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Abstract

Background: Retention of uremic toxins in patients with
chronic kidney disease (CKD) negatively affects multiple or-
gan systems, including the cardiovascular system, resulting
in significant morbidity and mortality. Alleviation of the ad-
verse effects of uremic toxins is an important priority in the
management of CKD. Scope: This review focuses on the evi-
dence for the influence of uremic toxins on cardiovascular
morbidity and mortality among patients with CKD and slow-
ly developing uremia. The cardiovascular effects of acute
kidney injury and rapidly developing azotemia are beyond
the scope of this review and will not be discussed. Data on
potential treatment options aimed at ameliorating the toxic
effects of uremic toxins are summarized. Findings: Uremic
toxins are associated with significant cardiovascular morbid-
ity and mortality in patients with CKD. While a number of
preclinical studies have detailed these effects, clinical stud-
ies directly evaluating cardiovascular outcomes consequent
to the presence of uremic toxins have only recently become
available. Conclusion: Uremic toxins play an important role

in the progression of cardiovascular disease in patients with
CKD. Further studies are needed to better characterize the
impact of these compounds on cardiovascular outcomes.
Beneficial treatments are currently available that, in prelimi-
nary studies, appear to neutralize some of the adverse ef-
fects of uremic toxins. Large randomized clinical trials are
needed to further determine the utility of these varied ther-

apeutic agents. Copyright © 2013 S. Karger AG, Basel

Introduction

Uremic illness in patients with chronic kidney disease
(CKD) is primarily a consequence of inadequate removal
and subsequent accumulation of organic products nor-
mally metabolized or excreted by the kidney. Accumu-
lated uremic solutes are termed uremic toxins if they are
biologically active. The accumulation of uremic toxins is
associated with negative effects on almost every organ
system, though most notably on the cardiovascular (CV)
system [1, 2]. In patients with CKD, cardiovascular dis-
ease (CVD) is associated with substantial morbidity and
mortality, and is a major health concern even among
those in early stages of this disease. Considerable effort

© 2013 S. Karger AG, Basel
0250-8095/13/0382-0136$38.00/0

KARGER

E-Mail karger@karger.com
www.karger.com/ajn

Domenic A. Sica, MD

Virginia Commonwealth University Health System
Richmond, VA 23298-0160 (USA)

E-Mail dsica@ msch-vcu.edu


http://dx.doi.org/10.1159%2F000351758

has gone into understanding the mechanisms responsible
for such toxicity and to develop therapeutic interventions
which can reduce the adverse effects of uremic toxins.

Uremic toxins are both a cause and consequence of
CKD, and their negative impact on the CV system is
thought to be multifactorial with incompletely under-
stood mechanisms. Identifying and understanding fac-
tors that negatively impact CV health in patients with
CKD is crucial to the development of therapies aimed at
reducing adverse CV outcomes. It is well known that
CKD is a chronic pro-inflammatory state that is both a
cause and a result of oxidative stress. Chronic inflamma-
tion (predominantly mediated by macrophages) and oxi-
dative stress play a critical role in the progression of CKD
and CKD-related CVD [3, 4]. A broad range of nontradi-
tional risk factors also appear to play a role in the patho-
genesis of CVD in patients with CKD. The net effect of
these traditional and nontraditional risk factors is an in-
crease in CV-related morbidity and mortality above and
beyond that which occur in patients without CKD.

Here we review the pathophysiologic effects of uremic
toxins on the incidence and progression of CVD among
patients with CKD, as well as therapies aimed at preven-
tion of CKD-related CVD.

Uremic Toxins

Retention of uremic toxins leads to an environment
marked by the complex interplay between a variety of re-
tained molecules and their negative impact on multiple
organ systems. Given the complexity and multiplicity of
these toxins, serum urea and creatinine are inadequate as
markers for uremic toxicity since they offer only a snap-
shot of the entire toxin picture. Also, effective treatment
of uremia will require consideration of the unique char-
acteristics of these compounds. Furthermore, it is likely
that not all uremic toxins have been identified. Hence,
rational treatment strategies for uremia first require a
simplified classification system for uremic toxins. The
most commonly applied classification system is based on
physicochemical properties of uremic toxins that affect
their removal during hemodialysis [5]:

(1) Small, water-soluble molecules: The molecular
weight (MW) of these compounds is generally <500 Da.
These compounds may or may not display marked toxic
activity.

(2) Middle molecules: These compounds have a MW
of >500 Da and are removed only via hemodialysis em-
ploying large-pored membranes. Many compounds in
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this group are peptides that are toxic to multiple organ
systems.

(3) Protein-bound molecules: Most compounds in this
group have a low MW; however, some have characteris-
tics similar to middle molecules. Many of these com-
pounds are toxic and difficult to remove via hemodialysis.

In 2003, the European Uremic Toxin Work Group
classified 90 compounds by this system (table 1), and
more compounds have since been identified.

