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A b s t r a c t: Cardiovascular disease (CVD) is the most frequent cause of mor-

bidity and mortality in chronic renal failure (CRF) patients. Accelerated calcifying 
atherosclerosis, medial calcification, and valvular calcification are hallmarks of CVD in 
the dialysis population. The mechanisms by which uraemia promotes vascular cal-
cification and the relationship between arterial wall calcification and atherosclerosis are 
poorly understood. We surgically induced CRF in apolipoprotein E knockout (apoE-/-) 

mice to study a possible acceleration of aortic atherosclerosis, the degree and type of 
vascular calcification as well as factors involved in the calcification process. Finally we 
investigated appropriate treatment measures. Atherosclerotic lesions in the thoracic 
aorta were significantly larger in uraemic apoE-/- mice than in non-uraemic controls. The 
relative proportion of the calcified area to the total surface area of both atherosclerotic 
lesions and lesion-free vascular tissue was increased in the aortic root of uraemic apoE-/- 
mice when compared with controls. The accelerated atherosclerosis was associated with 
an increase in aortic nitrotyrosine expression, indicating enhanced oxidative stress, and 
an increase in plaque collagen content, indicating changes in plaque composition. N-acetyl-
cysteine (NAC) treatment slowed the rapid progression of atherosclerotic lesions and 
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reversed the increase in plaque collagen content compared with placebo treatment. 
NAC-treatment also reduced nitrotyrosine expression in uremic apoE-/- mice whereas 
the degree of macrophage infiltration was unchanged. Sevelamer treatment delayed not 
only vascular calcification but also atherosclerotic lesion progresssion in uraemic apoE-/- 
mice. These treatment effects also were associated with diminished oxidative stress and 
were independent of cholesterol lowering. We anticipate that this experimental model 
will prove to be useful to test other treatment strategies aimed at decreasing the acce-
lerated atherosclerosis and arterial calcification of the uraemic state. 

 
Key words: atherosclerosis, vascular calcification, chronic renal failure, oxidative stress, 
mouse. 
 
 

Background 
 

Cardiovascular disease (CVD) is responsible for more than 50% of 
deaths among patients with chronic renal failure (CRF) [1]. Actually, the risk of 
CVD in a 30-year-old CRF patient is similar to the calculated risk of a 70- to 
80-year-old subject from the general population. Such a patient would suffer 
from an approximately 500-fold elevated mortality risk compared with the age-
matched general population (US Renal Data System, 1999) [2]. In chronic 
kidney disease patients the prevalence of coronary artery disease is approxi-
mately 53% at the start of dialysis techniques [3] and the risk of dying from a 
cardiovascular event is 20-fold greater than the risk observed in the general 
population [4]. A high frequency of coronary artery lesions and events in CRF 
patients has been documented by retrospective and more convincingly by pro-
spective studies [5]. Despite major advances in the management of cardiovas-
cular disease, CRF patients continue to have an exceedingly high cardiovascular 
mortality.  

Undoubtedly, CRF patients have a heavy burden of classical coronary 
risk factors as defined in the studies of the Framingham population, including 
advanced age, male gender, hypertension, dyslipidemia (in particular low HDL 
cholesterol), impaired insulin sensitivity, endothelial cell dysfunction, family 
history of coronary disease, cigarette smoking, menopause, physical inactivity 
and psychosocial stress. In addition, considerable attention has recently focused 
on so-called non-classical risk factors such as increased oxidative stress, abnor-
malities of calcium and phosphate metabolism and an inflammatory syndrome, 
since many studies have shown that classical risk factors explain only a limited 
proportion of the variance of CVD mortality in renal patients.  

Patients with CRF also have a much higher prevalence of arterial calci-
fication than that observed in the general population [6], and this prevalence is 
further increased in those with diabetes mellitus. It is likely that the excessive 
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cardiovascular calcification of such patients is a multifactorial process, inclu-
ding passive mechanisms such as hypercalcemia, hyperphosphatemia and lack 
of protective proteins, and active mechanisms such as the transformation of 
quiescent smooth muscle cells to actively growing cells with an osteoblast-like 
phenotype. 

In our experimental studies performed during the last years we have 
tried to answer several major questions dealing with the type and speed of prog-
ression of atherosclerosis and vascular calcification in the setting of CRF. 

