development of oxidative damage in earlybeie nephropathy. In
addition, Nox4, which is a homologue of gp91pho®msweported to be the
major source of ROS in the kidney and to mediatalrénypertrophy and
fibronectin expression in the early stage of di@beéphropathy. Similar to

the previous studies, the present study showdhbatxpression of gp91phox
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and p47phox mRNA and protein expressions are iseckan diabetic
glomeruli and these increases are ameliorated by-12B treatment,
suggesting that AST-120 may reduce oxidative dantagéabetic kidney via
the inhibition of NADPH oxidase-mediated ROS praibut Among the
subunits of NADPH oxidase, there was no differemcp22phox expression
among the study groups. Even though Kitada %tad$o found no difference
in p22phox expression between control and dialgdtimeruli, the reasons for
the divergence of changes in NAPDH-oxidase subamésot clear and need
to be further investigated.

In addition to NADPH oxidase, increased ROS germrainder diabetic
conditions is attributed to changes in NOS, xamhiridase, cyclooxygenase,
and lipoxygenasé Particularly, in diabetic nephropathy, the majources of
ROS are known to be NADPH oxidase and uncoupled ,N@$§ulting in a
reduction of glomerular NO production despite imsed expression of
eNOS"’. In addition, eNOS itself is also found to prod@g which requires
Cd*/calmodulin and is primarily regulated by tetratyhiopterin rather than
L-argininé®. Even though there are conflicting results on éhpression of
eNOS in diabetic nephropathy, many studies havewshthat eNOS
expression is increased in anifdt ®>and humaf? diabetic glomeruli, which

is consistent with the findings of this study. Eviédrough the functional
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significance of increased eNOS expression was xamied in the present
study, | surmise that the increase in eNOS exmregsi mainly attributed to
the increase in uncoupled eNOS, which needs toob&rmed by checking

the expression of eNOS dimer form.

In conclusion, AST-120 treatment alleviates oxidagtress and inhibits the
increase in fibronectin expression in diabetic mepathy. These effects of
AST-120 seem to be associated with the attenuatfoenhanced NAPDH
oxidase and eNOS expression under diabetic conditidhese findings
provide a new perspective on the renoprotectivecedf of AST-120 in

diabetic nephropathy.
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V. CONCLUSION

In this study, | investigated whether the admiaistn of oral absorbent, AST-
120, could reduce oxidative stress and ameliorbe development of
nephropathy in experimental diabetic rats with radrmenal function. The

results were as follows;

1. Compared to the C group, 24-hour urinary albureicretion was
significantly higher in the DM group, and AST-12@dtment significantly
reduced albuminuria in DM rats. On the other ha®tum creatinine and
indoxyl sulfate levels were comparable among the §poups.

2. Glomerular eNOS, gp91phox, p47phox, and fibronaolRNA and protein
expressions were significantly increased in DM cared to C rats, and
these increases in DM glomeruli were significarthyogated by AST-120
treatment.

3. Glomerular eNOS, gp9l1phox, p47phox, and fibranestaining by
immunohistochemistry were significantly strongeiDM relative to C rats,
and AST-120 treatment significantly amelioratedsthéncreases in protein
expression in DM glomeruli.

4. There was no difference in glomerular p22phgxression among the four
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groups.
5. The intensity of DCF fluorescenf@ glomerular ROS production was also
significantly increased in DM compared to C glontierand this increase in
DM glomeruli was significantly attenuated by ASTel2eatment.
6. Urinary 8-OHdG excretion rates were significamtigher in DM compared
to C rats, and AST-120 treatment significantly irteith this increase in 8-

OHdG excretion rates in DM rats.

In summary, AST-120 treatment alleviates oxidastress and inhibits the
increase in fibronectin expression in diabetic mepathy. These effects of
AST-120 seem to be associated with the ameliorasfoenhanced NAPDH
oxidase and eNOS expression under diabetic conditidhese findings
provide a new perspective on the renoprotectivecedf of AST-120 in

diabetic nephropathy.
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