Alternatively, uremic toxins may be classified accord-
ing to their site of origin [6] and include toxins:

(1) produced by endogenous metabolism,

(2) produced by microbial metabolism, or

(3) ingested from an exogenous source.

This classification strategy may help in identifying
treatments other than extracorporeal removal. Although
the majority of toxins fall into the first category, a signifi-
cant number originate from microbial metabolism. Exog-
enous dietary toxins such as oxalate and advanced glyca-
tion end products also contribute to uremia [6]. A num-
ber of uremic toxins, including phenolic and indolic
compounds, originate from protein fermentation in the
large intestine following hydrolysis of polypeptide chains
by proteases and peptidases. The latter leads to the pro-
duction of small peptides and amino acids, which are ei-
ther used by intestinal flora for growth or are further fer-
mented into short- or branched-chain fatty acids and oth-
er potentially toxic metabolites, including ammonia,
amines, thiols, phenols, and indoles. Phenols (e.g. phen-
ylacetic acid (PAA), phenol, p-cresol) are generated dur-
ing the partial breakdown of tyrosine and phenylalanine
by intestinal facultative or obligate anaerobes. Most phe-
nols produced in the colon are absorbed and detoxified by
conjugation to sulfate compounds by the liver (e.g. p-cre-
sol to p-cresyl sulfate; PCS) [6]. Indoles and amines are
also end products of metabolism in the colon. Breakdown
oftryptophan results in production of indolic compounds,
and decarboxylation of lysine and ornithine leads to pro-
duction of simple amines. Indoles are absorbed and me-
tabolized to the sulfate form by the liver (e.g. indoxyl sul-
fate; IS). Amines can be detoxified by monoamine and
diamine oxidases in the liver or colonic mucosa or can be
renally excreted [6].

CKD is classified into 5 stages based on glomerular fil-
tration rate (GFR) [7]. Given the difficulties in accurately
measuring GFR in routine clinical practice, GFR is esti-
mated (eGFR) on the basis of serum creatinine levels
combined with demographic and anthropometric pa-
rameters [8]. Estimated GFR based on serum creatinine
has been shown to be poorly correlated with concentra-
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Table 1. Uremic toxins classified by physicochemical properties

Small, water-soluble molecules
(<500 Da; n = 45)?

Protein-bound molecules
(n=25)°

Middle molecules
(>500 Da; n = 22)¢

1-Methyladenosine
1-Methylguanosine
1-Methylinosine
Asymmetrical dimethylarginine
a-Keto-8-guanidinovaleric acid
a-N-acetylarginine
Arab(in)itol

Arginic acid

Benzylalcohol
B-Guanidinopropionic acid
B-Lipotropin

Creatine

Creatinine

Cytidine

Dimethylglycine

Erythritol
y-Guanidinobutyric acid
Guanidine
Guanidinoacetic acid
Guanidinosuccinic acid
Hypoxanthine
Malondialdehyde

Mannitol

Methylguanidine
Myoinositol
N%N2-dimethylguanosine
Nt-acetylcytidine
N°-methyladenosine

N°-threonylcarbamoyladenosine

Orotic acid

Orotidine

Oxalate
Phenylacetylglutamine
Pseudouridine
Symmetrical dimethylarginine
Sorbitol
Taurocyamine
Threitol

Thymine

Uracil

Urea

Uric acid

Uridine

Xanthine

Xanthosine

2-Methoxyresorcinol
3-Deoxyglucosone
CMPF
Fructoselysine
Glyoxal

Hippuric acid
Homocysteine
Hydroquinone
Indole-3-acetic acid
Indoxyl sufate
Kinurenine
Kynurenic acid
Leptin

Melatonin
Methylglyoxal
N-carboxymethyllysine
p-Cresol
Pentosidine

Phenol
P-OH-hippuric acid
Putrescine
Quinolinic acid
Retinol-binding protein
Spermidine
Spermine

Adrenomedullin

Atrial natriuretic peptide
B,-Microglobulin
B-Endorphin
Cholecystokinin

Clara cell protein
Complement factor D
Cystatin C
Degranulation-inhibiting protein I
Delta-sleep-inducing peptide
Endothelin

Hyaluronic acid
Interleukin-1§
Interleukin-6

k-Ig light chain

\-Ig light chain

Leptin
Methionine-enkephalin
Neuropeptide Y
Parathyroid hormone
Retinol-binding protein
Tumor necrosis factor-a

Reprinted with permission from Macmillan Publishers: Copyright® Kidney International, Vanholder et al. [5].

2 These compounds are effectively removed by any dialysis strategy.

® These compounds are, with the sole exception of hippuric acid, difficult to remove regardless of the type of membrane used for
hemodialysis [62]. They are more efficiently removed by peritoneal dialysis, which uses membranes with a large pore diameter [63].

