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ABSTRACT
Reviewing the current picture of uremic toxicity reveals its complexity. Focusing on
cardiovascular damage as a model of uremic effects resulting in substantial morbidity and mortality, most molecules with potential to affect the function of a
variety of cell types within the vascular system are difficult to remove by dialysis.
Examples are the larger middle molecular weight molecules and protein-bound
molecules. Recent clinical studies suggest that enhancing the removal of these
compounds is beneficial for survival. Future therapeutic options are discussed,
including improved removal of toxins and the search for pharmacologic strategies
blocking responsible pathophysiologic pathways.
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During the development of the uremic
syndrome, losses of kidney function are
accompanied by deteriorating organ
function attributable to the accumulation of uremic retention solutes. Compounds that exert an adverse biologic
impact are called uremic toxins.1 Recently, a complex picture has emerged of
multiple compounds with different
characteristics exerting divergent effects
on organs.1,2
Does it make sense to seek out new
uremic compounds or as yet undetected
effects of known uremic toxins? In this
review, we highlight how recent advances in our knowledge of uremic toxicity have led us to modify existing therapeutic concepts and discuss novel
approaches that may be useful for future
therapies of uremia.
In particular, we focus on the mechanisms potentially responsible for uremic
cardiovascular damage, the major cause
of morbidity and mortality in patients
with chronic kidney disease (CKD).3,4
Because the treatment of traditional risk
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factors for cardiovascular disease in the
CKD population only partially reduces
the proportion of cardiovascular deaths
in comparison with the effects observed
in the general population,5 there is a need
to elucidate these additional atherogenic
mechanisms. This knowledge might, in
turn, be applicable to the wider population, should the compounds that are
pathophysiologically active in uremia
also be elevated in people without CKD,
as has already been observed for homocysteine and advanced glycation end
products (AGE).

COMPLEXITY OF UREMIC
TOXICITY AND UREMIC TOXIN
RESEARCH

In 2003, the European Uremic Toxin
Work Group (Eutox; http://EUTox.info)
listed the 90 different uremic retention
solutes known at that time.2 Since then,
at least 25 additional retention solutes

have been identified,6,7 creating a far
more complex picture than was accepted
a few years ago.
This highly diverse group of uremic
retention solutes includes low molecular
weight organic substances as well as peptides. As a result of differing hydrophobicity, low molecular weight organic
compounds may either exist in free water-soluble forms or bind reversibly to
serum proteins, thereby altering protein
functions, such as reducing drug-binding capacity.8 In CKD, peptides may be
found in their native form or, as a consequence of exposure to the uremic milieu,
become irreversibly altered through
posttranslational modifications, resulting in changes in structure and function.
Examples include the heterogeneous
group of AGE, advanced oxidation protein products, and carbamoylated proteins, which occur when amino groups
are modified by cyanate, which is spontaneously transformed from urea. The
molecular weight of most of these peptides belongs to the higher “middle molecular” range (10 to 30 kD). Importantly, both protein-bound solutes and
peptides are particularly difficult to re-
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move by conventional dialysis treatments.
The identification and characterization of uremic retention solutes playing a main role in uremia-related complications is a prerequisite for the
critical evaluation and systematic design of preventive and therapeutic interventions for patients with CKD. In
vitro assays testing the biologic effects
of individual solutes represent a
straightforward tool to select rapidly
candidates for further in-depth investigation; however, uniform approaches
to the preparation of these compounds
and the experimental techniques used
are necessary to obtain reliable and
comparable results. EUTox recently
published basic protocols for the in
vitro screening of uremic retention solutes, providing information about
their availability, solubility, and the appropriate preparation of stock solutions.9 The use of the correct concentrations of solutes is a precondition to
obtaining relevant conclusions,10,11
and it is recommended that the highest
reported concentration in uremic
plasma be used as a starting point, with
evaluation of concentration dependence in cases in which a significant biologic effect is observed. The application of appropriate control conditions
is necessary for the correct interpretation of the observed effects.
To evaluate the pathophysiologic impact of CKD, any biologic model system
representative of the cellular dysfunction
caused by uremia can be used, for example, by leukocytes for diminished immune defense or oxidative stress, endothelial cells for cardiovascular disease,
smooth muscle cells for the progression
of atherosclerosis, hepatocytes for disturbed metabolism, fibroblasts for fibrosis, and osteoblasts for renal osteodystrophy. Human cells should be used
whenever possible, and if animal models
are studied, a species for which the relevance to the human condition has already been proved should be chosen. In
the following section, some recently described examples of uremic retention
solutes are discussed with the potential to
affect vascular damage.
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AFFECTED CELL SYSTEMS
Leukocytes

