
Abstract
Chronic kidney disease in children is an irreversible process that may 
lead to end-stage renal disease. The mortality rate in children with end-
stage renal disease who receive dialysis increased dramatically in the 
last decade, and it is significantly higher compared with the general pe-
diatric population. Furthermore, dialysis and transplant patients, who 
have developed end-stage renal disease during childhood, live respec-
tively far less as compared with age/race-matched populations.

Different reports show that cardiovascular disease is the leading 
cause of death in children with end-stage renal disease and in adults 
with childhood-onset chronic kidney disease, and that children with 
chronic kidney disease are in the highest risk group for the develop-
ment of cardiovascular disease.

Urea, which is generated in the liver during catabolism of amino acids 
and other nitrogenous metabolites, is normally excreted into the urine 
by the kidneys as rapidly as it is produced. When renal function is im-
paired, increasing concentrations of blood urea will steadily accumulate. 
For a long time, urea has been considered to have negligible toxicity. 
However, the finding that plasma urea is the only significant predictor 
of aortic plaque area fraction in an animal model of chronic renal failure 
-accelerated atherosclerosis, suggests that the high levels of urea found 
in chronic dialysis patients might play an important role in accelerated 
atherosclerosis in this group of patients. The aim of this review was to 
provide novel insights into the role played by urea in the pathogenesis 
of accelerated cardiovascular disease in renal failure.

Keywords: Atherogenesis, atherosclerosis, cardiovascular disease, 
chronic renal failure, urea, vascular toxicity

Cite this article as: Giardino I, D’Apolito M, Brownlee M, et al. Vascular toxicity of urea, a new “old player” in the pathogenesis of chronic renal 
failure induced cardiovascular diseases. Turk Pediatri Ars 2017; 52: 187-93.

Review

187

Vascular toxicity of urea, a new “old player” in the 
pathogenesis of chronic renal failure induced 
cardiovascular diseases
Ida Giardino1, Maria D’Apolito2, Michael Brownlee3, Angela Bruna Maffione4, Anna Laura Colia4, Michele Sacco2, 
Pietro Ferrara5, Massimo Pettoello-Mantovani2,6

1Research Center of Laboratory Medicine, Department of Clinical and Experimental Medicine, University of Foggia, Foggia, Italy 
2Department of Pediatrics. Scientific Institute “Casa Sollievo della Sofferenza”, University of Foggia, Italy
3Diabetes Research Center and Departments of Internal Medicine and Pathology, Albert Einstein College of Medicine, Bronx, NY, USA.
4Department of Clinical and Experimental Medicine, University of Foggia, Foggia, Italy 
5Campus Bio-Medico University Medical School, Rome, Italy
6European Paediatric Association/Union of National European Paediatric Societies and Associations, Berlin, Germany

Address for Correspondence: Ida Giardino   E-mail: ida.giardino@unifg.it 
Received: 02.10.2017 Accepted: 03.11.2017
©Copyright 2017 by Turkish Pediatric Association - Available online at www.turkpediatriarsivi.com
DOI: 10.5152/TurkPediatriArs.2017.6314

Introduction

Chronic kidney disease (CKD) in children is an irre-
versible process that may lead to end-stage renal dis-
ease (ESRD). A significant percentage of children with 
CKD will develop kidney failure by 20 years of age (1). 
It is a consolidated evidence that despite a prevalence 
ranging from 15-74.7 cases per million children re-
ported in literature, CKD carries a significant impact 

in pediatric age groups, reducing life expectancy sig-
nificantly (2). 

The mortality rate in children with ESRD who receive 
dialysis increased dramatically in the last decade, and 
it is estimated to be at least 30 times higher than that 
in the general pediatric population (3). Furthermore, 
dialysis and transplant patients, who developed ESRD 
during childhood, lived respectively 40-50 years less, 



and 20-25 years less, compared with an age- and- race-
matched population in the United States of America (3).

