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Uremic Toxins

A) Free watersoluble low-molecular
weight solutes(MW<500)
Methylguanidine
Asymmetric dimethylargine
(ADMA)

B) Protein-bound low-molecular
weight solutes(MW<500)
Indoxyl sufate(lS)
p-Cresyl sulfate (PCS)
3-Carboxy-4-methyl-5-propyl -
2-furanpropionic acid (CMPF)

C) Middle molecules(MW>500)
PTH
b2-microglobulin

ater-soluble low-molecular wei

Asymmetrical dimethy larginine (202). a-keto-d-guanidinovaleric acid (151),
a-N-Acetylarginine (216), Arab(in)itol (152), Argininic acid (175), Benzylalcohol (108),
B-Guanidinopropionic acid (131), B-Lipotropin (461). Creatine (131), Creatinine (113),
Cytidine (234) . Dimethylglycine (103). Erythritol (122),
y-guanidinobutyric  acid  (145), Guanidine (59). Guanidinoacetic acid (117),
Guanidonosuccinic acid (175). Hypoxanthine (136), Malondialdehyde (71), Mannitol (182).
I-Methyladenosine  (281),  Methylguanidine  (73), I-Methylguanosine  (297).
I-Methylinosine  (282),  Myoinositol ~ (180).  N2.N2-Dimethylguanosine  (311),
N4-Acetylcytidine (285), N6-Methyladenosine (281), N-Methyl-2-pyridone-5-carboxamide
(152), N-Methy|-4-pyridone-3- carboxamide (152), N6-Threonylcarbamoyladenosine (378).
Orotic acid (174). Orotidine (288). Oxalate (90). Phenylacetylglutamine (264).
Pseudouridine (244), Symmetrical dimethylarginine (202). Sorbitol (182). Taurocyamine
(174). Threitol (122), Thymine (126), Uracil (112), Urea (60). Uric acid (168). Uridine
(244). Xanthine (15 anthosine (284)

Protein-bound low-molecular weight solutes
3-Carboxy-4-methy|-5-propy I-2-furanpropionic  acid (240). 3-Deoxyglucosone (162),
Fructoselysine  (308). Glyoxal (58). Hippuric acid (179), Homocysteine (135).
Hydroquinone (110). Indole-3-acetic acid (175). Indoxyl sulfate (213). Kynurenine (208).
Kynurenic acid (189). Melatonin (126), 2-Methoxyresorcinol (140). Methylglyoxal (72).

N*(Carboxymethyl)lysine (204). p-Cresol (108). p-Cresy| sulfate (188). Pentosidine (342).

Phenol (94). Phenyl sulfate (174). Phenylacetic acid (136). p-Hydroxyhippuric axid (195).

Putrescine (88), Quinolinic acid (167), Spermidine (145). Spermine (202)
Middle molecules

Adrenomedullin (5729). ial natriuretic peptide (3080). Cholecystokinin (3866), Clara
cell protein (CC16) (15800), Complement factor D (23750). Cystatin C (13300),
Degranulation inhibiting protein I (angiogenin) (14100), Delta-sleep inducing peptide (848),
Dinucleoside polyphosphates, e.g. diadenosine tetraphosphate (836). (-Endorphin (3465),
Endothelin (4283). Hyaluronic acid (25000), Interleukin-1p (32000), Interleukin-6 (24500).
Interleukin-18 (18000), x-Ig light chain (25000), A-1g light chain (2500). Leptin (16000).
Methionine-enkephalin = (555).  p,-Microglobulin  (11818), Neuropeptide 'Y (4272).
Parathyroid hormone (9225), Retinol-binding protein (21200). Tumor necrosis factor-at

(26000)

Niwa T, Mass Spectrom Rev 30:5121, 2011



Uremic toxins with the potential
to provoke vascular damage

Middle molecules®
AGE
Ang-A
dinucleotide polyphosphates

ApcA
Ap.A
leptin
TMNF-a
Protein-bound molecules®
AGE"
dinucleotide polyphosphates
ApcA
ApgA
homocysteine
indoxyl sulfate
leptin
pCS
phenylacetic acid
TMNF-a
Small water-soluble compounds
ADMAA
guanidino acetic acid?
methylguanidine®

Vanholder R et al, JASN 19:86370, 2008



Protein-bound Uremic Toxins

Hemodialysis even with a higkflux membrane cannot
efficiently remove the proteinbound uremic toxins (IS, PCS,
CMPF) because of their high albuminbinding property.
(Reduction rates forlS and PCS: 30 %,CMPF: -10 %)

Accumulation of the protein-bound uremic toxins in the
blood of dialysis patients might play an important role in the
development of uremic complications such as cardiovascular

disease.