For many years, studies have revealed
dual effects of uremic retention solutes
on leukocyte function: Blunting upon
stimulation, which has been linked to infection, and basal activation linked to
microinflammation, malnutrition, and
atherosclerosis.1,2,12–15 The major leukocyte subtypes affected by uremic conditions are polymorphonuclear cells, specifically neutrophils and mononuclear
cells of the monocyte/macrophage type.2
It is predominantly the latter cell type
that is activated by uremic retention solutes, enhancing vascular damage.
Guanidino compounds are small water-soluble uremic retention solutes that
have been implicated in neurotoxicity.16
Until recently, no potential for cardiovascular damage had been attributed to
the guanidines except for asymmetric
dimethylarginine, which inhibits inducible nitric oxide synthase (iNOS), an endothelial protective enzyme17,18; however, guanidino compounds have now
been shown to stimulate leukocytes, with
methylguanidine and guanidino acetic
acid significantly enhancing the LPSstimulated production of TNF-␣ by normal monocytes.19
AGE accumulate in the plasma of uremic patients and induce an increase in
leukocyte oxidative stress.14 Until recently, the biologic effect of AGE had
been studied mainly with artificially prepared AGE, which might not be representative of AGE compounds really
present in uremia, such as fructoselysine,
N--carboxymethyllysine, pyrraline, or
pentosidine.2 Glorieux et al. studied the
proinflammatory effect of several AGE
compounds that are retained in uremia,
Arg I (arginine modified with glyoxal),
carboxyethyllysine, and carboxymethyllysine, demonstrating increased production of free radicals by monocytic cells.20
It is interesting that one of the studied
AGE (Arg II) had no effect at all on
leukocytes, showing that the behavior
of a number of compounds belonging
to a specific group cannot automatically be extrapolated to all solutes of
this group.
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Because it has been established that pcresol in humans exists predominantly as
the conjugate p-cresylsulfate (pCS),
which is a protein-bound substance,21
the effect of pCS on leukocyte oxidative
burst activity has been compared with
that of the parent compound, p-cresol.22
Whereas p-cresol suppresses leukocyte
activity, p-cresylsulfate enhances baseline leukocyte activity.22,23 This highlights the important point that conjugates do not necessarily have the same
effects as the parent compound.
Homocysteine, another proteinbound uremic toxin, activates NF-B in
macrophages, which is associated with a
significant increase in intracellular superoxide anion levels,24 an effect abolished by folic acid. Phenylacetic acid, also
a protein-bound retention solute, inhibits iNOS expression in a dosage-dependent manner.25 Inhibition of either endogenous NOS or iNOS may reinforce
vascular damage. Furthermore, phenylacetic acid inhibits Ca2⫹-ATPase activity,
increasing intracellular Ca2⫹ concentrations.26
Napoleone et al.27 demonstrated that
leptin, a protein-bound peptide that accumulates in uremia, induces tissue factor expression by mononuclear cells. Tissue factor is a pivotal agonist in the
clotting cascade and contributes to atherosclerosis by playing a key role in
thrombosis and inflammation. When either a leptin antibody or leptin receptor
antibody was added in these experiments, before leptin exposure, the observed effect was inhibited.
Endothelium

Endothelial dysfunction plays an important role in the development of atherosclerotic vascular disease.28 Besides the
classical causes of endothelial dysfunction, such as hypertension, diabetes, and
dyslipidemia, CKD per se also plays a
role. Patients with CKD have alterations
in endothelial properties with increases
in both plasminogen activator inhibitor-1 and von Willebrand factor,
whereas tissue plasminogen activator decreases, suggesting a procoagulant state
at the endothelial surface.29 Regulation
of vascular tone is also impaired with deJ Am Soc Nephrol 19: 863–870, 2008
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creased endothelium-dependent vasodilation30 associated with the inhibition of
endothelial NOS by uremic solutes such
as asymmetric dimethylarginine,17
AGE,31 and homocysteine.32 CKD also
induces oxidant stress and inflammation
in endothelial cells and production of reactive oxygen species in cultured endothelial cells by the protein-bound uremic
toxin indoxyl sulfate.33 TNF synthesis is
also enhanced by AGE.31
A new insight into endothelial dysfunction is also provided by the observation of circulating endothelial microparticles. These are intact vesicles
derived from cell membranes that arise
from two processes, cell membrane activation and apoptosis.34 Microparticles can originate from endothelial
cells and also from other cells, such as
platelets, monocytes, granulocytes,
and erythrocytes. Microparticles are
involved in the regulation of coagulation and apoptosis, and pathologic
conditions associated with microparticles have been described. A defect in
microparticle generation is responsible
for Scott syndrome, a bleeding disorder,34 whereas increased microparticle
formation is observed in cardiovascular disease, diabetes, and both undialyzed and hemodialyzed patients with
CKD.35,36 The generation of endothelial microparticles is elicited in vitro by
the presence of indoxyl sulfate.35 Patients who had CKD and were treated
with high-efficiency hemodiafiltration
during 4 mo showed a decrease in the
number of endothelial microparticles
when compared with patients who
were treated with conventional highflux hemodialysis.37
A remarkable characteristic of the
endothelium is its capacity for continuous regeneration and repair.38 This
involves two mechanisms: The classically described proliferation of adjacent endothelial cells and the more recently described homing of circulating
endothelial progenitor cells (EPC).38
These latter cells may be mobilized
from bone marrow in response to cytokines or ischemia or derive from circulating leukocytes.39 In CKD, endothelial repair mechanisms are altered,
J Am Soc Nephrol 19: 863–870, 2008

representing a possible threat to vascular integrity. Some uremic toxins such
as indoxyl sulfate reduce endothelial
proliferation,40 and serum from uremic patients decreases the ability of
EPC to migrate.41 In addition, patients
with CKD generally have a decrease in
the number of circulating EPC,42 although contrary observations have
been described, possibly as a result of
inflammation or ischemia.41
Other Effects