¢ These compounds are effectively removed only by membranes with a large pore size, such as those used in peritoneal dialysis.
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tions of uremic toxins in patients with different stages of
CKD, calling into question its utility in evaluating the ac-
cumulation of different solutes during the progression of
CKD [9].

Association of CKD and CVD

Patients with CKD are at high risk for CVD even when
kidney function is only minimally impaired and are more
likely to succumb to CVD than to progress to kidney fail-
ure regardless of their CKD stage [10-15]. Overall, ap-
proximately half of all deaths among patients with CKD
are a direct result of CVD. Importantly, the risk and se-
verity of CVD increases with each incremental increase
in severity of CKD, particularly among younger patients.
Patients with CKD have a 10- to 20-fold increase in risk
of cardiac death versus patients without CKD [16].

The association of CKD with CVD may be explained
by the higher prevalence of nontraditional and traditional
risk factors for CVD among patients with CKD compared
with the general population [11, 17]. Anemia, proteinuria,
increases in levels of pro-inflammatory cytokines, oxida-
tive stress, hyperhomocysteinemia, abnormal calcium
and phosphate metabolism, and accumulation of uremic
toxins constitute nontraditional risk factors, while tradi-
tional risk factors include hypertension, diabetes, ad-
vanced age, dyslipidemia, and tobacco use. Additional risk
factors seen in hemodialysis patients include bacteremia,
extracellular fluid overload, and glycemic load. The rela-
tive contributions of individual risk factors are not well
understood and may be dependent on CKD stage [17].

Accumulation of uremic toxins consequent to the pro-
gressive deterioration of glomerular filtration in patients
with CKD has a deleterious effect on multiple body func-
tions (e.g. cardiac failure, hypertension, fluid overload)
[2]. Multiple studies have implicated elevated concentra-
tions of a variety of uremic toxins, including indoxyl sul-
fate, p-cresol, p-cresyl sulfate, PAA, blood urea nitrogen,
and uric acid in the CVD seen in CKD patients [18-31].
The association of elevated uric acid concentrations with
CVD in these epidemiologic studies has been corrobo-
rated by results of prospective clinical trials involving
allopurinol, which decreases serum uric acid levels by
inhibiting xanthine oxidase [32, 33]. These trials, which
included patients with asymptomatic hyperuricemia
and patients with reduced renal function as measured by
eGFR, showed that allopurinol slows progression of renal
disease and reduces risk of CV events [32, 33].

CV Burden of Uremic Toxins

Studies in animal models have suggested that elevated
concentrations of marinobufagenin (MBG), which be-
longs to a class of circulating steroid compounds called
the bufadienolides, may potentially play a role in the CVD
associated with CKD [34]. Administration of MBG has
been shown to result in changes in cardiac parameters
that resemble those seen following partial nephrectomy
[35]. These changes could be reversed by immunization
against MBG, supporting the notion that controlling el-
evated levels of MBG in patients with CKD may improve
cardiac symptoms [35].

In addition, an association between arterial calcifica-
tion and increased CVD-related mortality has emerged
among patients with CKD. The presence and extent of
vascular calcifications are strong predictors of CVD-re-
lated and all-cause mortality in end-stage renal disease
(ESRD) patients on maintenance hemodialysis. It is un-
clear whether enhanced arterial stiffness is a risk factor
contributing to the development of CVD or a marker of
more established disease; however, studies suggest that
measurement and serial monitoring of arterial parame-
ters related to vascular structure and function may offer
some promise in risk assessment and development of
therapeutic strategies [36].

In summary, substantial evidence supports the rela-
tionship between CKD and poor CVD-related outcomes.
Both traditional and nontraditional risk factors are re-
sponsible for these associations. Mechanisms for measur-
ing the relative contributions of nontraditional risk fac-
tors are being explored. Accumulating data suggest that
uremic toxins play an important role in the morbidity and
mortality from CVD among patients with CKD. Identi-
fication of these toxins and defining the pathobiologic
mechanisms by which they cause CVD are prerequisites
for development of therapeutic interventions to alleviate
poor CV outcomes in patients with CKD.

In the following sections, we review the evidence indi-
cating that uremic toxins contribute substantially to the
development and severity of CVD among patients with
CKD. In addition, we discuss mechanisms by which these
compounds impact CVD, as well as potential therapeutic
strategies for mitigating their toxic effects.