Thus, novel dialysis technigues or membranes should be
developed to efficiently remove these prote#dound uremic
toxins.



Serum Levels of Indoxyl Sulfate, pCresyl Sulfate
and CMPF in Hemodialysis Patients

IS PCS CMPF References
mg/dl mg/dl mg/dl
3.8 Goto, et al., 2010
4.0 2.2 Lin, et al., 2010
1.7 0.40 Brandenburg, et al., 2010
2.2 3.4 Meljers, et al., 2009
3.8 5.6 Luo, etal., 2009
2.6 0.88 De Smet.etal., 2007
3.5 Taki, etal., 2006
2.7 4.3 Martinez.etal., 2005
4.9 Takayamaetal., 2003
3.4 0.37 Fagugli.etal., 2002
1.9 2.0 Lesaffer.etal., 2000
3.2 Sassaetal., 2000
1.7 Niwa, etal., 1996
3.9 Niwa, etal., 1995
5.3 Niwa, et al., 1994




Metabolomics analysis reveals large effects of gut
microflora on mammalian blood metabolites

Fold
Metabolite change Pvalue
Iniﬁ:iztii:;a; Ve 8.42 x 1012
N-acetyltryptophan 3.56 % 104
Indoxyl sulfate 1.34 % 107
Serotonin 1.27 = 10-10
Serum metabolites from germfree | R
(GF) and conventional (conv) mice [k s 03
. . . . Tyrosine 1.44, GF 1.14 = 104
differed in their level of sulfation. Hippuric acid 17.4,conv 1.98 x 10-8
Phenylacetylglycine 3.8, conv 47010 "
s SO U
Indoxyl suliate, phenyl sulfate and | HeE- G
p-cresol sulfate were present only [ one 1410
. . . Methyl equol sulfate conv* 2.18 x 10°¢
In the serum of conventional mice [
. . Urate 1.99, conv  1.51 = 10-%
bUt not In GF mice. Creatinine 1.08, conv 0.071

Dihydroxyquinoline conv* 7.64 = 10°®

glucuronide

12-Hydroxy-57,87,10E,14Z,172- 4.0, conv 8.20 x 10°%
eicosapentaenocic acid

3-Carboxy-4-methyl-5-pentyl- 34, conv. 1.37x10°%
2-furanpropionic acid
glucuronide

Wikoffa WR, et al. , PNAS 106(10):369€03, 2009




Colonic Contribution to Uremic Solutes

They compared plasma from
hemodialysis patients with and
without colons to identify colon
derived uremic solutes.

They identified five colonderived
uremic solutes:

1) p-cresol sulfate (PCS)

2) Uphenylacetytl-glutamine
3) indoxyl sulfate (1S)

4) indoxyl glucuronide

5) 5-hydroxyindole

Solute Name or Mass (D)

Colon-derived uremic solutes identified by analysis of
chemical standards

C
pPCs®
ee-N-phenylacetyl-L-glutamine®
ISP

indooyl glucuronide®
5-hydroxyindole®

Aronov PA, et al. JASN 2011

Dialysis Intact . MNormal
Colon 2 5:[:‘ C_o:;:tarny Control
:n:?: {n:?to‘lﬂ}
PCS

plasma pretreatment mg/dl

reguction ratio

15

plasma pretreatment mg/dl

plasma pretreatment nM
reguction ratio

Hippurate
plasma pretreatment mg/dl
reguction ratio

na pretreatment pg/dl
atio

plasma pretreatmeant pg/d|
reguction ratio

Urea
plasma pretreatment mg/dl
reguction ratio

Colectomyfwith Hemodialysis/
Colon MNormal

Dialytic Reduction



Metabolic Pathways Involved in the Transformation of
Tyrosine to p-Cresylsulfate andp-Cresylglucuronide

Intestinal flora

Schepers E, et al. Blood Purif 29:136, 2010



Free p-cresylsulphate Is a predictor of
mortality in patients at different stages of

chronic kidney disease
Liabeuf S, etal, NDT 25:118391,2010

free p-cresyl sulfate < 0.051mg/100mL
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free p-cresyl sulphate > 0.051mg/100mL
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400 600 800 1000 1200 0 . 600 800 1000 1200
Time (days) Time (days)

Number of patients at risk
Days of follow-up
0 200 400 600 800 1000
Free p-cresylsulphate <0.051 mg/100 mL 70 69 65 64 42

Free p-cresylsulphate > 0.051 mg/100 mL 69 65 57 50 34

A free p-cresylsulphate level >0.051 mg/100 mL was a significant
predictor of overall and CV death in patients with CKD stage 2 to 5D.