Besides leukocytes and endothelial cells,
platelets also play a central role in vascular damage by inducing hemostasis and
arterial thrombosis.43 Platelets interact
with coagulation factors, in particular
thrombin, a potent platelet-activating
agonist,44 and during thrombin-induced
aggregation, almost the entire content of
platelet granules is released.45,46
Platelets from patients with renal failure have increased intracellular concentration of the diadenosine polyphosphates. Diadenosine pentaphosphate
(Ap5A) and diadenosine hexaphosphate
(Ap6A) act as strong growth factors for
vascular smooth muscle cells (VSMC)
via P2Y receptors.47 Because enhanced
VSMC growth is a hallmark of atherosclerosis in renal failure, the increased
amount of diadenosine polyphosphates
in platelets may play an important role in
causing increased cardiovascular damage. Furthermore, diadenosine polyphosphates are strong vasoconstrictors with
direct effects on vascular tone mediated
by P2X receptors.48,49 Thus, diadenosine
polyphosphates may be one as yet unidentified cause of hypertension in renal
failure.
In addition to platelets, renal tissue is
a source of diadenosine polyphosphates,
and renal tubular cells release Ap5A
and Ap6A.50 Because of the close proximity of tubules and peritubular vessels
in the kidney, these diadenosine
polyphosphates may act in a paracrine
manner to promote vascular disease by
inducing VSMC proliferation. Diadenosine polyphosphates are predominantly protein bound and characterized by a middle molecular weight,
factors that hamper their removal from
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the plasma by conventional hemodialysis.51
Another evolving area in uremia research is the role of structural variants of
angiotensin, with a novel angiotensin
peptide, angiotensin-A (Ang-A), recently identified in human plasma.52 The
affinity of Ang-A to the AT1 receptor is
nearly equal to that of Ang II; however,
its vasoconstrictive effect is lower. Thus,
Ang-A is a less potent and only partial
AT1 agonist. It is interesting that the affinity of Ang-A to the AT2 receptor is
higher than that of Ang II. Whether the
impact of Ang-A at the AT2 receptor also
translates into an increase in intrinsic activity will require the development of a
suitable model to study AT2-mediated
signaling events.
Plasma Ang-A is increased in renal
failure. The Ang-A/Ang II plasma ratio
of healthy individuals is ⬍0.2, but in renal failure, this ratio increases to up to
0.7. This may indicate increased activity
of decarboxylase in mononuclear cells,
decreased enzymatic degradation, or impaired renal removal. Increases in the
half-life of other low molecular weight
peptides have also been described in renal failure. Currently, conventional enzyme immunoassays do not distinguish
between Ang II and Ang-A, because these
assays quantify the sum of Ang II and
Ang-A.52
Summary

As research continues, more and more
uremic toxins are uncovered with the
potential to have significant impacts
on a variety of cell types and functions
within the vascular system. The aforementioned uremic toxins can be added
to the list published in 2001, summarizing the compounds known at that
time to have the potential to affect vascular quality (Table 1).2 These recent
data confirm that most pathophysiologically relevant compounds are
molecules that are “difficult to remove
by dialysis,” such as the larger “middle
molecules,” protein-bound molecules,
and molecules such as guanidines,
which show a kinetic behavior that differs markedly from our current marker
urea.53,54
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Table 1. Compounds with the
potential to provoke vascular damagea
Middle moleculesb
AGE
Ang-A
dinucleotide polyphosphates
Ap5A
Ap6A
leptin
TNF-␣
Protein-bound moleculesb
AGEc
dinucleotide polyphosphates
Ap5A
Ap6A
homocysteine
indoxyl sulfate
leptin
pCS
phenylacetic acid
TNF-␣
Small water-soluble compounds
ADMAd
guanidino acetic acidd
methylguanidined
a

ADMA, asymmetric dimethylarginine.
Protein-bound molecules and middle molecules
can be defined as molecules that are ⬙difficult to
remove by standard dialysis strategies.⬙ Middle
molecules might at the same time be protein
bound; in that case, these are mentioned under
the heading of protein-bound molecules as well as
under that of middle molecules.
c
AGE exist in their free form or are incorporated
into amino acids, peptides, and proteins by
irreversible linking; this is a different way of
protein binding as compared with the relatively
reversible links for most other protein-bound
compounds.
d
Although these guanidino compounds are small
water-soluble solutes, they nevertheless have a
different kinetic behavior compared with the
prototypic water-soluble compound urea.
b

TRANSLATION INTO
THERAPEUTICS
Current Situation

Most in vitro knowledge of uremic toxins
implicated in vascular damage has
pointed to a critical role for solutes that
are difficult to remove by dialysis (Table
1). This knowledge has stimulated the
development of randomized, controlled
trials that have suggested superior cardiovascular outcomes for large-pore dialyzer membranes in secondary55–58 or
primary analyses (Membrane Permeability Outcome [MPO] study; data presented at the 2007 meeting of the European Renal Association–Renal Dialysis
866

and Transplantation Association in Barcelona and at the 2007 American Society
of Nephrology in San Francisco).59,60
Whether further enhancing the convective removal of solutes will improve outcomes, as suggested by the relationship
between ␤2-microglobulin and survival61 and additional observational studies,62,63 will need to be confirmed by controlled trials.
The finding of a potential role for the
guanidines in vascular damage is interesting because of their extended volume
of distribution53,54; this results in poor
clearance from the extravascular compartment during hemodialysis with substantial rebound occurring at the end of
dialysis.53 This could be countered by increasing dialysis time and/or frequency.64,65 Problems of intercompartmental
transfer might represent a major limitation to the removal of other molecules as
well, such as ␤2-microglobulin.66 As
many toxins have been shown to be generated by inflammation,2,67 it seems prudent that dialysis conditions should be
minimally proinflammatory, by avoiding dialysate impurities,68 central venous
catheters,69 and membrane bioincompatibility.70
The Future

