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Abstract

A sustained status of chronic inflammation is closely linked
to several complications of chronic kidney disease (CKD),
such as vascular degeneration, myocardial fibrosis, loss of
appetite, insulin resistance, increased muscle catabolism
and anemia. These consequences of a chronically activated
immune system impact on the acceleration of atherosclero-
sis, vascular calcification and development of heart dysfunc-
tion. Recent evidence suggests that these immune-mediat-
ed consequences of uremic toxicity are not only important
to stratify the risk and understand the mechanisms of dis-
ease, but also represent an important area for intervention.
Thus, the aim of this brief review is to discuss the immune
mechanisms behind atherosclerosis and myocardiopathy in
CKD. We also display the emerging evidence that strategies
focusing on modulating the immune response or reducing
the generation of triggers of inflammation may represent an
important tool to reduce mortality in this group of patients.
Ongoing studies may generate the evidence that will trans-
late these strategies to definitive changes in clinical prac-
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Introduction

Signs of an activated immune system and elevated lev-
els of inflammatory mediators can be observed in the
early stages of chronic kidney disease (CKD) and increase
with the progression of renal dysfunction. This chronic
inflammatory state is closely linked to several complica-
tions of CKD, such as vascular degeneration, myocardial
fibrosis, loss of appetite, insulin resistance, increased
muscle catabolism and anemia. Potentially, these conse-
quences of a chronically activated immune system im-
pact on the acceleration of atherosclerosis, vascular cal-
cification and development of heart dysfunction. Not
surprisingly, the presence of systemic inflammation is an
important predictor of poor outcome in CKD patients,
and the central role of immune-mediated changes in the
heart and vascular system (the main cause of mortality
in CKD) has been consistently described [1]. Recent evi-
dence suggests that these immune-mediated consequenc-
es of uremic toxicity are not only important to stratify the
risk and understand the mechanisms of disease, but also
represent an important area for intervention. Thus, the
aim of this brief review is to discuss the immune mecha-
nisms behind atherosclerosis and myocardiopathy in
CKD. We also display the emerging evidence that shows
that strategies focusing on modulating the immune re-
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sponse or reducing the generation of triggers of inflam-
mation may represent an important tool to reduce mor-
tality in this group of patients.

Immune Mechanisms Involved in the Development
of Cardiovascular Disease in CKD

The interaction between kidney failure and the car-
diovascular system, currently defined as cardiorenal
syndrome, appears to be largely mediated by the im-
mune system, which recognizes the uremic state as a
continuous aggression to cells and tissues. The uremic
toxins consist of heterogeneous substances, including
organic compounds and peptides, with proinflamma-
tory effects [2]. Uremic toxin accumulation, which is
only partially corrected by dialysis, as well as dialysis-
related factors, such as interactions between blood and
dialyzer, endotoxin presence in water, access-related in-
fections, peritoneal dialysis solutions with high glucose
concentration, low pH and the presence of glucose deg-
radation products, represent the chronic stimuli to the
inflammatory response [3]. In concert these responses
to multifactorial stimulation impact on the mechanisms
involved in the uremic vascular degeneration and myo-
cardiopathy, which will be reviewed in the following
section.

Inflammatory Mechanisms Involved in the Vascular

Changes in CKD

Vascular changes that characterize the atherosclerotic
process are initiated and perpetuated by the interaction
of immune cells with cells of the vessel wall. Leukocyte
interactions with vascular endothelium during inflam-
mation occur through steps involving selectin-mediated
leukocyte rolling, mild adhesion mediated by adhesion
molecules (vascular adhesion molecule 1 and intercellu-
lar adhesion molecule-1) and subsequent firm adhesion
mediated by chemokines (particularly the monocyte che-
moattractant protein 1) and interleukin-8 [4]. There is
increasing evidence generated from experimental and
clinical studies that these early stages of atherosclerosis
are extremely important [5]. Vascular inflammatory re-
sponses, through chemotactic and haptotactic pathways,
not only contribute to the growth and expansion of early
lesions, but also participate in plaque destabilization, re-
sulting in thrombotic complications associated with sig-
nificant morbidity and mortality [6]. Interestingly, ani-
mal models that combine atherosclerosis-prone mice
with renal dysfunction result not only in increased plaque
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formation, but show also increased signs of vascular in-
flammation, oxidative stress and calcification [7].