Reports from different international registries show 
that cardiovascular disease (CVD) is the leading cause 
of death in both children with ESRD and in adults with 
childhood-onset CKD (4). It is in fact well known that 
CKD increases up to 30-fold the risk of CVD in adult 
patients compared with the general population, and 
CVD risk remains 10 to 20 times higher after stratifi-
cation of rage, sex, and presence of diabetes (5). The 
American Heart Association classified children with 
CKD in the highest risk group for the development of 
CVD, alongside individuals with homozygous familial 
hypercholesterolemia, diabetes mellitus type 1, heart 
transplantation or coronary aneurisms due to Kawasaki 
disease (6). 

As with adult patients, children with CKD show an ac-
celerated atherosclerosis, and early markers of athero-
sclerosis, such as increased carotid artery intima-media 
thickness (IMT) and carotid arterial wall stiffness, are 
frequently found in this patient population (4). 

Clinic
Cardiovascular disease in patients with CKD results 
from a combination of traditional (e.g. hypertension, 
dyslipidemia, abnormal glucose metabolism and obesi-
ty) and CKD-related cardiovascular risk factors (CVRFs) 
(e.g. increased calcium-phosphorus product, hyperpara-
thyroidism and anemia) (5). Although children with 
CRF have higher levels of general risk factors for CVD, 
these traditional CVRFs do not fully account for the 
high risk of atherosclerosis, CVD, and total mortality in 
these patients (4). Growing evidence supports a major 
role for nontraditional CVRFs in the pathogenesis of 
accelerated atherogenesis in this population (7). Ure-
mia, in which various small molecules accumulate in 
the blood because of decreased renal excretion (8), has 
been considered a non-traditional CVRFs involved in 
the pathogenesis of the vascular changes seen in pa-
tients with chronic renal failure (CRF).

Traditionally, the term ‘uremia’ indicated increased se-
rum concentrations of urea in patients with CRF. Urea, 
a small water soluble molecule, is generated in the liver 
during the catabolism of amino acids and other nitrog-
enous metabolites, and is normally excreted into the 
urine by the kidneys as rapidly as it is produced. When 
renal function is impaired, increasing concentrations of 
blood urea steadily accumulate. Therefore, because of 

its abundance, urea has been routinely used as a surro-
gate marker of renal function, protein intake, and dial-
ysis adequacy (9). 

For a long time, urea has been considered to have neg-
ligible toxicity, in spite of its high absolute concentra-
tions reported in the blood of patients with CRF, be-
cause short-term increases in urea concentration have 
been shown not to affect either acute organ function or 
acute clinical outcomes (9). In 1972, Johnson et al. (10) 
found that in patients with far-advanced renal failure, 
blood urea concentrations of less than 50 mM [blood 
urea nitrogen (BUN) of 140 mg/dL] were well tolerat-
ed when blood urea concentration was maintained by 
adding urea to the dialysate solution and 30 years later, 
the Hemodialysis (HEMO) study showed that increas-
ing the urea reduction rate from 66% to 75% did not 
alter survival in patients with an increased dialysis dose 
(11). However, the view that urea is simply an innocent 
bystander was recently challenged by several new ob-
servations.

Research effects
The finding that plasma urea is the only significant pre-
dictor of aortic plaque area fraction in an animal model 
of CRF-accelerated atherosclerosis (12), suggests that 
the high levels of urea found in patients under chronic 
dialysis might play an important role in accelerated ath-
erosclerosis in this group of patients. The observation 
that oral administration of urea accelerates atherogen-
esis in non-uremic ApoE/mice fed with a high-fat diet 
in the absence of other factors and toxins that accumu-
late in CRF supported this hypothesis (13). Moreover, 
recent data demonstrated that the survival of patients 
on daily hemodialysis, which improves the removal of 
uremic toxins including urea, was 2- to 3-fold greater 
than that of patients dialyzed less frequently, and sever-
al recent in vitro and in vivo studies indicated a possible 
vascular toxicity of urea (14). 