Two principal therapeutic options exist
to improve further the treatment of uremia: The first is to enhance the removal
of uremic toxins and the second is to develop pharmacologic approaches to interfere with their toxic effects. Although
the maximal removal capacity of currently available diffusive and especially
convective strategies has probably not
yet been achieved, the question arises as
to how much additional improvement is
achievable. With regard to convection,
technical refinements are still possible,
but these must be friendly to patients and
users. Importantly, nonspecific strategies to increase the removal of uremic
toxins might also eliminate essential solutes that are beneficial (e.g., trace metals)
or medications, and these unwanted effects will need to be assessed and compensated for in the future. With both
conventional diffusive and convective
therapies, increasing treatment time
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and/or frequency64,65,71 or the molecular
weight cutoff of membranes72 might offer another option to improve uremic
toxin removal without the need for new
technologies.
Partly as a result of the use of liver
supportive therapies, several sophisticated techniques have recently been developed to enhance the removal of protein-bound molecules and/or larger
compounds through convective strategies, adsorption from whole blood, or
combinations of adsorption and convection/diffusion. The manipulation of convection is based on large-pore filtration,
which purposely leaks large solutes and
even albumin. The albumin loss may
range up to 50 g per treatment, which
must then be replaced, together with
other plasma components, as proposed
for selective plasma exchange therapy.73
Direct adsorption from blood by hemoperfusion with bead columns74 has
probably not yet reached its full potential. One interesting possibility is the targeted elimination of selected molecules
responsible for uremic complications,
and the technology required to do this is
currently available, as shown for ␤2-microglobulin75; however, a classification
of uremic solutes according to their importance is needed to permit a clinically
and economically justified choice of target molecules.
Adsorption when combined with
convective therapies, such as large-pore
filtration with subsequent adsorption of
filtrate and its reinfusion, has shown
some utility.76,77 Similarly, adsorption
can be combined with diffusion when
used for dialysis against dialysate containing lipophilic elements78 or albumin.79 Adsorption of spent peritoneal dialysate, with reinfusion into the
peritoneal cavity, may be another diffusive/adsorptive approach that has the advantage of eliminating biocompatibility
reactions with blood constituents.
In addition to improving removal, a
second option is to neutralize the toxic
effects of uremic retention solutes by
drug administration. A number of such
measures are already in practice, mostly
based on empirical experience or from
evidence collected in the general populaJ Am Soc Nephrol 19: 863–870, 2008
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Table 2. Currently applied pharmacologic strategies to prevent uremic
complicationsa
Strategy

Effect

Aspirin
AST-120
Antihypertensives
ACEi, ARB, and/or renin inhibitors

Decrease procoagulant and proinflammatory effects
Adsorb indoxyl sulfate
Decrease hypertension and preserve kidney function
Decrease hypertension
Preserve kidney and heart function
Inhibition of AGE generation
Decrease hypertension
Neutralize catecholamines
Decrease hypertension
Combat fluid overload
Combat dyslipidemia

␤ blockers
Diuretics
Statins
Phosphate binders
calcium containing
non–calcium containing
ESA
Folic acid
Resins (e.g., kayexalate)

Decrease P, PTH
Decrease Ca ⫻ P, P, PTH
Combat anemia
Decrease homocysteine
Decrease potassium

ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; Ca ⫻ P, calciumphosphate product; ESA, erythropoiesis-stimulating agents; P, phosphate; PTH, parathyroid hormone.

a

tion (Table 2). This approach has the advantage of having an impact not only on
approximately 0.1% of the global population with stage 5 CKD but also on the
approximately 10% of the population
with stages 3 and 4 CKD, who are also
affected by the major consequences of
uremia, such as cardiovascular disease.3
Another option might be the modification of the intestinal flora to affect the

generation of uremic toxins or their precursors.80 To design more targeted approaches, uremic solutes and their
pathophysiologic effects need to be better characterized and classified; several
pathways that could be explored are
listed in Table 3.

Table 3. Potential targets for the
neutralization of uremic effectsa

The current picture of uremic toxicity is
complex because of the groups of compounds that are retained and pathways affected. Molecules that are difficult to remove by dialysis, such as the larger middle
molecular weight molecules and proteinbound molecules, play significant roles in
uremic toxicity, and recent clinical studies
suggest that enhancing the removal of
these compounds has a beneficial effect on
survival. Future therapeutic options include improved or novel removal of toxins
and/or the search for pharmacologic inhibitors of the relevant pathophysiologic
pathways and the opportunity to improve
the quality of life for patients with kidney
failure.

Activity of receptors
Changes in intracellular calcium level
influx of intracellular calcium
release of calcium from intracellular stores
activity of Ca2⫹-ATPase
Activation/inhibition of MAPK
ERK1/2
JNK
P38
Activation/inhibition of transcription factors
NF-B
AP-1
Activation/inhibition of PKC
Generation of ROS
inhibition of production
neutralization
Effects at the transcriptional level (mRNA)
Effects at the posttranscriptional level
a

AP-1, activator protein-1; extracellular signal–
regulated kinase 1/2; JNK, C-Jun N-terminal
kinase; MAPK, mitogen-activated protein kinase;
PKC, protein kinase C; ROS, reactive oxygen
species.
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France), D. Fliser (Hannover, Germany), S.
Herget-Rosenthal (Essen, Germany), W.
Hörl (Austria, Vienna), J. Jankowski (Berlin,
Germany), A. Jörres (Berlin, Germany), Z.A.
Massy (Amiens, France), H. Mischak (Hannover, Germany), A. Perna (Naples, Italy), M.
Rodriguez (Cordoba, Spain), G. Spasovski
(Skopje, Macedonia), B. Stegmayr (Umea,
Sweden), P. Stenvinkel (Stockholm, Sweden),
P. Thornalley (Essex, UK), R. Vanholder
(Gent, Belgium), C. Wanner (Würzburg,
Germany), A. Wiecek (Katowice, Poland),
and W. Zidek (Berlin, Germany). Industry
members are Amgen, Baxter Health Care,
Fresenius Medical Care, Gambro, Genzyme,
Membrana, Nipro, Roche, Shire.
We are much indebted to Dr. Aron
Chakera (Oxford, UK) for revising this
manuscript.

DISCLOSURES
None.