Cardiovascular Effects of Uremic Toxins

Although uremic toxins affect almost every organ sys-
tem, this review will focus on the impact of uremic toxins
on markers for CVD and on CVD-related outcomes in
patients with CKD. Treatment of traditional CVD risk
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Table 2. Role of uremic toxins in cardiovascular damage

Uremic toxins result in vascular damage via

Leukocyte activation Glycocalyx and endothelium

Smooth muscle cells Platelets

- Stimulates TNF-a - Disruption of the endothelial
production glycocalyx contributes to
- Increases oxidative stress increased microvascular
- Activates NF-xB permeability resulting in
- Upregulates cell adhesion systemic vascular dysfunction
molecules - Increases PAI-1 and von
- Increases IL-6 leading to Willebrand factor
aortic calcification - Decreases tissue plasminogen
factor
- Dysregulates vascular tone
- Produces ROS
- Inhibits NO production
- Promotes cellular senescence

- Activated platelets seen in uremic
patients support thrombosis,
which may result from exposure
of PS on the outer membrane of
the platelet in a process mediated
by caspase-3 activity

- Enhanced caspase-3 activity has
been documented in uremic
patients

- Inhibition of caspase-3 activity
results in decreased PS exposure
on the outer membrane of
platelets

- Increases proliferation
of vascular smooth
muscle cells leading
to aortic calcification
and wall thickening

factors in this population only partially reduces CVD-re-
lated morbidity and mortality compared with the general
population. Thus, it is important to identify and describe
additional mechanisms that contribute to atherogenesis
and CVD in patients with CKD. Uremic toxins represent
one area of nontraditional CVD risk factors unique to pa-
tients with CKD. The effects of uremic toxins can be de-
scribed in terms of their impact on cell systems associated
with CVD. The main cell types involved in the CVD as-
sociated with CKD include leukocytes, endothelial cells,
vascular smooth muscle cells (VSMC), and platelets (ta-
ble 2) [2, 37]. The involvement of the different uremic
toxins in the four major domains of CVD (atherosclero-
sis, myocardial disease, valvular disease, arrhythmias) is
summarized in table 3.

Uremic Toxins and Leukocytes

Uremic toxins inhibit leukocyte function in CKD pa-
tients by reducing their basal activation and blunting
their response upon stimulation. The former effect may
result in infection; the latter has been linked to malnutri-
tion, chronic microinflammation, and atherosclerosis.
Guanidine compounds have been implicated in CV dam-
age given their stimulatory effect on leukocytes, leading
to enhancement of tumor necrosis factor (TNF)-a pro-
duction and increased leukocyte-induced oxidative stress
[1]. In addition, PCS has been shown to enhance suscep-
tibility to vascular damage by promoting enhanced oxi-
dative activity in leukocytes [22]. The uremic toxin ho-

140 Am J Nephrol 2013;38:136-148
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mocysteine activates nuclear factor-kappa B (NF-«B) in
macrophages, resulting in increased superoxide anion
levels and oxidative stress, which can be reversed by ad-
ministration of folic acid.

Uremic Toxins and Leukocyte-Endothelial Cell
Interaction

Leukocyte-endothelial interactions are an important
step in the development of atherosclerosis. Cell adhesion
molecules (e.g. intercellular cell adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1), togeth-
er with E-selectin, are upregulated to mediate monocyte
and macrophage infiltration into atherosclerotic lesions.
IS was recently shown to enhance leukocyte-endothelial
interactions through upregulation of E-selectin. This like-
ly occurs via the JNK-NF-kB-dependent pathway and rep-
resents a novel mechanism for the induction of vascular
pro-inflammatory processes observed in CKD [38].

Uremic Toxins and Chronic Inflammation

It has been amply demonstrated that CKD is associated
with a state of chronic inflammation, as evidenced by el-
evated concentrations of various pro-inflammatory cyto-
kines such as IL-6 and altered concentrations of acute-
phase proteins such as C-reactive protein (CRP). Given
the critical role chronic inflammation plays in the devel-
opment and progression of CVD, uremia-associated pro-
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Table 3. Involvement of uremic toxins in the major domains of cardiovascular disease

Uremic toxin

Cardiovascular disease domain

valvular
disease

athero-
sclerosis

myocardial
disease

arrhythmias

Advanced glycation end products

Advanced oxidation protein products

Angiogenin-DIP I

B,-Microglobulin

PR PR A

Complement factor D

Cytokines

>
>

Dinucleotide polyphosphates (Np,N)

Guanidino compounds (e.g. methylguanidine,

asymmetrical dimethylarginine)