The aim of this review was to provide novel insights 
into the role played by urea in the pathogenesis of ac-
celerated CVD in renal failure

Effects of urea on endothelial functions
Endothelial injury caused by various CVRFs is an initial 
step in the development of atherosclerosis (15). In ure-
mic patients, evidence of endothelial dysfunction has 
been identified at early stages of the disease (7), and 
endothelial dysfunction has been shown to be the best 
predictor of subsequent cardiovascular events (15). Cur-

188

Turk Pediatri Ars 2017; 52: 187-93Giardino et al. Vascular Toxicity of Urea, a new “old player”



189

Turk Pediatri Ars 2017; 52: 187-93 Giardino et al. Vascular Toxicity of Urea, a new “old player”

rent data suggest that endothelial dysfunction appears 
early in children with renal failure, on chronic dialysis, 
and after renal transplantation, and is followed by ar-
terial medial calcification (16). This calcification causes 
arterial wall stiffening and subsequently left ventricular 
hypertrophy (4, 16). Moreover, endothelial dysfunction 
appears to be associated with high serum levels of in-
flammatory markers, such as C-reactive protein, in-
terleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α, 
and fibrinogen in patients with CKD (17). Under these 
conditions, levels of cell adhesion molecules, such as 
monocyte chemotactic protein (MCP)-1 and vascular 
cell adhesion molecule (VCAM)-1 are up-regulated in 
order to promote monocyte infiltration into the activat-
ed endothelium (18). 

D’Apolito et al. (19) showed that urea, at the concentra-
tion seen at the early stage of CRF, was able to reduce 
the activity of endothelial cell anti-atherosclerotic en-
zyme prostaglandin I2 (PGI2) synthase (20) in cultured 
primary human aortic endothelial cells (HAEC). The re-
duction in PGI2 synthase activity was associated with a 
significant increase in mRNA expression of the major 
inflammatory mediator nuclear factor kappa B (NFκB) 
subunit p65 (21), and with NFκB activation, as shown by 
the elevation of mRNA expression of NFκB specific tar-
get genes, VCAM1, endoglin, and vascular endothelial 
growth inhibitor (VEGI) (19). Moreover, urea increase in 
the HAEC the protein level of MCP-1 and VCAM1, two 
NFκB-dependent pro-atherogenic endothelial cell sur-
face molecules expressed early in the development of 
atherosclerosis (19). Therefore, urea appears to be one 
of the factor that causes endothelial activation, which 
starts the atherosclerotic process in CRF.

Urea toxicity and endothelial precursor cells
Damaged endothelial cells can be replaced by endo-
thelial progenitor cells (EPCs), a bone-marrow-derived 
mononuclear cell population, which play a key role in 
the preservation of vascular integrity (22) by promoting 
new endothelial growth and endothelial repair mech-
anisms (23). Therefore, a decreased EPCs number and 
function can contribute to impaired angiogenesis and 
atherosclerosis progression (24). 

In non-uremic patients at risk for coronary artery dis-
ease, the number of circulating EPCs is reduced and 
the EPCs function is impaired (25). Uremia and com-
promised renal function are associated with a greater 
reduction in EPCs availability and function (26), which 
can contribute to the increased morbidity and mortal-

ity of these patients. In fact, in patients with CRF, there 
was a direct correlation between the percentage of se-
nescent EPCs and the risk of developing CVD. Children 
on hemodialysis also show a reduction in EPCs number 
(27). Recently, we reported that urea, in addition to in-
ducing endothelial damages, also had a toxic effect on 
EPCs, causing EPC dysfunction (28). Urea at the concen-
tration seen in the very early stage of renal failure, im-
paired the ability of EPCs isolated from a healthy donor 
to form endothelial cell colony forming units (EC-CFU), 
and to differentiate into CD31 and vascular endotheli-
al growth factor receptor 2–positive cells (29). A large 
number of studies used the reduced capacity of EPCs 
to form EC-CFU as an indicator of EPC dysfunction as-
sociated with cardiovascular disorders (29). Moreover, 
urea causes senescence in EPCs with a senescence-as-
sociated secretory phenotype (SASP) involving the pro-
duction of factors that reinforce senescence arrest, alter 
the microenvironment, and trigger inflammation (30). 
An accelerated EPC senescence together with a reduc-
tion of EPC numbers has been shown in patients with 
CRF (31). Then, the increased concentration of urea can 
accelerate the atherosclerosis process in CRF by reduc-
ing endothelial repair mechanisms.