REFERENCES
1. Vanholder R, De Smet R: Pathophysiologic
effects of uremic retention solutes. J Am Soc
Nephrol 10: 1815–1823, 1999
2. Vanholder R, Argiles A, Baurmeister U, Brunet P, Clark W, Cohen G, De Deyn PP, Deppisch R, Descamps-Latscha B, Henle T,
Jorres A, Massy ZA, Rodriguez M, Stegmayr
B, Stenvinkel P, Wratten ML: Uremic toxicity:
Present state of the art. Int J Artif Organs 24:
695–725, 2001
3. Vanholder R, Massy Z, Argiles A, Spasovski
G, Verbeke F, Lameire N: Chronic kidney
disease as cause of cardiovascular morbidity
and mortality. Nephrol Dial Transplant 20:
1048 –1056, 2005

A Bench to Bedside View of Uremic Toxins

867

SPECIAL ARTICLE

www.jasn.org

4. Van Biesen W, De Bacquer D, Verbeke F,
Delanghe J, Lameire N, Vanholder R: The
glomerular filtration rate in an apparently
healthy population and its relation with cardiovascular mortality during 10 years. Eur
Heart J 28: 478 – 483, 2007
5. Rosamond WD, Chambless LE, Folsom AR,
Cooper LS, Conwill DE, Clegg L, Wang CH,
Heiss G: Trends in the incidence of myocardial infarction and in mortality due to coronary heart disease, 1987 to 1994. N Engl
J Med 339: 861– 867, 1998
6. Vanholder R, Van Laecke S, Glorieux G:
What is new in uremic toxicity? Pediatr
Nephrol 2008, in press
7. Vanholder R, Van Laecke S, Glorieux G: The
middle molecule hypothesis 30 years after:
Lost and rediscovered in the universe of uremic toxicity? J Nephrol 2008, in press
8. Vanholder R, Hoefliger N, De Smet R, Ringoir S: Extraction of protein bound ligands
from azotemic sera: Comparison of 12
deproteinization methods. Kidney Int 41:
1707–1712, 1992
9. Cohen G, Glorieux G, Thornalley P, Schepers E, Meert N, Jankowski J, Jankowski V,
Argiles A, Anderstam B, Brunet P, Cerini C,
Dou L, Deppisch R, Marescau B, Massy Z,
Perna A, Raupachova J, Rodriguez M, Stegmayr B, Vanholder R, Horl WH: Review on
uraemic toxins III: Recommendations for
handling uraemic retention solutes in vitro
towards a standardized approach for research on uraemia. Nephrol Dial Transplant
22: 3381–3390, 2007
10. Vanholder R, Meert N, Schepers E, Glorieux
G, Argiles A, Brunet P, Cohen G, Drueke T,
Mischak H, Spasovski G, Massy Z, Jankowski
J: Review on uraemic solutes II: Variability in
reported concentrations—Causes and consequences. Nephrol Dial Transplant 22:
3115–3121
11. Meert N, Schepers E, De Smet R, Argiles A,
Cohen G, Deppisch R, Drueke T, Massy Z,
Spasovski G, Stegmayr B, Zidek W,
Jankowski J, Vanholder R: Inconsistency of
reported uremic toxin concentrations. Artif
Organs 31: 600 – 611, 2007
12. Cohen G, Rudnicki M, Walter F, Niwa T, Horl
WH: Glucose-modified proteins modulate
essential functions and apoptosis of polymorphonuclear leukocytes. J Am Soc Nephrol 12: 1264 –1271, 2001
13. Vanholder R, De Smet R, Jacobs V, Van
Landschoot N, Waterloos MA, Vogeleere P,
Ringoir S: Uraemic toxic retention solutes
depress polymorphonuclear response to
phagocytosis. Nephrol Dial Transplant 9:
1271–1278, 1994
14. Witko-Sarsat V, Friedlander M, Nguyen KT,
Capeillere-Blandin C, Nguyen AT, Canteloup
S, Dayer JM, Jungers P, Drueke T, DescampsLatscha B: Advanced oxidation protein products as novel mediators of inflammation and
monocyte activation in chronic renal failure.
J Immunol 161: 2524–2532, 1998

868

15. Stenvinkel P, Heimburger O, Paultre F, Diczfalusy U, Wang T, Berglund L, Jogestrand
T: Strong association between malnutrition,
inflammation, and atherosclerosis in chronic
renal failure. Kidney Int 55: 1899 –1911,
1999
16. D’Hooge R, Van de Vijver G, Van Bogaert
PP, Marescau B, Vanholder R, De Deyn PP:
Involvement of voltage- and ligand-gated
Ca2⫹ channels in the neuroexcitatory and
synergistic effects of putative uremic neurotoxins. Kidney Int 63: 1764 –1775, 2003
17. Vallance P, Leone A, Calver A, Collier J,
Moncada S: Accumulation of an endogenous inhibitor of nitric oxide synthesis in
chronic renal failure. Lancet 339: 572–575,
1992
18. Zoccali C, Bode-Boger S, Mallamaci F,
Benedetto F, Tripepi G, Malatino L,
Cataliotti A, Bellanuova I, Fermo I, Frolich J,
Boger R: Plasma concentration of asymmetrical dimethylarginine and mortality in patients with end-stage renal disease: A prospective study. Lancet 358: 2113–2117,
2001
19. Glorieux GL, Dhondt AW, Jacobs P, Van
Langeraert J, Lameire NH, De Deyn PP, Vanholder RC: In vitro study of the potential role
of guanidines in leukocyte functions related
to atherogenesis and infection. Kidney Int
65: 2184 –2192, 2004
20. Glorieux G, Helling R, Henle T, Brunet P,
Deppisch R, Lameire N, Vanholder R: In vitro
evidence for immune activating effect of
specific AGE structures retained in uremia.
Kidney Int 66: 1873–1880, 2004
21. De Loor H, Bammens B, Evenepoel P, De
Preter V, Verbeke K: Gas chromatographicmass spectrometric analysis for measurement of p-cresol and its conjugated metabolites in uremic and normal serum. Clin
Chem 51: 1535–1538, 2005
22. Schepers E, Meert N, Glorieux G, Goeman
J, Van der Eycken J, Vanholder R: P-cresylsulphate, the main in vivo metabolite of pcresol, activates leucocyte free radical production. Nephrol Dial Transplant 22: 592–
596, 2007
23. Vanholder R, De Smet R, Waterloos MA, Van
Landschoot N, Vogeleere P, Hoste E, Ringoir S: Mechanisms of uremic inhibition of
phagocyte reactive species production:
Characterization of the role of p-cresol. Kidney Int 47: 510 –517, 1995
24. Au-Yeung KK, Yip JC, Siow YL, O K: Folic
acid inhibits homocysteine-induced superoxide anion production and nuclear factor
kappa B activation in macrophages. Can
J Physiol Pharmacol 84: 141–147, 2006
25. Jankowski J, van der Giet M, Jankowski V,
Schmidt S, Hemeier M, Mahn B, Giebing G,
Tolle M, Luftmann H, Schluter H, Zidek W,
Tepel M: Increased plasma phenylacetic
acid in patients with end-stage renal failure
inhibits iNOS expression. J Clin Invest 112:
256 –264, 2003

