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Uremic Toxins

A) Free water-soluble low-molecular 

weight solutes (MW<500)

Methylguanidine

Asymmetric dimethylargine

(ADMA)

B)  Protein-bound low-molecular  

weight solutes (MW<500)

Indoxyl sufate(IS) 

p-Cresyl sulfate (PCS)

3-Carboxy-4-methyl-5-propyl -

2-furanpropionic acid (CMPF)

C)  Middle molecules (MW>500)

PTH

b2-microglobulin

Niwa T, Mass Spectrom Rev 30:510-21, 2011



Uremic toxins with the potential 

to provoke vascular damage

Vanholder R et al, JASN 19:863-70, 2008



Protein-bound Uremic Toxins

Hemodialysis even with a high-flux membrane cannot 

efficiently remove the protein-bound uremic toxins (IS, PCS, 

CMPF) because of their high albumin-binding property. 

(Reduction rates for IS 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 techniques or membranes should be 

developed to efficiently remove these protein-bound uremic 

toxins.



Serum Levels of Indoxyl Sulfate, p-Cresyl Sulfate 

and CMPF in Hemodialysis Patients
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Metabolomics analysis reveals large effects of gut

microflora on mammalian blood metabolites

Wikoffa WR, et al. , PNAS 106(10):3698-703, 2009

Serum metabolites from germ-free 

(GF) and conventional (conv) mice 

differed in their level of sulfation. 

Indoxyl sulfate, phenyl sulfate and

p-cresol sulfate were present only 

in the serum of conventional mice 

but not in GF mice.



Colonic Contribution to Uremic Solutes

Aronov PA, et al. JASN 2011

They compared plasma from 

hemodialysis patients with and 

without colons to identify colon-

derived uremic solutes.

They identified five colon-derived 

uremic solutes: 

1) p-cresol sulfate (PCS)

2) Ŭ-phenylacetyl-l-glutamine 

3) indoxyl sulfate (IS)

4) indoxyl glucuronide

5) 5-hydroxyindole 



Metabolic Pathways Involved in the Transformation of 

Tyrosine to p-Cresylsulfate and p-Cresylglucuronide

Schepers E, et al. Blood Purif 29:130-6, 2010



Liabeuf S, et al, NDT 25:1183-91, 2010

Free p-cresylsulphate is a predictor of 

mortality in patients at different stages of 

chronic kidney disease

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 p-cresylsulphate are associated with 

angiographic coronary atherosclerosis severity in stable 

angina patients with early stage of renal failure

Wang CP et al, Atherosclerosis 211:579-83 2010

Statistically significant associations were observed between the 

serum total PCS levels and the number of diseased vessels, and 

modified Gensini score. 



Indole
(E.coli)

TryptophanDietary protein

Indoxyl sulfate
(oxidation and 
sulfation)

Liver

Blood
Kidneys

CRF

Urine

Intestine

Niwa T, et al Kidney Int 52(Suppl 62): S23-S28, 1997

Metabolic Pathway Involved in the Transformation of 

Tryptophan to Indoxyl Sulfate 



Serum Indoxyl Sulfate Is Associated with 

Vascular Disease and Mortality in CKD Patients.

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

Serum levels of IS as a function of CKD stages. 



Serum Indoxyl Sulfate Is Associated with 

Vascular Disease and Mortality in CKD Patients.

Serum indoxyl sulfate level was significantly correlated with 

aortic calcification and pulse wave velocity in CKD patients.

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

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

IS 3rd tertile

IS 2nd tertile

IS 1st tertile

IS 3rd tertile

IS 2nd tertile

IS 1st tertile

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

Schroeder JC et al. Biochemistry 49:393-400, 2010

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

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

involved 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.



Does indoxyl sulfate, a uraemic toxin, have direct 

effects on cardiac fibroblasts and myocytes?

Lekawanvijit S, et al. Eur Heart J 31:1771-9, 2010 

Indoxyl sulfate increased rat cardiac fibroblast collagen synthesis 

and myocyte hypertrophy. 

Indoxyl sulfate stimulated TNF-a, IL -6, and IL-1bmRNA 

expression in human monocytic leukemia cell line, THP-1. 

Cardiac fibroblast collagen synthesis Cardiac myocytehypertrophy.



Indoxyl sulfate promotes aortic calcification with 

expression of osteoblast-specific proteins in 

hypertensive rats 

Adijiang A, Niwa T, et al: NDT 23:1892-901, 2008
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Indoxyl sulfate induced not only aortic wall thickening 

but also aortic calcification with expression of 

osteoblast-specific proteins. 

Thus, indoxyl sulfate is a vascular toxin, and may 

contribute to the progression of arteriosclerosis in 

ESRD patients.

Summary



Indoxyl sulfate induces oxidative stress and 

the expression of osteoblast-specific proteins 

in vascular smooth muscle cells

Muteliefu G, Niwa T, et al: NDT 24:2051-2058, 2009



Indoxyl Sulfate Induces ROS Production 

in HASMC

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

Muteliefu G, Niwa T, et al. NDT 24:2051-2058, 2009



A B

Effect of Indoxyl Sulfate on mRNA 

Expression of Cbfa1 and ALP in HASMC

*p<0.05, ** p<0.01, 

*** p<0.001 vs control

*p<0.05, ** p<0.01 vscontrol

Muteliefu G, Niwa T, et al. NDT 24:2051-2058, 2009



Effects of Indoxyl Sulfate on mRNA Expression of 

NADPH Oxidase Nox4 in HASMC

*p<0.05, ** p<0.01 vscontrol

Muteliefu G, Niwa T, et al. NDT 24:2051-2058, 2009



Summary

Indoxyl sulfate stimulated ROS generation through 

activation of NADPH oxidase, and up-regulated the 

expression of osteoblast-specific proteins such as 

Cbfa1 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 

Adijiang A, Niwa T, et al. BBRC 399:637-641,  2010



Time Course of Systolic BP, Serum Indoxyl Sulfate (IS), 

Serum Cr and Ccr in Rats
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Indoxyl sulfate-induced cell senescence via upregulation 

of p16, p21, p53 and Rb may play an  important role in  

the progression of aortic calcification in hypertensive 

rats. 