>

Homocysteine

Indoxyl sulfate

Leptin

Oxalic acid/oxalate

p-Cresol/p-cresyl sulfate

PR PR A R <

Parathyroid hormone

PAA

Phosphate

inflammatory cytokines are considered a major compo-
nent of uremic toxicity. In a study of 125 patients with
CKD stage 2-5, IL-6 was independently associated with
CKD stage and plasma levels of CRP and albumin [4]. Fol-
low-up studies of these patients showed that plasma IL-6
levels also significantly predicted CVD and all-cause mor-
tality after adjusting for potential confounders. Further-
more, IL-6 was superior to CRP, albumin, or TNF-a in
predicting mortality in this patient cohort [4]. Another
group of uremic toxins, the guanadino compounds (par-
ticularly symmetric dimethylarginine) induce production
of reactive oxygen species (ROS) and pro-inflammatory
markers (mainly related to microinflammation and leu-
kocyte activation) leading to chronic inflammation [39].
In addition, the surface expression of CD-14, a marker for
monocyte differentiation, was increased by all guanadinos
except guanidine. Therefore, these compounds contribute
to monocyte CD expression that may result in enhanced
differentiation and endothelium adhesion capacity of
these cells and hence ongoing chronic inflammation [39].
Symmetric dimethylarginine is also associated with acti-
vation of NF-kB in addition to increased IL-6 and TNF-a
expression. Furthermore, AGE accumulation in the plas-
ma of uremic patients has been associated with oxidative
stress, which can lead to chronic inflammation and CVD.

CV Burden of Uremic Toxins

Uremic Toxins and Endothelial Cell Function

Endothelial cell integrity and function are critical to
the prevention of atherosclerosis, and therefore endothe-
lial cell injury and dysfunction are major steps in the de-
velopment and progression of CVD. There are sever-
al mechanisms through which endothelial cells protect
against CVD, including endothelial cell function, endo-
thelial cell integrity and barrier properties and endothe-
lial cell repair. In CKD, endothelial dysfunction can be a
result of oxidative stress, chronic inflammation, and pro-
duction of ROS [1]. Furthermore, several uremic com-
pounds have been shown to inhibit endothelial prolif-
eration, potentially contributing to endothelial cell dys-
function [39]. Moreover, impairment of endothelial cell
function among patients with CKD is associated with a
pro-coagulant environment at the surface of these cells
(as illustrated by increases in plasminogen activator in-
hibitor-1 and von Willebrand factor and decreases in
tissue plasminogen activator), as well as dysregulation
of vascular tone due to inhibition of endothelial iNOS.
While endothelial function is dependent on NO, the pro-
duction of NO is decreased in patients with CKD. Studies
in mice have shown that CKD is associated with an in-
creased concentration of the uremic toxin asymmetric di-
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methylarginin, which alters endothelial cell function in
cerebral circulation, perhaps via a decrease in NO pro-
duction. This study did not identify any changes in arte-
riolar structure, mechanics, or composition [40].

Another important mechanism for CKD-associated
NO deficiency is an increase in oxidative stress. Uremic
toxins increase the generation of ROS that cause oxidative
stress. This is the case for IS, which has a major deleterious
effect on the endothelial system. This compound has been
shown to inhibit NO production and reduce cell viability
in vitro via production of ROS in vascular endothelial
cells. The deleterious role of oxidative stress in this process
was confirmed via use of antioxidants that prevented IS-
induced ROS production and preserved cell viability [41].
A subsequent study showed that IS also upregulated the
expression of ICAM-1 and MCP-1 via activation of the
NF-kB pathway, which further reinforced the association
between IS and development of CVD [42, 43]. Further-
more, IS has been shown to negatively influence protec-
tive properties of endothelial cells, such as migration
and tube formation, by depleting NO bioavailability [43,
44]. This mechanism was further confirmed through the
use of an NO donor, S-nitroso-N-acetyl-DL-penicilla-
mine, which reversed these effects [44]. Interestingly, the
potential deleterious impact of IS on the CV system ap-
pears to be concentration dependent. At concentrations
found in CKD patients, the pro-oxidant effects of IS seem
to predominate, leading to increased CVD. However, at
normal serum concentrations, IS appears to eliminate hy-
droxyl radicals and displays radical scavenging activity,
properties which may have a protective effect [45].

In addition, IS has been associated with increased oxi-
dation of albumin, which is a marker for oxidative stress
in systemic circulation. In a rat model of CKD, the ratio
of oxidized albumin positively correlated with serum IS
levels, suggesting an increase in oxidative stress in the sys-
temic circulation [46]. The ratio was reduced in the group
that received AST-120 (an orally administered intestinal
adsorbent) [46]. In addition, IS increased the generation
of ROS in a dose- and time-dependent manner [46].

Another uremic toxin that has been shown to cause
vascular damage through inhibition of iNOS leading to
reduction of endogenous NO and vascular dysfunction is
PAA. Moreover, this compound inhibits the activity of
Ca’*-ATPase, resulting in elevated intracellular Ca** con-
centration that can lead to cell death and further endothe-
lial dysfunction.

Barrier function is an important property of vascular
endothelium. Barrier dysfunction is a result of gaps be-
tween adjacent cells from loss of intercellular junctions.

142 Am J Nephrol 2013;38:136-148
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A recent bovine study reported disruption of intercellular
contacts on adherens junctions of epithelial cells follow-
ing IS treatment. Pretreatment with U0126, a highly spe-
cific inhibitor of MEK1/2, prevented this disruption [47].