The endothelium is a continuous layer of cells that sep-
arates blood from the vessel wall, and, as an active and
dynamic tissue, it controls many important functions, in-
cluding maintenance of blood circulation and fluidity as
well as regulation of vascular tone, coagulation and in-
flammatory responses [8]. The constant aggression of the
endothelium by uremic toxins leads to modification in
the endothelial cell phenotype and to endothelial dys-
function, with secretion of many proinflammatory mol-
ecules, such as tumor necrosis factor (TNF) a and C-re-
active protein [9-12]. Endothelial cell dysfunction can be
evaluated by measuring indices such as flow-mediated
vasodilation and indirectly by measuring circulating
markers of endothelial cell dysfunction such as monocyte
chemoattractant protein 1, vascular adhesion molecule 1
and intercellular adhesion molecule 1 [13] and markers of
processes that are known to interfere with endothelial
cell function, e.g. oxidative stress, microinflammation,
adipokine abnormalities such as low serum adiponectin
levels, vascular calcification and others [14]. Finally, pro-
spective data strongly suggest that endothelial activation
and vascular inflammation occur early in the atheroscle-
rotic process and predict cardiovascular events in the
general [15] and CKD [16] populations. Anti-inflamma-
tory strategies to reduce vascular inflammation will be
reviewed later in this article.

Inflammation and Myocardiopathy

Left ventricular hypertrophy (LVH) is the most fre-
quent cardiacalteration in end-stage renal disease (ESRD)
patients, documented in 75-80% of patients undergoing
dialysis therapy, and is an independent risk factor for sur-
vival [17]. The pathogenic factors involved in the genera-
tion of LVH in CKD and ESRD patients are diverse and
complex, involving afterload-related factors (elevated
systolic and diastolic arterial hypertension), preload-re-
lated factors (expansion of intravascular volume, anemia)
and non-afterload- or preload-related factors [18, 19]. The
links between these triggers and myocardial changes are
largely mediated by the immune system.

LVH is characterized not only by an increased myo-
cardial fiber mass, but also by interstitial fibrosis [20],
and many abnormalities such as cardiomyocyte hyper-
trophy, myocardial fibrosis and thickening of intramural
arteries and arterioles are constant findings in heart bi-
opsies and necropsy studies in CKD patients with LVH
[21]. Processes seemingly unrelated to both afterload or
preload, such as activation of the mammalian target of
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rapamycin pathway and those related to the parathyroid
hormone-vitamin D-phosphate axis, microinflamma-
tion and oxidative stress, are also emerging as important
in the production of LVH and cardiac fibrosis in patients
with CKD and ESRD [19]. Activation of the intracardiac
renin-angiotensin system appears to be critically involved
in this pathway, and both angiotensin IT and aldosterone
can also be involved in myocardial cell hypertrophy and
fibrosis independent of afterload [22]. These phenomena
can lead to a progressive impairment in contractility and
a stiffening of the myocardial wall, leading to systolic and
diastolic dysfunction and ultimately to dilated cardiomy-
opathy and diastolic and/or systolic congestive heart fail-
ure [23].

These nonhemodynamic/volume-related factors rep-
resent potential new targets for treatment directed at
modifying LVH and its clinical consequences. The car-
diovascular system is one of the most important targets
of the inflammatory activation, so cardiovascular risk
stratification is desirable in the clinical management of
CKD patients, and biomarkers such as inflammatory cy-
tokines are increasingly used in these patients.

Inflammatory cytokines may play an important role
in the pathogenesis of myocardial damage in CKD pa-
tients, determining a depressant effect on the myocardi-
um and inducing ventricular dysfunction [24]. Circulat-
ing levels of TNF-a and interleukin 6 are increased in
patients with heart failure and may promote apoptosis
[25]. Additionally, TNF-a may induce acute cardiac dys-
function mediated by nitric oxide, and, moreover, the ob-
servation that failing hearts express elevated levels of
TNF-a suggests that overexpression of this cytokine may
be one of several different maladaptive mechanisms re-
sponsible for the progressive cardiac decompensation
that occurs in advanced heart failure [26]. There is clini-
cal evidence revealing an excess of cytokines such as car-
diotrophin 1 and transforming growth factor 3, in CKD.
Mechanical overload imposed on the myocardium is the
initial stimulation to production of transforming growth
factor B;, which may further increase the response to
anemia-related myocardial hypoxia [27].

Patients with fluid overload, such as patients with con-
gestive heart failure, present signs of systemic inflamma-
tion that reduce when the disease is compensated [28].
This inflammatory state appears to be associated with an
altered gut barrier permeability that occurs as a conse-
quence of the edema, allowing the translocation of mac-
romolecules including endotoxins into the circulation,
such as lipopolysaccharides [29]. As a consequence of the
presence of circulating endotoxins, the immune system
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may be activated, generating a chronic inflammatory sta-
tus, potentially working as a drive to cardiovascular dis-
ease [30].