Journal of the American Society of Nephrology

26. Jankowski J, Luftmann H, Tepel M, Leibfritz
D, Zidek W, Schluter H: Characterization of
dimethylguanosine, phenylethylamine, and
phenylacetic acid as inhibitors of Ca2⫹ ATPase in end-stage renal failure. J Am Soc
Nephrol 9: 1249 –1257, 1998
27. Napoleone E, Di Santo A, Amore C, Baccante G, Di Febbo C, Porreca E, De Gaetano
G, Donati MB, Lorenzet R: Leptin induces
tissue factor expression in human peripheral
blood mononuclear cells: A possible link between obesity and cardiovascular risk? J
Thromb Haemost 5: 1462–1468, 2007
28. Ross R: Atherosclerosis: An inflammatory
disease. N Engl J Med 340: 115–126, 1999
29. Haaber AB, Eidemak I, Jensen T, Feldt-Rasmussen B, Strandgaard S: Vascular endothelial cell function and cardiovascular risk factors in patients with chronic renal failure.
J Am Soc Nephrol 5: 1581–1584, 1995
30. Passauer J, Bussemaker E, Range U, Plug M,
Gross P: Evidence in vivo showing increase
of baseline nitric oxide generation and impairment of endothelium-dependent vasodilation in normotensive patients on chronic
hemodialysis. J Am Soc Nephrol 11: 1726 –
1734, 2000
31. Rashid G, Benchetrit S, Fishman D, Bernheim J: Effect of advanced glycation endproducts on gene expression and synthesis
of TNF-alpha and endothelial nitric oxide
synthase by endothelial cells. Kidney Int 66:
1099 –1106, 2004
32. Abahji TN, Nill L, Ide N, Keller C, Hoffmann
U, Weiss N: Acute hyperhomocysteinemia
induces microvascular and macrovascular
endothelial dysfunction. Arch Med Res 38:
411– 416, 2007
33. Dou L, Jourde-Chiche N, Faure V, Cerini C,
Berland Y, Dignat-George F, Brunet P: The
uremic solute indoxyl sulfate induces oxidative stress in endothelial cells. J Thromb
Haemost 5: 1302–1308, 2007
34. Piccin A, Murphy WG, Smith OP: Circulating
microparticles: Pathophysiology and clinical
implications. Blood Rev 21: 157–171, 2007
35. Faure V, Dou L, Sabatier F, Cerini C, Sampol
J, Berland Y, Brunet P, Dignat-George F:
Elevation of circulating endothelial microparticles in patients with chronic renal failure. J Thromb Haemost 4: 566 –573, 2006
36. Amabile N, Guerin AP, Leroyer A, Mallat Z,
Nguyen C, Boddaert J, London GM, Tedgui
A, Boulanger CM: Circulating endothelial
microparticles are associated with vascular
dysfunction in patients with end-stage renal
failure. J Am Soc Nephrol 16: 3381–3388,
2005
37. Ramirez R, Carracedo J, Merino A, Nogueras S, Alvarez-Lara MA, Rodriguez M, Martin-Malo A, Tetta C, Aljama P: Microinflammation induces endothelial damage in
hemodialysis patients: The role of convective transport. Kidney Int 72: 108 –113, 2007
38. Werner N, Nickenig G: Influence of cardiovascular risk factors on endothelial progeni-