Another mechanism of disruption in endothelial cell
integrity and dysfunction that is associated with the de-
velopment of CVD is cellular senescence. This process
involves the arrest of cells in a mitotic diploid form. En-
dothelial cell senescence is induced by many factors, in-
cluding oxidative stress and the accumulation of uremic
toxins. Administration of IS and asymmetric dimethylar-
ginine to hypertensive rats has been shown to cause in-
creased expression of aortic cell senescence molecules
and aortic calcification [48, 49].

Endothelial repair mechanisms that can be mediated
via proliferation or homing of circulating progenitor cells
play a critical role in the health of endothelial cells and
prevention of CVD. It is of note that the effectiveness of
endothelial repair mechanisms is reduced in patients with
CKD, possibly leading to reduced vascular integrity and
increased risk of CVD. These circulating microparticles
represent a new biomarker for CVD in uremia [50]. Both
IS and PCS, at concentrations typically found in uremia,
have been shown to reduce endothelial proliferation and
repair in vitro and thus negatively affect endothelial re-
pair mechanisms (this effect was dose dependent for
PCS). The presence of albumin did not alter the inhibi-
tory effect of these compounds on endothelial prolifera-
tion; however, the deficiency in endothelial repair was
less severe in the presence of albumin.

Oxalate, another uremic toxin, has also been associ-
ated with negative CV-related consequences most likely
via negative effects on endothelial cell repair and func-
tion. Oxalate increases intracellular calcium concentra-
tions in endothelial cells and prevents re-endothelializa-
tion [51]. It also inhibits endothelial cell replication and
migration, which play a role in inhibition of atheroscle-
rosis. The inhibitory effect of oxalate was found to be both
dose and time dependent [52].

Uremic Toxins and Vascular Smooth Muscle Cells

Uremic toxins have been shown to promote prolifera-
tion of VSMC and their subsequent transformation into
osteoblast-like cells capable of producing a matrix of bone
collagen and noncollagenous proteins. This matrix can
subsequently mineralize as a consequence of dysregulat-
ed mineral metabolism, leading to aortic wall thickening
and calcification [13, 53].
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Yamamoto et al. [54] were the first to demonstrate that
IS causes VSMC proliferation via activation of the p44/42
mitogen-activated protein kinase pathway in vitro. This
pathway has been shown previously to be activated by
growth factors, angiotensin II, erythropoietin, and other
uremic toxins such as homocysteine and uric acid. The del-
eterious effect of IS on VSMC was confirmed using proben-
ecid, an inhibitor of IS secretion. Treatment with proben-
ecid resulted in IS retention, which inhibited VSMC prolif-
eration [54]. Similar results were also seen in a subsequent
study [55]. IS has also been shown to promote aortic calci-
fication and wall thickening in hypertensive rats [56].

While VSMC dysfunction plays a key role in CVD,
cardiac and aortic abnormalities were independently as-
sociated with the extent of endothelial and VSMC dys-
function and the severity of kidney disease in a mouse
model of CKD [57]. In a longitudinal study evaluating
changes in vascular stiffness throughout the progression
of CKD, mice with CKD quickly developed a significant
increase in aortic stiffness, supporting the hypothesis that
CKD accelerates normal age-related changes in aortic
function [57]. These results suggested that calcification
may not be the only mechanism responsible for vascular
stiffness in early-stage CKD [57].

Uremic Toxins and Platelets

Activation of platelets in CKD patients undergoing he-
modialysis has been extensively studied. Activated platelets
may contribute to the CVD burden in patients with ESRD
given their involvement in thrombus formation after being
retained on the dialysis membranes [37, 58]. Platelets from
uremic patients show significantly higher coagulation ac-
tivity than do platelets from normal individuals. This activ-
ity is partly due to the enhanced exposure of phosphatidyl-
serine to the outer leaflet of platelet membranes in a process
mediated by caspase-3 [37]. Caspase-3 activity is signifi-
cantly higher in the platelets of uremic patients and its se-
lective inhibition reduces phosphatidylserine exposure,
highlighting the central role for caspase-3 activation in
platelet activation and therefore the pathogenesis of CVD
in patients with uremia [37].

Uremic Toxin-Associated CVD: Clinical Evidence
More recently, complementary clinical studies have

been conducted examining the role of uremic toxins on
CV outcomes in patients with CKD. These studies rein-

CV Burden of Uremic Toxins

force the findings of the preclinical investigations dis-
cussed previously herein. In a cohort of 100 maintenance
hemodialysis patients, Meijers et al. [59] studied the re-
lationship between PCS and blood markers of endothe-
lial cell dysfunction (soluble P-selectin and endothelial
microparticles), as well as the direct effects of p-cresol
and PCS on endothelial cells. While free serum p-cresol
concentrations were positively associated with circulat-
ing endothelial microparticles, no association was found
with soluble P-selectin. These findings were further con-
firmed in vitro (via human umbilical vein endothelial
cells) as PCS was shown to induce a dose-dependent in-
crease in endothelial microparticles. This effect was re-
duced in the presence of albumin. The authors conclud-
ed that PCS alters endothelial function in patients on he-
modialysis [59].