 
Is atherosclerosis accelerated in CRF? 
The term “accelerated atherosclerosis” was proposed by Scribner’s 

team in Seattle, Washington, USA 25 years ago to describe the advancing athe-
rosclerotic disease in CRF patients [7].  Even though it has been recognized for 
many years that renal failure is often accompanied by calcification of arteries 
and other soft tissues, there has been ongoing controversy as to whether the 
uremic state might accelerate the progression of atherosclerosis by itself or not. 
Dialysis patients often present a combination of calcified atherosclerotic lesions 
of the intima and mediacalcosis [8, 9]. Until recently, no suitable animal model 
was available for the study of accelerated atherosclerosis in association with 
CRF. In contrast to uraemic patients, uraemic rats or mice do not easily develop 
atheromatous lesions, being naturally better protected than humans. Therefore, 
we reasoned that the apolipoprotein E gene knockout (apo E-/-) mouse might 
constitute a more suitable model to address this issue than wild type mice [10]. 
Electrocoagulation of the right renal cortex followed by contra-lateral nephre-
ctomy allowed us to develop a new uraemic mouse model characterized by 
moderate and stable CRF over several months. Using this model, we were able 
to provide evidence of accelerated atherosclerosis in uraemic mice, as compared 
to non-uraemic mice [16]. Two other groups developed a similar mouse model 
in the same time period and made comparable observations. Thus, Buzello et. 
al. and Bro et. Al. showed larger atherosclerotic plaques in uraemic E-/- mice 
following 5/6 nephrectomy, compared with sham controls [12, 13]. Lesion for-
mation in uraemic mice was preceded by upregulation of ICAM-1 expression in 
the arterial wall after 2 weeks of uremia [14] and CRF of 12-week duration was 
accompanied by upregulation of transcripts involved in inflammation including 
osteopontin, matrix metalloproteinases (MMP)-3 and -12, VCAM-1 and serum 
amyloid A (SAA) [15].  

 
Is atherosclerosis different in CRF? 
 

Extracellular matrix collagen is the primary component of atheroscle-
rotic plaque structure. At present, there is only limited information on the 
impact of CRF on plaque collagen content. In our studies, the atheromatous 
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lesions of uraemic animals exhibited a marked increase in total collagen content 
although there was no evidence of increased infiltration by inflammatory cells 
or proteinuria levels (Figure 1) [16, 47]. The former finding is in agreement 
with a report by Amann et. al., showing a higher degree of interstitial myo-
cardial fibrosis in uraemic than in non-uraemic rats, as well as a report by 
Schwartz et. al. showing an increase in fibrosis of coronary arteries in dialysis 
patients [9, 17]. Both observations suggest a profibrotic effect of uraemia. 

 
Figure 1 – Representative immunohistologic findings of aortic plaques in control vs. 
uremic apo E -/- mice. A. The collagen plaque content in uraemic mice was markedly 
increased compared with non-uraemic controls. B. Aortic nitrotyrosine expression. 

Note strong staining of nitrotyrosine in the centre of the plaque.  
M, media; P, plaque; L, lumen 

Slika 1 ‡ Reprezentativni imunohistohemiski analizi na 
ateroskleroti~nite plaki kaj kontrolnite vs. uremi~ni 

apolipoprotein 
 E-deficitarni gluvci. A. Procentot na kolagen kaj 

uremi~nite gluvci e signifikantno zgolemen vo spredba so 
kontrolite. B. Eksresija na nitrotirozin vo aortata. Silno 

izrazen steining vo centarot  
na ateroskleroti~nata lezija. M, medija; P, plaka; L, Lumen 
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Oxidative stress and inflammation have been recognized as playing a 
central role in the pathogenesis of cardiovascular disease in uraemia [18]. 
Evidence from reliable oxidative stress markers present in the plasma of urea-
mic patients indicates that CRF is a pro-oxidant state [18, 19]. Until recently, 
biological evidence of oxidative stress in uraemic patients in vivo relied almost 
entirely on the measurement of lipid peroxidation products such as malon-
dialdehyde and thiobarbituratic acid reactive substances (TBARS) which, in 
general, poorly reflect the intensity of oxidative stress. In our studies, we found 
an increase in nitrotyrosine expression (a marker of nitrosative-oxidative stress) 
in the aortic wall of uraemic apoE-/- mice (Figure 1). Nitrotyrosine is an indirect 
marker of peroxynitrite generation that results from the reaction between nitric 
oxide (NO) and superoxide. Peroxynitrite further sustains oxidative injury to the 
endothelium and reduces NO availability.  