Serum levels of total pcresylsulphate are associated with
angiographic coronary atherosclerosis severity in stable
angina patients with early stage of renal failure

Wang CP etal, Atherosclerosis211:579832010
Beta = 0.171, p = 0.016
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Gensini score

Statistically significant associations were observed between the
serum total PCS levels and the number of diseased vessels, and

modified Gensini score.



Metabolic Pathway Involved in the Transformation of
Tryptophan to Indoxyl Sulfate

Kidneys

Dietary prote

Intestine

Niwa T, etal Kidney Int 52(Suppl 62): S23528,1997



Serum Indoxyl Sulfate |Is Associated with
Vascular Disease and Mortality in CKD Patients
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CKD stage 4 CKD stage 5 CKD stage 5D

Serum levels of IS as a function of CKD stages.

Barreto FC, et al. CJASN 4:1551-8,2009



Serum Indoxyl Sulfate |Is Associated with
Vascular Disease and Mortality in CKD Patients

sulfate (logarithmic tranformed)
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Indoxyl

Aortic calcification - X Ray Score

Aortic calcification -X ray score Pulse wave velocity (m/s)

Serum indoxyl sulfate level was significantly correlated with
aortic calcification and pulse wave velocity in CKD patients.

Barreto FC, et al. CJASN 4:1551-8,2009



Serum Indoxyl Sulfate |Is Associated with
Vascular Disease and Mortality in CKD Patients

Overall Cumulative Survival Cardiovascular Cumulative Survival
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p= 0.001

Cardiovascular Cumulative Survival

400 600

Time (days) Time (days)

The highest indoxyl sulfate tertile was a powerful predictor
of overall and cardiovascular mortality.

Barreto FC, et al. CJASN 4:1551-8,2009



The uremic toxin indoxyl sulfate Is a potent endogenous
agonist for the human aryl hydrocarbon receptor

2,3,7,8Tetrachlorodibenzo-p-dioxin

: / T~S03K

N
H

Indoxyl sulfate

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor

iInvolved in the regulation of multiple cellular pathways, such as xenobiotic
metabolism and cell differentiation.

Prolonged activation of the AHR by indoxyl sulfate may contribute to toxicity
observed in dialysis patients and thus represent a possible therapeutic target.

Schroeder JC et al. Biochemistry 49:393400, 2010



Does indoxyl sulfate, a uraemic toxin, have direct
effects on cardiac fibroblasts and myocytes?

Lekawanvijit S, et al. Eur Heart J 31:17719, 2010

Cardiac fibroblast collagensynthesis 200Cardiac myocyte hypertrophy.

e %%
P<0.05 vs. control
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Indoxyl sulfate (uM) Indoxyl sulfate (uM)

Indoxyl sulfate increased rat cardiac fibroblast collagen synthesis
and myocyte hypertrophy.

Indoxyl sulfate stimulated TNF-a, IL -6, and IL-1b mRNA
expression in human monocytic leukemia cell line, THR.



Indoxyl sulfate promotes aortic calcification with
expression of osteoblasspecific proteins in
hypertensive rats

Adijiang A, Niwa T, et al: NDT 23:1892-901, 2008



Time Course of Systolic BP and Serum Indoxyl Sulfate

In DR, DS and DSIS rats.

*
ASystolchP P G 0.0001 vs DS

(mmHg)

200

9 13
Time (weeks’

B **p 0 0.001,
Serum IS

(mg/dI)
3
2.5
2
1.5
1
0.5

13 17 21 25 30
Time (weeks]

Adijiang A, Niwa T, et al: NDT 23:1892-901, 2008



HE and von Kossa Staining of Arcuate Aorta

In DR, DS, and DSIS Rats

HE
(x 10

von Koss
(x 10)

Adijiang A, Niwa T, et al: NDT 23:1892-901, 2008



Aorta Wall Thickness of Arcuate Aorta, Thoracic Aorta
and Abdominal Aorta in DR, DS, and DSIS Rats

Thicknessof Thicknessof
arcuate aorta mm) thoracic aorta mm)

400
350
300
250
200
150
100

50

250
200

150

100
0]

0

> DR DS DSIS DR DS DSIS

Thicknessof *P (10.05, ***P {10.001, ****P (10.0001vs. DS
abdominal aorta mm)

200

150

100

50

0

DR DS IS

Adijiang A, Niwa T, et al: NDT 23:1892-901, 2008



Immunostaining of Osteopontin, Cbfal, ALP, and
Osteocalcin in Arcuate Aorta of DR, DS and DSS Rats

DS DS-IS

Osteopontin -
Osteocalcin |

Negative
control

x 250 x 25(



Summary

Indoxyl sulfate induced not only aortic wall thickening
but also aortic calcification with expression of
osteoblastspecific proteins.