J Am Soc Nephrol 19: 863–870, 2008

www.jasn.org

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

tor cells: Limitations for therapy? Arterioscler
Thromb Vasc Biol 26: 257–266, 2006
Urbich C, Dimmeler S: Endothelial progenitor cells: Characterization and role in vascular biology. Circ Res 95: 343–353, 2004
Dou L, Bertrand E, Cerini C, Faure V, Sampol
J, Vanholder R, Berland Y, Brunet P: The
uremic solutes p-cresol and indoxyl sulfate
inhibit endothelial proliferation and wound
repair. Kidney Int 65: 442– 451, 2004
Herbrig K, Pistrosch F, Oelschlaegel U,
Wichmann G, Wagner A, Foerster S, Richter
S, Gross P, Passauer J: Increased total number but impaired migratory activity and adhesion of endothelial progenitor cells in patients on long-term hemodialysis. Am J
Kidney Dis 44: 840 – 849, 2004
de Groot K, Bahlmann FH, Sowa J, Koenig J,
Menne J, Haller H, Fliser D: Uremia causes
endothelial progenitor cell deficiency. Kidney Int 66: 641– 646, 2004
Puri RN, Colman RW: ADP-induced platelet
activation. Crit Rev Biochem Mol Biol 32:
437–502, 1997
Heemskerk JW, Bevers EM, Lindhout T:
Platelet activation and blood coagulation.
Thromb Haemost 88: 186 –193, 2002
Flodgaard H, Klenow H: Abundant amounts
of diadenosine 5⬘,5“’-P1, P4-tetraphosphate
are present, releasable, but metabolically inactive, in human platelets. Biochem J 208:
737–742, 1982
Luthje J, Ogilvie A: The presence of diadenosine 5⬘,5-P1, P3-triphosphate (Ap3A) in
human platelets. Biochem Biophys Res
Commun 115: 253–260, 1983
Jankowski J, Hagemann J, Yoon MS, van der
Giet M, Stephan N, Zidek W, Schluter H,
Tepel M: Increased vascular growth in hemodialysis patients induced by platelet-derived diadenosine polyphosphates. Kidney
Int 59: 1134 –1141, 2001
Jankowski J, Jankowski V, Laufer U, van der
Giet M, Henning L, Tepel M, Zidek W,
Schluter H: Identification and quantification
of diadenosine polyphosphate concentrations in human plasma. Arterioscler Thromb
Vasc Biol 23: 1231–1238, 2003
Steinmetz M, Janssen AK, Pelster F, Rahn
KH, Schlatter E: Vasoactivity of diadenosine
polyphosphates in human small mesenteric
resistance arteries. J Pharmacol Exp Ther
302: 787–794, 2002
Jankowski V, Karadogan S, Vanholder R,
Nofer JR, Herget-Rosenthal S, van der Giet
M, Tolle M, Tran TN, Zidek W, Jankowski J:
Paracrine stimulation of vascular smooth
muscle proliferation by diadenosine
polyphosphates released from proximal tubule epithelial cells. Kidney Int 71:
994 –1000, 2007
Jankowski J, Schluter H, Henning L, van der
Giet M, Jankowski V, Zidek W, Tepel M: The
AN69 hemofiltration membrane has a decreasing effect on the intracellular diadenosine pentaphosphate concentration of

J Am Soc Nephrol 19: 863–870, 2008

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

platelets. Kidney Blood Press Res 26: 50 –54,
2003
Jankowski V, Vanholder R, van der Giet M,
Tolle M, Karadogan S, Gobom J, Furkert J,
Oksche A, Krause E, Tran TN, Tepel M,
Schuchardt M, Schluter H, Wiedon A, Beyermann M, Bader M, Todiras M, Zidek W,
Jankowski J: Mass-spectrometric identification of a novel angiotensin peptide in human plasma. Arterioscler Thromb Vasc Biol
27: 297–302, 2007
Eloot S, Torremans A, De Smet R, Marescau
B, De Wachter D, De Deyn PP, Lameire N,
Verdonck P, Vanholder R: Kinetic behavior
of urea is different from that of other watersoluble compounds: The case of the guanidino compounds. Kidney Int 67: 1566 –
1575, 2005
Eloot S, Torremans A, De Smet R, Marescau
B, De Deyn PP, Verdonck P, Vanholder R:
Complex compartmental behavior of small
water-soluble uremic retention solutes: Evaluation by direct measurements in plasma
and erythrocytes. Am J Kidney Dis 50: 279 –
288, 2007
Eknoyan G, Beck GJ, Cheung AK, Daugirdas
JT, Greene T, Kusek JW, Allon M, Bailey J,
Delmez JA, Depner TA, Dwyer JT, Levey AS,
Levin NW, Milford E, Ornt DB, Rocco MV,
Schulman G, Schwab SJ, Teehan BP, Toto R:
Effect of dialysis dose and membrane flux in
maintenance hemodialysis. N Engl J Med
347: 2010 –2019, 2002
Cheung AK, Levin NW, Greene T, Agodoa L,
Bailey J, Beck G, Clark W, Levey AS, Leypoldt JK, Ornt DB, Rocco MV, Schulman G,
Schwab S, Teehan B, Eknoyan G: Effects of
high-flux hemodialysis on clinical outcomes:
Results of the HEMO study. J Am Soc Nephrol 14: 3251–3263, 2003
Delmez JA, Yan G, Bailey J, Beck GJ, Beddhu S, Cheung AK, Kaysen GA, Levey AS,
Sarnak MJ, Schwab SJ: Cerebrovascular disease in maintenance hemodialysis patients:
Results of the HEMO Study. Am J Kidney Dis
47: 131–138, 2006
Krane V, Krieter DH, Olschewski M, Marz W,
Mann JF, Ritz E, Wanner C: Dialyzer membrane characteristics and outcome of patients with type 2 diabetes on maintenance
hemodialysis. Am J Kidney Dis 49: 267–275,
2007
Locatelli F: Membrane permeability outcome: results from the MPO study. ERAEDTA meeting, Barcelona, Spain, June 21–
24, 2007
Locatelli F: The membrane permeability outcome (MPO) study. ASN meeting, San Francisco, CA, November 2–5, 2007
Cheung AK, Rocco MV, Yan G, Leypoldt JK,
Levin NW, Greene T, Agodoa L, Bailey J,
Beck GJ, Clark W, Levey AS, Ornt DB, Schulman G, Schwab S, Teehan B, Eknoyan G: Serum beta-2 microglobulin levels predict mortality in dialysis patients: Results of the HEMO
study. J Am Soc Nephrol 17: 546–555, 2006