 
Figure 2 – Representative images of aorta root sections of control apoE -/-  

and uraemic apoE -/- mice. (A) Von Kossa silver nitrate staining 
(calcification in black). (B) Morphologic image processing 

 (calcification in red) 
Slika 2 ‡ Reprezentativni sliki na sekcii na aorta vo nivo 
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 na aortalnite valvuli. A. Fon Kosa srebro-nitratno boewe 
(kalcifikaciite se odbele`ani vo crno). B. Morfolo{ka image 

analiza (kalcifikaciite se odbele`ani vo crveno) 
 
What type of vascular calcification is promoted or modified by CRF? 
The introduction of new techniques for the quantification of vascular 

calcification in vivo, such as electron beam computed tomography (EBCT) or 
multislice spiral CT, has revolutionized our current thinking about the risks of 
vascular calcification. With these techniques coronary artery calcification 
(CAC) can be detected and measured as calcium “mass” or expressed as 
calcium “score”. In the general population, CAC is positively correlated with 
the atherosclerotic plaque burden [20, 21], increased risk of myocardial 
infarction [22, 23] and plaque instability [24, 25]. These studies suggest that the 
presence of CAC is sensitive and specific for detecting clinically significant 
coronary artery disease [26], and for identifying patients at risk of adverse 
cardiac events [27].  

However, the EBCT technique cannot distinguish whether calcium 
deposits are localized in plaques (intima) or in the vascular media, respectively. 
Even more importantly, it also does not enable a concomitant assessment of the 
progression of atherosclerotic vessel wall lesions.  

Enhanced medial calcification has previously been observed in uraemic 
rats [28] and rabbits [29]. However, in addition to media calcification, cal-
cification of the intima was reported in only one recent study examining CRF-
induced atherosclerosis in the LDL receptor deficient (LDLR-/-) mouse [30]. In 
this study, aortic wall calcification was evaluated by vessel tissue staining in a 
semi-quantitative fashion. In contrast, we were able for the first time to quantify 
separately calcium deposits in the intimal plaque area and the media of the 
aortic tissue, using a technique recently established in our laboratory [31]. In 
both the intimal and medial layers of the aorta, we found significant increases in 
calcified tissue area in uraemic apoE-/- mice, compared with non-uraemic 
controls (Figure 2) [16]. 

 
Can we prevent accelerated atherosclerosis and vascular  
calcification in CRF? 
A prospective randomized clinical trial in chronic haemodialysis 

patients recently showed prevention of the progression of vascular calcification 
by the calcium-free and aluminum-free phosphate binder sevelamer hydro-
chloride, in contrast to calcium-containing phosphate binders [32]. In this study, 
the administration of sevelamer over a time period of 12 months effectively led 
to a significantly slower progression of aortic and carotid calcification measured 
by EBCT than the administration of calcium-containing phosphate binders. 
However, as mentioned above, the EBCT technique cannot distinguish whether 
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calcium deposits are localized in plaques (intima) or in the vascular media, 
respectively. Even more importantly, it also does not enable a concomitant as-
sessment of the progression of atherosclerotic vessel wall lesions. Accordingly, 
we tested the hypothesis that sevelamer, a non-absorbable synthetic polymer 
indicated for intestinal binding of phosphate, would attenuate the progression of 
the CRF-associated atherosclerosis in our mouse model.  

We showed for the first time that sevelamer is capable of preventing the 
progression of not only vascular calcification but also of atherosclerosis in urae-
mic apoE-/- mice [11]. Although sevelamer binds cholesterol in the intestinal 
lumen and thereby exerts cholesterol-lowering effects in humans, the anti-
atherosclerotic effect of sevelamer in our study was observed in the absence of a 
change in serum total cholesterol levels. Thus, it it is possible that mechanisms 
other than a reduction of serum cholesterol were involved in the observed anti-
atherosclerotic effect of sevelamer. Interestingly, in several clinical studies high 
serum total cholesterol has also not been found to be a significant risk factor for 
mortality in dialysis patients, suggesting that other, non-traditional risk factors 
must be important contributors as well. 