Thus, indoxyl sulfate is a vascular toxin, and may
contribute to the progression of arteriosclerosis in
ESRD patients.



Indoxyl sulfate induces oxidative stress and
the expression of osteoblastpecific proteins
In vascular smooth muscle cells

Muteliefu G, Niwa T, et al: NDT 24:205%12058, 2009



Indoxyl Sulfate Induces ROS Production
In HASMC

** n<0.01, ***p<0.001vs control
200 -

i
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CM-H2DCFDA fluorescence
(% of control)
@ o)
) e}

0 100 250 500 1000 400 nM

Menadione

IS (uM)

Muteliefu G, Niwa T, et al. NDT 24:20522058,2009



Effect of Indoxyl Sulfate on mMRNA

Expression of Cbfal and ALP in HASMC

Cbfal mMRNA/GAPDH mRNA ©

*p<0.05,** p<0.01, 2 *p<0.05,** p<0.01vs control
*** p<0.001vs control
2.5 - % s
2 1 =
-
1.5 - g
J &
1
<
0.5 - E
=
] a
0 100 250 500 0 100 250 500
IS (uM) IS (uM)

Muteliefu G, Niwa T, et al. NDT 24:20522058,2009



Effects of Indoxyl Sulfate on mRNA Expression of
NADPH Oxidase Nox4 in HASMC

< 25 ¢
E *p<0.05,** p<0.01vs control
£ 2
=
: = 1.5
O3
;.
= 0.5
P
© 0
Z
0 100 250 500
IS (pM)

Muteliefu G, Niwa T, et al. NDT 24:20522058,2009



Summary

Indoxyl sulfate stimulated ROS generation through
activation of NADPH oxidase, and upregulated the
expression of osteoblas$pecific proteins such as
Cbfal and ALP in HASMC.

Accumulation of indoxyl sulfate in blood due to
renal dysfunction may be one of the risk factors for
development of aortic calcification in CKD patients.



Indoxyl sulfate promotes cell senescence In
aorta of hypertensive rats

Adijilang A, Niwa T, et al. BBRC 399:637641, 2010



Time Course of Systolic BP, Serum Indoxyl Sulfate (1S),

Serum Cr and Ccr in Rats

A DN vs DH, P<0.001 B
DN vs DN+IS, P<0.01 DN vs DH, NS
DH vs DH+IS, NS DN vs DN+IS, P<0.001
= DN+IS vs DH+IS, P<0.001 DH vs DH+IS, P<0.001
T 18 2 5f DN+IS vs DH+IS, P<0.001
E 16 = -
£ 14 %
% 12 —— DN é —~— DN
S 10 —=—DN+S o —— DN+IS
S 60 —— DH E —*— DH
Q40 ——DH+IS > —— DH+IS
@ 20 3
o ... -
0 4 8 12 16 20 24 28 32 0O 4 8 ]:2 16 20 24 28 32
Time (weeks) Time (weeks)
C D
DN vs DH, NS = DN vs DH, NS
= DN vs DN+IS, NS =
2 DH vs DH+IS, P<0.001 £ DN vs DN¥IS, NS
£ 0.6 DN+ vs DHAS, P<0.001 g BELSSBZ' gﬁlgob(i%lom
Py o 3 o
[ B B
£ . M
S —— DN g 2?2 DN
O 0.4f —— DN+IS O 1.5f DN+IS
2 ~ DH > 1} ~—DH
—.— £ —— DH+IS
5 DHHS € 5&}
$ 03k . . T
0] 0]
0O 4 8 12 16 20 24 28 32 @) 0O 4 8 12 16 20 24 28 32

Time (weeks) Time (weeks)



Von Kossa Staining and Immunostaining of SA-gal,
P16, p21, p53 and Rb in Arcuate Aorta of Rats

DI\ DN+| DH+IS
BN s - ik

von Koss

SA-b-gal

p16INK4a

p2 1WAF1/CIP

x 100 | x 100
Adijiang A, Niwa T, et al. BBRC 399:637641, 2010



SA-b-gal-positive area 2>
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Summary

Indoxyl sulfate-induced cell senescence via upregulatior

of pl16, p21, p53 and Rb may play an important role in
the progression of aortic calcification in hypertensive

rats.