CKD and ESRD patients have a high prevalence of vi-
tamin D deficiency [31] that is characterized by low levels
of 25-hydroxyvitamin D and frequently low levels of
1,25-dihydroxyvitamin D, the hormonal form of this vi-
tamin, and there is significant evidence suggesting ben-
eficial cardiovascular effects of vitamin D therapy in ure-
mia [32]. Recent findings from several large observation-
al studies [33] have suggested that the benefits of vitamin
D receptor activators may extend beyond the traditional
parathyroid hormone-lowering effect and could result in
direct cardiovascular and metabolic benefits. Vitamin D
may play a role in the inflammatory response, modulat-
ing production of cytokines involved in calcification and
atheroma formation [34], upregulating anti-inflamma-
tory molecules and, also, modulating the expression of
tissue matrix metalloproteinases. Indeed, vitamin D can
actas a negative endocrine regulator of renin-angiotensin
synthesis [4] and reduces cardiac hypertrophy, all pro-
cesses that may be directly related to cardiovascular dis-
ease in CKD. Additionally, vitamin D seems to play a cru-
cial role in the organization of cardiac tissue, regulating
intracellular calcium levels, maturation, differentiation
and proliferation of cardiac cells [35].

Inflammation-Focused Targets for Intervention
Aiming to Reduce Cardiovascular Mortality in CKD

There are two potential therapeutic approaches using
inflammation as a target that may result in cardiovascu-
lar benefits in CKD patients: pharmacological manipula-
tion of cell response and reduction of source of ligands.
There is an increasing number of studies analyzing the
potential impact of these strategies, which will be re-
viewed in the following section.

Pharmacological Manipulation of Cell Response

Although pharmacological interventions in dialysis
patients frequently result in negative findings [36, 37],
some randomized and controlled (or not) clinical trials
with cardiovascular endpoints reveal interesting aspects
in the area of inflammation. First, two classes of the re-
nin-angiotensin system (angiotensin-converting enzyme
inhibitor and angiotensin II receptor blockers, antihy-
pertensive agents with proven anti-inflammatory activi-
ty) have been tested in clinical trials on a dialysis popula-
tion [38, 39]. The results of a randomized trial using fo-
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sinopril [38] showed a slight benefit for this agent in
comparison to placebo. In another randomized trial with
a small number of patients [39], candesartan significant-
ly reduced cardiovascular events and mortality in pa-
tients on chronic maintenance hemodialysis. More re-
cently, Suzuki et al. [40] verified that treatment with an
angiotensin receptor blocker was independently associ-
ated with reduced fatal and nonfatal cardiovascular dis-
ease events in a hemodialysis population, although the
large effect may be a spurious finding because of the small
sample size of that trial.

In observational studies, statin (another drug with
anti-inflammatory effects) users had lower mortality
than non-statin-using hemodialysis patients [41], results
that were not confirmed by randomized controlled trials
in ESRD hemodialysis patients [36, 42], even with sub-
stantial reductions in low-density lipoprotein. Although
the treatment with rosuvastatin had no significant effect
on the composite primary endpoint of death from cardio-
vascular causes, nonfatal myocardial infarction or non-
fatal stroke [42], there was a reduction in mean high-sen-
sitivity C-reactive protein, an important inflammatory
biomarker in CKD patients. In the AURORA trial [42], it
was noticeable that inflammation at the baseline was one
of the most important risk factors for mortality when the
population was treated as a cohort, which points to the
need of trials looking at the effect of statins in a select
group of patients with inflammation.

Renal dysfunction is frequently associated with oxida-
tive stress, which may be an interesting target for thera-
peutic interventions. In this field, some clinical trials
emerged with positive results. One of them investigated
the effect of high-dose vitamin E supplementation on
cardiovascular disease outcomes in hemodialysis pa-
tients with preexisting cardiovascular disease. After a
median follow-up of 519 days, the use of vitamin E was
associated with reduced cardiovascular disease endpoints
and myocardial infarction [43]. Another antioxidant
agent, acetylcysteine, a thiol-containing antioxidant, had
its effects observed in a randomized controlled trial in
hemodialysis patients. Fatal and nonfatal cardiovascular
endpoints, as well as mortality were attenuated by acetyl-
cysteine use [44].

The circulating levels of 25-hydroxyvitamin D5 and
1,25-dihydroxyvitamin D; can potentially influence the
activity of many tissues and cells that have a vitamin D
receptor and have no function in regulating calcium ho-
meostasis and bone health. These include, among others,
the cardiomyocytes, active T and B lymphocytes, mono-
nuclear and endothelial cells [45]. As discussed, dialysis
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patients on different types of activated vitamin D and
analogs [33] have a survival advantage, probably related
to the systemic activation of vitamin D receptors, acting
as a negative endocrine regulator of renin-angiotensin
synthesis [4] and inflammation and reducing cardiac hy-
pertrophy [32].