SPECIAL ARTICLE

62. Canaud B, Bragg-Gresham JL, Marshall MR,
Desmeules S, Gillespie BW, Depner T, Klassen P, Port FK: Mortality risk for patients
receiving hemodiafiltration versus hemodialysis: European results from the DOPPS. Kidney Int 69: 2087–2093, 2006
63. Jirka T, Cesare S, Di Benedetto A, Perera
CM, Ponce P, Richards N, Tetta C, Vaslaky L:
Mortality risk for patients receiving hemodiafiltration versus hemodialysis. Kidney Int
70: 1524 –1525, 2006
64. Eloot S, Van Biesen W, Dhondt A, Van de
Wynkele H, Glorieux G, Verdonck P, Vanholder R: Impact of hemodialysis duration
on the removal of uremic retention solutes.
Kidney Int 2008, in press; doi: 10.1038/
sj.ki.5002750
65. Fagugli RM, De Smet R, Buoncristiani U,
Lameire N, Vanholder R: Behavior of nonprotein-bound and protein-bound uremic
solutes during daily hemodialysis. Am J Kidney Dis 40: 339 –347, 2002
66. Ward RA, Greene T, Hartmann B, Samtleben
W: Resistance to intercompartmental mass
transfer limits beta2-microglobulin removal
by post-dilution hemodiafiltration. Kidney
Int 69: 1431–1437, 2006
67. Vanholder R, De Smet R, Glorieux G, Argiles
A, Baurmeister U, Brunet P, Clark W, Cohen
G, De Deyn PP, Deppisch R, DescampsLatscha B, Henle T, Jorres A, Lemke HD,
Massy ZA, Passlick-Deetjen J, Rodriguez
M, Stegmayr B, Stenvinkel P, Tetta C,
Wanner C, Zidek W: Review on uremic toxins: Classification, concentration, and interindividual variability. Kidney Int 63:
1934 –1943, 2003
68. Schiffl H, Lang SM, Stratakis D, Fischer R:
Effects of ultrapure dialysis fluid on nutritional status and inflammatory parameters.
Nephrol Dial Transplant 16: 1863–1869,
2001
69. Brodersen HP, Beckers B, Clauss M, Vom
DJ, Floege J, Janssen U: Identification of
central venous hemodialysis catheter-related infection by a semiquantitative culture
method. J Nephrol 20: 462– 467, 2007
70. Vanholder R, Ringoir S, Dhondt A, Hakim R:
Phagocytosis in uremic and hemodialysis
patients: A prospective and cross sectional
study. Kidney Int 39: 320 –327, 1991
71. Mucsi I, Hercz G, Uldall R, Ouwendyk M,
Francoeur R, Pierratos A: Control of serum
phosphate without any phosphate binders
in patients treated with nocturnal hemodialysis. Kidney Int 53: 1399 –1404, 1998
72. Haase M, Bellomo R, Baldwin I, Haase-Fielitz
A, Fealy N, Davenport P, Morgera S, Goehl
H, Storr M, Boyce N, Neumayer HH: Hemodialysis membrane with a high-molecularweight cutoff and cytokine levels in sepsis
complicated by acute renal failure: A phase
1 randomized trial. Am J Kidney Dis 50:
296 –304, 2007
73. Rozga J, Umehara Y, Trofimenko A, Sadahiro T, Demetriou AA: A novel plasma filtra-

A Bench to Bedside View of Uremic Toxins

869

SPECIAL ARTICLE

www.jasn.org

tion therapy for hepatic failure: preclinical
studies. Ther Apher Dial 10: 138 –144, 2006
74. Sarnatskaya VV, Yushko LA, Sakhno LA, Nikolaev VG, Nikolaev AV, Grinenko DV,
Mikhalovsky SV: New approaches to the removal of protein-bound toxins from blood
plasma of uremic patients. Artif Cells Blood
Substit Immobil Biotechnol 35: 287–308,
2007
75. Abe T, Uchita K, Orita H, Kamimura M, Oda
M, Hasegawa H, Kobata H, Fukunishi M,
Shimazaki M, Abe T, Akizawa T, Ahmad S:
Effect of beta(2)-microglobulin adsorption
column on dialysis-related amyloidosis. Kidney Int 64: 1522–1528, 2003
76. Evenepoel P, Laleman W, Wilmer A, Claes K,

870

Maes B, Kuypers D, Bammens B, Nevens F,
Vanrenterghem Y: Detoxifying capacity and
kinetics of prometheus: A new extracorporeal system for the treatment of liver failure.
Blood Purif 23: 349 –358, 2005
77. Calo LA, Naso A, Carraro G, Wratten ML,
Pagnin E, Bertipaglia L, Rebeschini M,
Davis PA, Piccoli A, Cascone C: Effect of
haemodiafiltration with online regeneration of ultrafiltrate on oxidative stress in
dialysis patients. Nephrol Dial Transplant
22: 1413–1419, 2007
78. Wratten ML, Sereni L, Tetta C: Hemolipodialysis attenuates oxidative stress and removes hydrophobic toxins. Artif Organs 24:
685– 690, 2000

Journal of the American Society of Nephrology

79. Stange J, Mitzner SR, Risler T, Erley CM,
Lauchart W, Goehl H, Klammt S, Peszynski
P, Freytag J, Hickstein H, Lohr M, Liebe S,
Schareck W, Hopt UT, Schmidt R: Molecular adsorbent recycling system (MARS):
Clinical results of a new membrane-based
blood purification system for bioartificial
liver support. Artif Organs 23: 319 –330,
1999
80. Hida M, Aiba Y, Sawamura S, Suzuki N, Satoh
T, Koga Y: Inhibition of the accumulation of
uremic toxins in the blood and their precursors
in the feces after oral administration of Lebenin, a lactic acid bacteria preparation, to uremic patients undergoing hemodialysis.
Nephron 74: 349–355, 1996

J Am Soc Nephrol 19: 863–870, 2008