Indoxyl sulfate inhibits nitric oxide production
and cell viability by inducing oxidative stress in
vascular endothelial cells

Tumur Z, Niwa T: Am J Nephrol 29:551-557, 2009



Indoxyl Sulfate Induces ROS Production

CM-H2DCFDA fluorescence

(% of control)

250

200 -

150 -

100 -

50 -

in HUVEC

** n<0.01, ***p<0.001vs control

*k*k

0 100 250 <10]0)

((0]0]0 1S (LM )

Tumur Z, Niwa T: Am J Nephrol 29:551-557, 2009



Effect of Indoxyl Sulfate on NO Production

DAF-FM fluorescence
(% of control)

120 1

100 -

00)
(@)

in HUVEC

*p<0.05,** p<0.01, ***p<0.001vs control

* *

0 100 250 <10]0) 1000 1000 |

1S (UM) -NAME
Tumur Z, Niwa T: Am J Nephrol 29:551-557, 2009




Effect of Indoxyl Sulfate on HUVEC Viabillity

*p<0.05,** p<0.01, ***p<0.001vs control
120-

100+
80 1
60 -
40

*k%k

**k*k

Cell viability
(% of control)

20 -

Control _100 250 500 1000
IS (UM)

Tumur Z, Niwa T: Am J Nephrol 29:551-557, 2009




Summary

Indoxy! sulfate inhibits NO production and cell
viability by inducing ROS through induction of
NADPH oxidase Nox4 in HUVEC.

Thus, indoxyl sulfate not only accelerates CKD
progression, but also may contribute to the progression
of cardiovascular disease by inducing oxidative stress.



Indoxyl sulfate upregulates expression of ICAM1
and MCP-1 by oxidative stressnduced NFkB
activation in vascular endothelial cells

Tumur Z, Niwa T, et al. Am JNephrol 31:435441, 2010



Effects of PDTC, an Inhibitor of NF-kB, and NAC, an Antioxidant,
on MRNA Expression of ICAM-1 and MCP-1
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e 127 ICAM -1

T *p<0.05, ***p<0.001 vs IS
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Tumur Z, Niwa T, et al. Am JNephrol 31:435441, 2010



Effects of Indoxyl Sulfate and Isohelenin, an Inhibitor of
NF-kB, on mRNA and Protein Expression of ICAM1

*n<0.05, *p<0.01, **p<0.001 vs IS o
1.25 I 1 |
< 127 -
£ S 1.00
E @)
=
E “'s§0.75
o e
< <1< 0.50
° :
<ZE O 0.25]
% 0 . .
; cav -1 Ll ol
< ]
Control 1S 1IS+ISO s -+ 4+
SO - -+

Tumur Z, Niwa T, et al. Am JNephrol 31:435441, 2010



Effects of Indoxyl Sulfate and Isohelenin, an Inhibitor of
NF-kB, on mRNA and Protein Expression of MCP1

12 ¢ *<0.05, **p<0.01, **p<0.001 vs IS .
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Tumur Z, Niwa T, et al. Am JNephrol 31:435441, 2010



Summary

Indoxyl sulfate up-regulates the expression of ICAM1
and MCP-1 by ROSIinduced activation of NFkB In
vascular endothelial cells.

Thus, indoxyl sulfate may play an important role in the
development ofcardiovascular diseasen CKD patients
by increasing the endothelial expression of ICAML
and MCP-1.



Uremic Toxicity of Indoxyl Sulfate

NADPH
oxidase

Free Radical ﬁ ] Indoxyl sulfate

Cellular Toxicity

CKD

CVD

Osteodystrophy




Effects of Dialysis on ProteinBound Uremic Toxins



Effect of the superflux cellulose triacetate dialyser
membrane on the removal of norprotein-bound and
protein-bound uraemic solutes

De Smet R, et al. NDT 22:2004.2, 200"

Concentration Reduction rate (%)