Clinical studies in patients with CKD confirm the pre-
clinical findings regarding the effects of IS on the CV sys-
tem. IS concentrations have been shown to be indepen-
dently and positively associated with pentosidine (an
AGE compound), creatinine, and protein catabolic rate,
which are risk factors for atherosclerosis in patients on
maintenance hemodialysis. IS was also found to be inde-
pendently and negatively associated with high-density li-
poprotein cholesterol [19]. Barreto et al. [18] investigated
the association between vascular calcification, vascular
stiffness, mortality, and serum IS concentrations in a co-
hort of patients with CKD and found an inverse relation-
ship between baseline IS levels and renal function and a
direct relationship with aortic calcification. Survival anal-
yses found that the highest IS tertile was a strong predic-
tor for death even after adjustments for age, gender, dia-
betes, albumin, hemoglobin, phosphate, and aortic calci-
fication [18]. Chiu et al. [21] studied patients with type 2
diabetes and evaluated the association between IS and
PCS concentrations and coronary artery disease (CAD)
in a hospital-based case-control format. Serum IS and
PCS concentrations were significantly higher in patients
with both type 2 diabetes and substantial CAD as com-
pared to diabetic and nondiabetic patients without CAD
[21]. Both compounds were independently and positive-
ly associated with the presence of CAD. Increased con-
centrations of these compounds were associated with de-
terioration of renal function and coronary atherosclerosis
[21]. Patients with significant coronary artery stenosis
have also been shown to have higher serum PCS levels,
which were independently associated with the presence
and severity of CAD [23]. In the first clinical study to
evaluate p-cresol levels and mortality, Bammens et al.
[60] found an independent relationship between free se-
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rum p-cresol concentrations and all-cause mortality in
hemodialysis patients followed for 34 months. A subse-
quent analysis found that free serum p-cresol concentra-
tions were also significantly associated with time to first
CV event. In multivariate analysis, free p-cresol concen-
trations were found to be significantly associated with
CVD among patients who did not have diabetes [24].
Liabeuf et al. [22] also found an independent association
between free PCS concentrations and mortality in pa-
tients at different stages of CKD. Baseline total and free
PCS concentrations were inversely related to renal func-
tion and positively associated with vascular calcification.
Although both free and total p-cresol concentrations
were higher in more severe CKD, only free concentra-
tions were associated with risk of death [22].

PAA has been shown to inhibit iNOS expression and
plasma membrane calcium ATPase. A study evaluating
the effect of PAA on the vascular system in patients with
stage 5 CKD on maintenance hemodialysis found a sig-
nificant correlation between the PAA concentration and
vascular dysfunction as measured by the reflective index
obtained from digital photoplethysmography [26].

In summary, strong evidence substantiating the toxic
effects of uremic toxins in the development and progres-
sion of CVD have been corroborated by clinical studies.
Strategies for prevention of CVD-related morbidity and
mortality should focus on mechanisms for removing
uremic toxins before negative outcomes occur, as well
as therapeutic options for ameliorating their effects. One
area of particular interest could be the development of
clinical trials that confirm the effectiveness (as measured
by superior CV outcomes) of large-pore dialyzer mem-
branes for facilitated removal of uremic toxins. In the fol-
lowing section, we review information on therapeutic op-
tions for mitigation of the adverse effects of uremic tox-
ins.

Therapeutic Interventions

Inhibiting uremic toxins has been shown to reduce
toxin-associated pro-inflammatory processes, endothe-
lial dysfunction, and aortic calcification. Methods to treat
uremia include enhancement of the removal of uremic
toxins through hemodialysis or peritoneal dialysis and
use of pharmacologic approaches to interfere with their
effects [1]. The ultimate aim of renal replacement therapy
is the removal of uremic toxins and the preservation of
residual renal function, which has been associated with
enhanced survival [61].
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As discussed earlier, uremic toxins are classified on the
basis of their physicochemical properties [2]. Of these,
protein-bound molecules are the most difficult to remove
using currently available dialysis strategies [2, 62]. Com-
parison of the effectiveness of 3 different types of high-
flux and low-flux membranes in removing a variety
of uremic toxins through hemodialysis revealed that re-
moval of protein-bound or lipophilic solutes was, al-
most without exception, highly inefficient, regardless of
the type of membrane used [62]. Peritoneal membranes,
which have fewer pores of greater diameter, more effi-
ciently remove middle molecules and protein-bound
molecules [63]. This translates into reduced mortality
during the first few years of peritoneal dialysis as well as
better preservation of residual renal function compared
with hemodialysis [63, 64]. Multiple studies have docu-
mented lower plasma levels of B,-microglobulin, ad-
vanced oxidation protein products, and total as well as
free p-cresol in patients on peritoneal dialysis compared
with those on hemodialysis, with the differences remain-
ing significant for B,-microglobulin and p-cresol even af-
ter accounting for differences in residual renal function
between the 2 groups of patients [64]. However, both
peritoneal dialysis and hemodialysis are only partially ef-
fective in removing many of the uremic toxins [2, 63, 64].
This underscores the urgent need for development of al-
ternative techniques for effective removal of all uremic
toxins. Encouraging results have been reported by a re-
cent study, which has revealed that online hemodiafiltra-
tion using higher convective volumes reduces all-cause
mortality by 30% compared with traditional dialysis [65].
This survival advantage may be due to a more effective
removal of uremic toxins which are poorly dialyzable us-
ing conventional hemodialysis. Meanwhile, pharmaco-
logic interventions have also been shown to reduce or
prevent toxicity from these uremic compounds.