The well-known pharmacodynamic effects of sevelamer include lowe-
ring of serum phosphate as well as of the serum total and LDL-cholesterol. 
Little is known of possible antioxidant and/or anti-inflammatory effects of this 
compound. In our study, the reduction of atheromatous lesion progression in 
uraemic apoE-/- by sevelamer was associated with a decrease of nitrotyrosine 
expression within aortic lesions. The mechanisms by which sevelamer could 
directly modify oxidative stress, or whether it could indirectly influence local 
inducible nitric oxide synthase  (iNOS) activity in the vessel wall, remains to be 
defined [33]. This raises the important question of whether sevelamer may have 
anti-oxidant properties mediated via other, non-lipid related mechanisms. Spe-
cifically, it is tempting to speculate that calcium deposition in the vessel wall 
may activate oxidative reactive processes and/or that inhibition of vascular 
damage by halting plaque calcification or atherosclerosis by sevelamer may 
attenuate the pro-oxidant response. 

Two recent clinical reports suggested that antioxidant therapy might be 
beneficial in reducing cardiovascular events in CRF patients [34, 35]. However, 
a causal relationship between oxidative stress and cardiovascular disease has not 
yet been firmly established in such patients. Therefore, we have examined a 
possible direct effect of n-acetylcysteine (NAC) supplementation on uraemia-
enhanced atherosclerosis in apoE-/- mice. 

NAC, a thiol containing antioxidant, is currently used for the treatment 
of several disorders related to oxidative stress such as chronic bronchitis and 
acetaminophen poisoning. It has also been shown to protect renal function in 
patients with acute and chronic renal failure [36]. NAC exerts direct and 
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indirect antioxidant activity due to its sulphhydryl group, and it has particularly 
potent anti-myeloperoxidase product effects [37, 38]. Moreover, NAC releases 
cysteine after deacetylation, which in turn increases the formation of reduced 
glutathione peroxidase (GSH) within the intracellular pool of antioxidant 
molecules [39]. GSH in turn can react with peroxynitrite to form S-nitrosothiols, 
which may prevent the accumulation of peroxynitrite towards the range of toxic 
levels and protect against nitrosative stress [40]. GSH represents one of the 
most important natural antioxidant defense systems that decrease early in the 
course of CRF and progresses with its degree of severity [41]. NAC success-
sfully reduces plasma malondialdehyde levels [42] and homocysteine concen-
tration [43], and improves pulse pressure and endothelial function in CRF 
patients [43]. Finally, Tepel et. al. recently showed that prolonged administra-
tion of NAC was able to reduce cardiovascular events in chronic haemodialysis 
patients [35]. However, whether this positive effect was related to a direct 
action of NAC on atherosclerosis progression is unknown.  

In a second intervention study we showed that the administration of the 
antioxidant NAC led to a reduction of atheromatous lesion progression in our 
mouse model of uraemia-enhanced atherosclerosis [44]. This finding lends fur-
ther support to the contention that NAC treatment has a direct positive impact 
on uraemia-enhanced atherosclerosis. The observed reduction was associated 
with a decrease of aortic nitrotyrosine expression, further supporting the hypo-
thesis of a link between oxidative stress and atherosclerosis in CRF. This also 
points to the possible importance of nitrosative-oxidative stress in the accelera-
ted atherosclerosis of CRF apoE-/- mice. In line with this contention, Xia et. al. 
showed that NAC significantly decreased plasma levels of nitrate and nitrite, 
that is stable metabolites of NO, and reduced endothelial NO synthase protein 
expression in the heart and in aortic and mesenteric artery tissues of rats with 
streptozotocin-induced diabetes (D) [45]. Similarly, NAC increased nitric oxide 
and blunted the nitric oxide reduction caused by cyclosporine A, with no effect 
on iNOS in rat renal artery cultured cells [46]. Finally, our finding could serve 
as a pathogenetic explanation for the above-mentioned beneficial effect of NAC 
supplementation on improved cardiovascular outcome in dialysis patients [35]. 

 
 

Conclusion 
 

At present, the excessive cardiovascular mortality in CRF patients con-
tinues to represent an unmet challenge in cardiovascular medicine, and one of 
the major issues is a better understanding of the process of vascular calcify-
cation. Therefore, different approaches to reduce premature atherosclerosis and 
vascular calcification in such patients will have to be tested with respect to 
efficacy and practicability.  
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The precise mechanism of cardiovascular disease in uraemic patients 
remains unknown, but it is likely that a host of different factors contribute to the 
process. Thus, it is probably overly simplistic to implicate and target a single 

factor as the most important pathogenic mechanism in the development of car-
diovascular calcification. Detection of risk factors for cardiovascular disease 
(both traditional and kidney disease related) in the early stages of renal function 
impairment may be necessary to achieve a significant impact on outcome.  