. LF SF SF LF
Compound Post-HD Post-HD

BUN 53.7+ 13. - 51.8+13. 13.14+4.7° 738460
CR 8.7+ 1.7 8.5+1.8 2.6+0.8° 69.5+5.1
UA 8 A 2 04+0.4° 79412 1.9+0.8° 75.1+6.2
HA 5.7+ 3. ) ( : 3. 1.84+1.2° 69.04+6.8
IAA 0.19 £ 0.13 0.10 £0.08 0.244+0.22 0.12+0.12° 4.1°
1S 264 0.8 940.7¢ 2.1+0.7° 1.440.42"

CMPF 1.0+0.6 (.84 4+0.36" 0.92+0.42

AGEs (AU) 306 + 98 173 +83% 278 + 57 123+ 38* 45.2+10.1°
PENT (pmol/mg) 2194125 2234+13.3° 19.5+8.2 17.5+5.8" ~1.24+21.5°

2P <005 vs pre-HD, "P < 0.05 vs LF, “P < 0.05 vs BUN, CR, UA.

In conventional HD, superfluxT cellulose triacetate was superior to lowlux-
cellulose triacetate for removal of most proteifbound compounds, especially
indoxyl sulfate (1S).

Reduction rate of IS; low-flux: 24.8%, superflux: 32.5%

Dialytic clearance of IS; lowflux: 20 ml/min, super-flux: 24 mi/min



Dialytic clearance of proteinbound solutes can be
Increased by increasing dialyzer mass transfer area
coefficient and dialysate flow by using 2 dialyzers in
series and supplying each dialyzer with a dialysate
flow of 800 mL/min, to greater than conventional
levels.

The magnitude of the increases in clearance was
greater for bound solutes than for BUN (increase in
clearance: BUN, 25%;PCS, 66% indoxyl sulfate,
57%).

Effect of increasing dialyzer mass transfer area

coefficient and dialysate flow on clearance of
protein-bound solutes: a pilot crossover trial

Luo FJ et al, Am J Kidney Dis 53:10429, 2009

Urea nitrogen
Plasma predialysis (mg/dL)
F'Ia sma postdialysis

Plasma postdialysis
(mg/dL)
Bound | )

F’n—-rn .-H:I in dialy: ﬂreirngl
Indoxyl sulfate
asma predialysis (mg/dl) 3.8 =
Plasma postdialysis
{mg/dL)
Bound (3:)
Beduction ratio (%)

Plasma pos t:||a|1_.'~-|~-
(poidL)
Bound (3:)
Beduction ratio (%)
Removed in dialysate (mg)
Hippurate
Plasma prn—-jlﬂh, IS :m:LdLI 55+35

34 + 10t

1.2 07

1.8+13

B+ 4
Beduction ) 67 + Bf
Bemaoved in « :Ilaly--areimgl 740 = 521

Conventional

Experimental

3= PO PO

&
}

- w
use
I+ I+

74+33

1.5+ 06
56 = 4
79 = 4°1§

1,153 = 398



Protein-bound uraemic toxin removal in
haemodialysis and postilution
haemodiafiltration

Krieter DH, NDT 25:212-8, 2010

Total
Free
Total
Free
Total
Free
Total
Free

PU— HD

PU+ HD

PU— HDF

PU+ HDF

p-Cresyl sulfate

RE (%)

456 £ 2.0

47.5 £ 187
473 £ 148
200x334

Dialytic
clearance
(mL/min)

3.6 182
499 = 26.3
245 = 147
400 =244
21.1 £ 199
338 £29.6
20,6 £ 19.5
49.0 + 26.0

Mass transfer
(mg)

131 £ 112

123 £ 83

150 £ 130

142 + 142

Mass balance
error (mg)

43 =44

45 £+ 53

Bl 62

30 £ 65

Indoxyl sulfate

RER (%4)

304 2.6
345199
322x122

45.0 £ 333
33389
56.1 £ 8.4

Dialytic
clearance
(mL/min)

31.7x12.6
51.7 £ 181
255127
42.5+21.5
214 = 108
36,0174
24.1 £ 143
40.7 £ 23.2

Mass transfer
(mg)

168 = 65

141 =49

134 =78

139 £+ 103

Mass balance
error (mg)

53Xx30

51352
60 £ 41

Mt 46

The elimination of protein-bound compounds depends particularly ordiffusion.

Lacking enhanced removal in online postilution HDF emphasizes the minor

significance of convection for the clearance of these solutes.

Compared to LMW proteins, the highly protein-bound toxins PCS and
IS are less effectively eliminated with all treatment forms.