Summary



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 
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Indoxyl 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.

Summary



Indoxyl sulfate upregulates expression of ICAM-1 

and MCP-1 by oxidative stress-induced NF-kB 

activation in vascular endothelial cells

Tumur Z, Niwa T, et al. Am J Nephrol 31:435-441, 2010



Effects of PDTC, an Inhibitor of NF-kB, and NAC, an Antioxidant, 
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Effects of Indoxyl Sulfate and Isohelenin, an Inhibitor of 

NF-kB, on mRNA and Protein Expression of MCP-1 
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Indoxyl sulfate up-regulates the expression of ICAM-1 

and MCP-1 by ROS-induced activation of NF-kB in 

vascular endothelial cells. 

Thus, indoxyl sulfate may play an important role in the 

development of cardiovascular disease in CKD patients 

by increasing the endothelial expression of ICAM-1 

and MCP-1.

Summary
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Effects of Dialysis on Protein-Bound Uremic Toxins



Effect of the super-flux cellulose triacetate dialyser 

membrane on the removal of non-protein-bound and 

protein-bound uraemic solutes

De Smet R, et al. NDT 22:2006-12, 2007 

In conventional HD, super-fluxïcellulose triacetate was superior to low-flux-

cellulose triacetate for removal of most protein-bound compounds, especially 

indoxyl sulfate (IS).

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

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



Effect of increasing dialyzer mass transfer area 

coefficient and dialysate flow on clearance of 

protein-bound solutes: a pilot crossover trial

Dialytic clearance of protein-bound 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%).

Luo FJ et al, Am J Kidney Dis 53:1042-9, 2009 



Protein-bound uraemic toxin removal in 

haemodialysis and post-dilution 

haemodiafiltration
Krieter DH, NDT 25:212-8, 2010

The elimination of protein-bound compounds depends particularly on diffusion.

Lacking enhanced removal in online post-dilution 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.



Meert N et al., NDT 24:562-70 , 2009

Effective removal of protein-bound uraemic solutes by 

different convective strategies: a prospective trial

Reduction ratio (%) at 240 min dialysis

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

convective volume, especially for removal of urea and b2M. 

HDF is superior to HF in pre-dilution, with the exception of removal of b2M. 

Post-HDF is the most efficient convective strategy.



Indoxyl sulfate is removed more effectively in 

pre-dilution HDF than in super high flux HD
MasakaneI, et al., 7th International Congress on 

Uremia Research and Toxicity, May 12-14, 2011

Three therapeutic modalities were conducted in 2-week-cross-

over method. 

modality 1: HD using super high-flux 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 is effective to remove some of protein-bound 

uremic toxin and eliminate uremic pruritus.



Behavior of non-protein-bound and protein-

bound uremic solutes during daily hemodialysis
Fagugli RM, et al. Am J Kidney Dis 40:339-47, 2002

Pre-HD concentrations of some protein-bound 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 protein-bound solutes 

by addition of a sorbent to the dialysate
Meyer TW et al., JASN18:868-74, 2007

As an adjunct to conventional hemodialysis, addition of 

sorbents (activated charcoal ) to the dialysate could increase 

the clearance of protein-bound solutes without greatly 

altering the clearance of unbound solutes.

(indoxyl sulfate) 



Removal of the protein-bound solutes indican (indoxyl 

sulfate) and p-cresol sulfate by peritoneal dialysis

Pham NM, et al. CJASN 3:85-90, 2008

RRF: Residual renal function,

NRRF: Non-residual renal function

Loss of residual function 

lowered the total clearances 

for indoxyl sulfate and p-

cresol sulfate.

However, there was only a 

modest increase in the plasma 

indoxyl sulfate level and no 

increase in the plasma p-cresol 

sulfate level in patients with 

no residual function.

(indoxyl sulfate) 



Removal of the uremic retention solute p-cresol using 

fractionated plasma separation and adsorption

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

Fractionated plasma separation and 

adsorption (FPSA) is a nonbiologic 

detoxification  (Prometheus ) system 

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 protein-bound 

uremic retention solutes.



Intestinal Approaches to Decrease Toxins

Schepers E, et al. Blood Purif 29:130-6, 2010
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Metabolism of Indoxyl Sulfate and Effects of 
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Niwa T, et al Kidney Int 52(Suppl 62): S23-S28, 1997



Score plot Loading plot

Normal , CRF , and CRF+AST-120 

Kikuchi K, Niwa T et al. J Chromatogr B 878:2997-3002, 2010

Metabolomic search for uremic toxins as indicators 

of the effect of an oral sorbent AST-120 by liquid 

chromatography/tandem mass spectrometry

Principal Component Analysis of LC/MS Data



Ranking List of Biomarkers of Effect of 

AST-120 Obtained from LC/MS and 

Principal Component Analysis

Kikuchi K, Niwa T et al. J Chromatogr B 878:2997-3002, 2010

Indoxyl sulfate is the best biomarker of the effect of AST-120 in 

CRF rats. 

Hippuric acid, phenyl sulfate and 4-ethylphenyl sulfate are 

suggested as the additional biomarkers of the effect of AST-120. 