LVH in CKD and ESRD is frequently related to myo-
cardial fibrosis, by mechanisms that are not directly re-
lated to hypertension or fluid overload. A potential and
promising target for intervention in this situation is the
mammalian target of rapamycin pathway, overexpres-
sion of which may be related to myocardial fibrosis in
such patients. In experimental models [19], cardiac hy-
pertrophy in uremic mice was reduced by rapamycin use
and not by reduction of blood pressure, suggesting that
uremic cardiomyopathy is mediated, at least partially, by
activation of a pathway that involves the mammalian tar-
get of rapamycin pathway.

Reduction of Source of Ligands

Immune aspects related to membrane biocompatibil-
ity in dialysis patients are frequently the object of clinical
research. In hemodialysis patients, the use of high-flux
hemodialysis membranes was associated with better sur-
vival, specifically in the subgroup of patients with sys-
temic inflammation or malnutrition (seric albumin <4.0
g/dl), and in diabetic patients. In peritoneal dialysis, the
bioincompatibility of peritoneal dialysis fluids has been
attributed to low pH, lactate, glucose, glucose degrada-
tion products and osmolality. In a retrospective observa-
tional study in peritoneal dialysis patients [46], the treat-
ment with a novel biocompatible peritoneal dialysis fluid
with low glucose degradation product concentration and
neutral pH confers a significant survival advantage, even
after adjustment for age, gender and diabetes status. The
exact mechanisms for such a survival advantage could
not be determined, but reduction of inflammation may
be an important factor.

Periodontal disease is associated with cardiovascular
disease, may work as an occult source of chronic inflam-
mation and is thought to accelerate systemic atheroscle-
rosis. In a recent clinical study in hemodialysis, patients
with moderate-to-severe disease compared to those with
mild or no periodontal disease had a significant associa-
tion with death from cardiovascular causes. Intervention
trials to determine if treating periodontitis (and other
hidden infections) reduces cardiovascular disease mor-
tality in dialysis patients are desirable.

Endotoxemia has recently been related to fluid over-
load and systemic inflammation in CKD nondialysis [30]
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Animal studies
*Nephrectomy induces increase in
inflammation markers
«Nephrectomy in the ApoE KO mouse
increases atherosclerosis
-Vitamin E, statins, sevelamer, NAC reduce
cardiovascular lesions

Infla

Inflammation biomarkers (clinical studies)
-Plasma levels increase in CKD
-Progressive increase with kidney
dysfunction
«Associated with poor outcome

tion

S Fa

Genetic variability
+SNPs involved in increasing
inflammation and oxidative stress
associated with clinical endpoints

Intervention studies
-Statin, PPAR agonists and ACEI
decrease inflammation
«Antioxidant (vitamin E and NAC) treatment
decrease mortality

Fig. 1. Immune mechanisms involved in the interaction between kidney dysfunction and cardiovascular com-
plications analyzed using different investigation strategies. ApoE = Apolipoprotein E; NAC = N-acetylcysteine;
SNPs = single-nucleotide polymorphisms; PPAR = peroxisome proliferator-activated receptor; ACEI = angio-

tensin-converting enzyme inhibitor.

and in peritoneal dialysis patients [47]. Although the
drug had been created to be used as a phosphate binder,
recently sevelamer hydrochloride showed a potential en-
dotoxin-binding effect in the intestinal lumen, reducing
systemic inflammation in an experimental model [48].
Other potential pleiotropic effects of sevelamer that could
have cardiovascular impact include a lipid-lowering ac-
tion and reduction in C-reactive protein levels [49]. Re-
cently, Stinghen et al. [50] demonstrated in a clinical
study that sevelamer treatment leads to a decrease in C-
reactive protein levels, which was accompanied by a par-
allel decrease in endotoxemia, suggesting that endotox-
emia may contribute to the systemic inflammation in he-
modialysis patients, which was partially reduced by the
use of sevelamer.
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Conclusions

In summary, there is strong evidence derived from an-
imal models, cellular and molecular studies linking in-
flammation to cardiovascular alterations in CKD (fig. 1).
Also, several inflammation biomarkers are related to dis-
ease state, degree of kidney dysfunction and prediction
of cardiovascular events and mortality. Emerging evi-
dence is showing that the reduction of mortality in CKD
patients can be achieved with anti-inflammatory strate-
gies. Ongoing studies may generate the evidence that will
translate these strategies to definitive changes in clinical
practice.
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