Effective removal of proteinbound uraemic solutes by
different convective strategies: a prospective trial

Reduction ratio (%) at 240 min dialysis

Urea
Creatinine
Unc acid

By M

Hippuric acid®
Indole acetic acid®
Indoxvylsulfate?
P-cresylsulfate®
CMPF?

Postdilution is superior to pre-dilution HDF under conditions of similar

Post-HDF

80.3 £3.9
73.0 + 4.9
80.6 £ 3.5
77.8 £ 4.4
73.6 £ 9.5
48.0 £ 9.6
44.8 + 12.1
40.0 + 8.8

1.1 £ 5.7

Pre-HDF

77.3 £ 3.0%
702 £ 5.2
TRO 1+ 2.6
67.2 + B.B*
74.3 £ 10.5
504X+ 11.6
48.5 £ 10.0
41.9 £ 6.3
59+ 6.7

41.6 £8.1°
33.8 4 9.9°:f
30.6 & 7.37°:4
40 +78

convective volume, especially for removal of urea anbl2M.

HDF is superior to HF in pre-dilution, with the exception of removal ofb2M.

PostHDF is the most efficient convective strategy.

Meert N etal., NDT 24:56270 ,2009



Indoxyl sulfate is removed more effectively In
pre-dilution HDF than in super high flux HD

Masakanel, et al., 7" International Congress on
Uremia Research and Toxicity, May 1214, 2011

Three therapeutic modalities were conducted in-2veek-cross
over method.

modality 1: HD using super highflux membrane,

modality 2: pre-dilution HDF using high-flux membrane,
modality 3: post-dilution HDF using high-flux membrane,

Plasma dilution in modality 2 is effective to detach indoxyl
sulfate from albumin and to remove it effectively.

Pre-dilution HDF s effective to remove some of proteibound
uremic toxin and eliminate uremic pruritus.



Behavior of nonprotein-bound and protein

bound uremic solutes during daily hemodialysis
Fagugli RM, et al. Am J Kidney Dis 40:33947, 2002

Table 4. Pre-HD and Post-HD Concentrations of Protein-Bound Compounds at the End of 6 Months
of SHD and DHD

Variable

Indoxyl sulfate pre-HD (mg/dL)
Indoxyl sulfate post-HD (mg/dL)
Alndoxyl sulfate (mg/dL)
Indole-3-acetic acid pre-HD (mg/dL)
Indole-3-acetic acid post-HD (mg/dL)
Alndole-3-acetic acid (mg/dL)
p-Cresol pre-HD (mg/dL)

p-Cresol post-HD {mg/dL)
Ap-Cresol (mg/dL)

Hippuric acid pre-HD (mg/dL)
Hippuric acid post-HD (mg/dL)
AHippuric acid (mg/dL)

CMPF pre-HD (mg/dL)

CMPF post-HD (mg/dL)

ACMPF (mg/dL)

Abbreviations: A, difference in pre-HD and post-HD values during SHD and DHD; NS, not significant.

SHD

3.35 = 1.68
238 =1.16
0.96 = 0.59
0.16 = 0.04
0.11 = 0.03
0.05 = 0.02
0.96 = 0.59
0.66 = 0.38
0.30 = 0.24
6.96 = 2.83
2.06 = 0.82
4923
0.37 = 0.25
0.49 = 0.33

—-0.12 = 0.09

DHD

2.85 * 1.08
231 =09
0.53 = 0.28
013 = 0.03
0.10 = 0.03
0.03 = 0.01
0.78 = 0.33
0.64 = 0.32
0.14 = 0.10
7.12 = 2.21
3.62 £1.15
3512
0.36 = 0.20
0.41 = 0.26

—0.05 = 0.07

P

0.02
NS
0.01
0.01
NS
=<0.01
NS (0.07)
NS
0.08
NS
0.01
0.01
NS
NS
0.03

Pre-HD concentrations of some proteirbound solutes, such as indoxyl
sulfate were significantly low during daily short hemodialysis (DHD; six

2-hour sessions per week) compared with standard HD.