The therapeutic advantages of several inert binding
compounds have been reported (table 4). These agents
include sevelamer (a nonabsorbed poly-allylamine hy-
drochloride polymer) and AST-120 (an intestinal adsor-
bent) (fig. 1).

Sevelamer has been shown to decrease levels of CRP
and to alleviate systemic inflammation by reducing endo-
toxemia in an experimental model of CKD [66]. Sevelam-
er was associated with a 78% reduction in CRP levels and
a parallel decrease in endotoxemia after 6 months in 20
patients on hemodialysis [66].

AST-120 has been observed to reduce levels of creati-
nine and urea, as well as all-cause mortality, in patients
with CKD. Currently, it is used to delay the initiation of
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Table 4. Potential treatments for the management of CKD

Treatment  Description Clinical effects

Sevelamer ~ Nonabsorbed poly(allylamine 78% reduction in CRP following 6 months of treatment in hemodialyzed patients
hydrochloride) polymer [66]

AST-120 Intestinal adsorbent Increased vasodilation, decreased indoxyl sulfate levels, and decreased markers of

oxidative stress following 24 weeks of treatment in patients with CKD [20]

= Uremic toxins are

absarbed inta circulation,
Ipading to deterioration of
renal function

@ Endotarins absortied into
cifculation contribute to
systemic inflammation

Color version available online

@y AST-120 binds and
excrates uramic toxing

=== Sevelamer binds and
excretes endotoxins

INDOXYL IS METABOLIZED
IN THE LIVER TO
INDOXYL SULFATE

| Peritoneal
Dialysis

Fig. 1. Options for removal of toxins from the body [20, 66, 70]. ET = Endotoxin; GI = gastrointestinal.

hemodialysis [67]. AST-120 significantly reduced athero-
sclerosis and altered lesion characteristics in mice with re-
nal damage, independent of total cholesterol, blood pres-
sure, or creatinine clearance. It also decreased expression
of monocyte chemoattractant protein-1, TNF-a, and IL-
1B messenger RNA [67]. In another study, AST-120 treat-
ment for 24 weeks was associated with a significant in-
crease in flow-mediated endothelium-level vasodilation
in the brachial artery of 40 patients with CKD. There was
also a decrease in plasma concentration of IS. Indepen-
dent predictors for improved endothelium-level vasodila-

CV Burden of Uremic Toxins

tion included presence of diabetes and CRP. Overall, AST-
120 improved endothelial dysfunction in patients with
CKD and was associated with a decrease in markers of
oxidative stress [20]. Research suggests that AST-120
might reduce arterial stiffness and intima-media thickness
(which are related to CAD) in nondiabetic patients before
hemodialysis. Treatment with AST-120 for 24 months de-
creased carotid artery intima-media thickness and pulse-
wave velocity (a measure of arterial stiffness) in patients
with nondiabetic CKD when compared with patients who
did not receive AST-120 [68]. Symptoms and outcomes of
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heart failure were improved in patients with congestive
heart failure and moderate CKD after treatment with
AST-120 in addition to conventional therapy for 24
months. In addition, of those who required hospital ad-
mission, the length of hospital stay and number of hospi-
tal admissions decreased significantly after treatment with
AST-120 when compared with the 2-year period prior to
initiation of therapy. Improvements in renal function in-
dices, atrial natriuretic peptide, edema, and cardiothorac-
ic ratio have also been reported [69].

Conclusions

Uremic toxins have a clear role in the progression of
renal dysfunction and CVD in patients with CKD. The
vast majority of uremic toxins are either highly protein
bound or middle MW compounds, making their remov-
al via standard hemodialysis and peritoneal dialysis dif-

ficult. Additional studies are needed to further delineate
the impact of uremic toxins on outcomes such as CV-
related adverse events and mortality in patients with
CKD. The availability of promising agents, currently in
phase III trials, aimed at reducing uremic toxins will offer
further therapeutic options for patients with CKD.
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