A major limiting factor in uraemia-accelerated vascular calcification has 
been the lack of appropriate animal models. We propose that the CRF apoE-/- 
mouse, together with the uraemic LDLR-/- mouse, provides a suitable model to 
analyse the different molecular and cellular mechanisms responsible for this 
serious complication of chronic kidney disease. Moreover, it may provide a 
useful tool for the evaluation of new therapeutic strategies aimed at reducing the 
accelerated atherosclerosis and vascular calcification associated with uraemia. 

Finally, large-scale intervention studies in patients with hard end-stages 

are urgently needed to determine whether therapeutic measures aimed at pre-
venting cardiovascular calcification will translate into an improvement in long-
term cardiovascular mortality. As our knowledge of the mechanisms of CVD in 
chronic kidney disease continues to expand, additional targets for intervention 
will be identified, and it is likely that a multifaceted therapeutic approach will be 
required to achieve a substantial reduction in the cardiovascular mortality of 
dialysis patients. Our model will be a useful and helpful model in understanding 
these complex interactions, and for testing the multi-strategies to prevent and 
treat cardiovascular disease.  
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Kardiovaskularnata bolest (KVB) e naj~esta pri~ina za zgoleme-

niot morbiditet i mortalitet kaj pacienti so hroni~na bubre`na insufi-
ciencija (HBI). Zabrzanata kalcificira~ka ateroskleroza, medijalnata 
kalcifikacija i kardijalnite valvularni kalcifikacii se glavnite pri-
~ini za pojava na KVB kaj ovaa populacija. Mehanizmite so koi uremijata 
gi predizvikuva i gi potencira vaskularnite kalcifikacii, kako i vrskata 
pome|u nea i procesot na aterosklerozata se nepoznati.  

Eksperimentalen model: Apolipoprotein E deficitarniot (APO 
E-/-) glu{ec  e etabliran model za spontan razvoj na ateroskleroza. Ekspe-
rimentalna uremija hirur{ki e inducirana so kortikalna elektrokoagu-
lacija na edniot bubreg i nefrektomija kontralateralno po dve nedeli, so 
cel da se ispita pojavata na akcelerirana ateroskleroza, stepenot i vidot 
na vaskularnite kalcifikacii, kako i faktorite vovle~eni vo ovie pro-
cesi. Voedno se ispituvaat soodvetni terapevtski merki. Site rezultati se 
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sporeduvani so grupa na neuremi~ni gluvci. Rezultatite potvrdija deka 
ateroskleroti~nite lezii vo torakalnata aorta se signifikantno pogo-
lemi kaj uremi~nite APO E-/- gluvci vo sporedba so kontrolite. Relativ-
nata zona na vaskularna kalcifikacija i vo intimata i vo medijata na 
aortata be{e drasti~no pogolema kaj uremi~nite gluvci otkolku kaj kon-
trolite. Zgolemenata ateroskleroza be{e asocirana so zgolemen steining 
na nitrotirozin indiciraj}i zgolemen vaskularen oksidativen stres kako 
i zgolemen procent na kolagen vo plakite, indiciraj}i strukturno remode-
lirawe na istite. Od druga strana, tretmanot so n-acetil cistein (NAC) ja 
stopira rapidnata progresija na ateroskleroti~nite lezii kaj uremi~nite 
gluvci vo sporedba so tretmanot so placebo. NAC-tretmanot be{e asoci-
ran so namaluvawe na nitrotirozin steiningot, no bez promena na stepenot 
na makrofagna infiltracija vo plakite. Tretmanot so sevelamer hidro-
hlorid ne samo {to ja namali vaskularnata kalcifikacija tuka ja namali i 
progresijata na aterosklerozata kaj uremi~nite APO E-/- gluvci. Dvata 
terapevtski pristapi bea asocirani so namaluvawe na vaskularniot oksi-
dativen stres, no ne i so namaluvawe na vkupniot holesterol. Ovoj ekspe-
rimentalen model bi mo`el da bide korisen za testirawe na drugi tera-
pevtski strategii so cel namaluvawe na zabrzanata ateroskleroza i vasku-
larna kalcifikacija vo sostojba na uremija. 

 
Klu~ni zborovi: ateroskleroza, vaskularna kalcifikacija, hroni~na bub-
re`na insuficiencija, oksidativen stres, glu{ec.  
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