Increasing the clearance of proteirfbound solutes

by addition of a sorbent to the dialysate
Meyer TW et al., JASN18:86874, 2007

Parameter Low Q4 without Sorbent Low Q4 with Sorbent High Q, without Sorbent

Q, (ml/min) 46 3 46 + 1 40 + 3°
Q4 (ml/min) 43 + 4 42 +2 502 + 4
Urea

measured clearance (ml/min) 4 +1 M2 40 + 4°

predicted clearance (ml/min) 40 £ 1° 40 = 1° 40 =3
Indican (indoxyl sulfate)

unbound fraction (%) 13+4 101 12+ 3

measured clearance (ml/min) 5+1 12 +2° 14 = 4F

predicted clearance (ml/min) 6*1 16 = 1°< 16 = 3°
PCS

unbound fraction (%)

measured clearance (ml/min)

predicted clearance (ml/min)
P-cresol

unbound fraction (%) 333 32+3

measured clearance (ml/min) 35 + 4P 336"

predicted clearance (ml/min) © 39 = b 33+1°

—
= =

[+ |1+ 1+
[REc R

9+1 11=3
9+2° 11 =3F
15 = 1°¢ 16 = 3°

As an adjunct to conventional hemodialysis, addition of
sorbents (activated charcoal ) to the dialysate could increase
the clearance of proteirbound solutes without greatly
altering the clearance of unbound solutes.




Removal of the proteinbound solutes indican (indoxyl
sulfate) and pcresol sulfate by peritoneal dialysis

RRF: Residual renal function,
NRRF: Non-residual renal function

Parameter R NRREF
: . Indican (indoxyl sulfate)
LOSS Of FESIdua| funCtlon npu]]ﬂ:;m total (mg/dl) + 34 + 1.4°
lowered the total clearances D e ) 4 e e
for indoxyl sulfate and p- Cpp (ml/min) + 05 = 0.2°
Crena (ml/min) + 0.0 = 0.0°
cresol sulfate. Crogat (ml/min) - 0.5+ 0.2°

0.7 =02

D/P (unbound)
PCS

26=+13

7 4+ nb
F —_— i

HOWever, there was Only a plasma total (mg/dl)

plasma unbound (%)

modest increase In the plasma EEEEESEESNCIVEY 14+ 6

. Cpp (ml/min) ], ). 04+ (0.2°
Indoxyl sulfate level and no Cronsy (ol /min) 3+10 00=-00°
i - Crota (ml/min) 6+10  04x02°
INcrease In the plasma FDreSOI D:"P lt:unbmu‘n:l:} 0.7 =03
sulfate level in patients with

no residual function.

Pham NM, et al. CJASN 3:8590, 2008



Removal of the uremic retention solute pcresol using
fractionated plasma separation and adsorption

Meijers BK et al. Artif Organs 32:214-9, 2008

Fractionated plasma separation and Secondary FPSA circuit
adsorption (FPSA) is a nonbiologic
detoxification (Prometheus ) system Citrate
for the treatment of liver failure.

P-Cresyl sufate reduction rate during
FPSA (50%) exceeded the reduction
rate during high flux HD (30%).

FPSA is a promising technique to
Improve clearance of proteirbound
uremic retention solutes.



Intestinal Approaches to Decrease Toxins

Method

Diet
Prebiotics
Gum arabic fiber
Oligofructose-enriched inulin
Lactulose
Resistant starch
Probiotics
Urease-positive bacteria
Lactobacillus
Bifidobacterium
Lactic acid bacteria
Sorbents
AST-120

Target molecule

AGEs, phenol, indoles

urea
p-cresol
p-cresol
phenol

urea
urea, p-cresol

p-cresol

p-cresol, phenols indoles

1-cresol, indoles

Qutcome
decrease concentration

decrease concentration
decrease concentration
decrease concentration
decrease concentration

decrease concentration
decrease concentration
decrease concentration
decrease concentration

survival; preservation of renal function

Schepers E, et al. Blood Purif 29:136, 2010



Metabolism of Indoxyl Sulfate and Effects of
An Oral Sorbent (AST-120: Kremezin)

Kidneys

AST-120 (Kremezin
Dietary prote

Intestine

Niwa T, etal Kidney Int 52(Suppl 62): S23528,1997



Metabolomic search for uremic toxins as indicators
of the effect of an oral sorbent AST120 by liquid
chromatography/tandem mass spectrometry

Principal Component Analysis of LC/MS Data
Score plot Loading plot

#01 (Indoxyl sulfate)

Normal ,CRF ,and CRF+AST-120

Kikuchi K, Niwa T et al. J Chromatogr B 878:29973002, 201



Ranking List of Biomarkers of Effect of
AST-120 Obtained from LC/MS and
Principal Component Analysis

Indoxyl sulfate is the best biomarker of the effect of ASTL20 in
CRF rats.

Hippuric acid, phenyl sulfate and 4ethylphenyl sulfate are
suggested as the additional biomarkers of the effect of ASII20.

Kikuchi K, Niwa T et al. J Chromatogr B 878:29973002, 201