Urea toxicity and vascular smooth muscle cells 
Vascular smooth muscle cells (VSMC) are the predom-
inant cellular elements of the vascular media, which 
is responsible for vasoconstriction and dilation in re-
sponse to normal or pharmacologic stimuli.

Recent studies have clarified the role played by VSMCs 
in the pathogenesis of atherosclerotic lesions. Under 
pathologic conditions, cells in mature vessels can un-
dergo a reverse phenotypic shift from the normal con-
tractile state to either synthetic, proliferative cells or 
to apoptotic and senescent cells (32). Although VSMC 
proliferation is beneficial throughout atherogenesis by 
having a reparative effect, VSMC cell death and senes-
cence promote both atherogenesis and multiple fea-
tures of plaque instability.

Moderate uremia has been shown to modulate the 
phenotype of aortic smooth muscle cells (33). Recent-
ly, Trecherel et al. (34) demonstrated that urea was able 
to induce the expression of a pro-apoptotic member 
of the BCL2 family, the Bcl-xL/Bcl-2-associated death 
promoter (BAD) protein, in VSMC. Urea-induced BAD 
overexpression may account for the increased apoptosis 
observed in the arterial wall of patients with uremia. In 
fact, BAD can sensitize the cells to the pro-apoptotic ef-
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fect of oxidative stress, exerted for instance, by oxidized 
cholesterol (35).

Urea effect on insulin sensitivity and secretion
It is well known that insulin resistance is associated 
with endothelial dysfunction (36). Insulin induces vaso-
dilatory effects by promoting the release of endothelial 
nitric oxide (37). Insulin-resistant states reduce nitric 
oxide production and exaggerated release of endothe-
lin, in endothelial cells (37). In non-uremic people with 
normal glucose tolerance, insulin resistance markedly 
increases cardiovascular disease risk, even after adjust-
ment for known risk factors such as low-density lipo-
protein (LDL), triglycerides, high-density lipoprotein 
(HDL), and systolic blood pressure (38).

Insulin resistance is a well-documented feature of 
ESRD, and the rate of death among patients undergo-
ing hemodialysis is greater than in those with more se-
vere insulin resistance (39). The insulin resistance pres-
ent in ESRD appears to start much earlier in the course 
of CKD when renal failure is subclinical (40). Although 
the cause of insulin resistance in CKD is unknown, 
several abnormalities associated with ESRD might in-
terfere with insulin signaling (41). It has been shown 
that urea at the concentration seen in CRF can cause 
insulin resistance. In fact, urea infusion in normal ani-
mals is sufficient to induce the same degree of insulin 
resistance and elevated insulin resistance–associated 
adipokines, retinol binding protein (RBP4), and resistin, 
seen in uremic mice (41). 

Treatment of 3T3-L1 adipocytes with urea at dis-
ease-relevant concentrations increases modification of 
insulin-signaling molecules by O-Linked β-N-acetyl-
glucosamine (O-GlcNAc), and reduces insulin-stimu-
lated insulin receptor substrate (IRS) and Akt phosphor-
ylation and glucose transport. These negative signaling 
changes directly correlate with decreased insulin sensi-
tivity and elevated levels of insulin resistance-associat-
ed adipokines. (42).

Several studies have described that the increased insu-
lin resistance present in uremia was frequently associ-
ated with defective insulin secretion (43). Koppe et al. 
(44) demonstrated that urea could also directly impair 
pancreatic β-cell function. Exposure of mouse and hu-
man islets to urea concentrations seen in the very early 
stage of renal failure increased islet protein O-GlcNAc-
ylation, causing inhibition of glycolysis and, conse-
quently, impaired insulin secretion (44).

Similarly, insulin secretion was impaired in normal 
mice treated orally with urea for 3 weeks and it was re-
stored by inhibition of O-GlcNAcylation (44). Therefore, 
increased concentrations of urea, as seen in CRF, can 
also accelerate the atherosclerotic process by inducing 
both insulin resistance and impaired insulin secretion 

Urea Toxicity: mechanism of action
Urea exerts its toxic action through reactive oxygen 
species (ROS) production. Elevated concentrations of 
urea have been described to increase intracellular ROS 
generation in various cells, such as vascular endothelial 
cells, VSMCs, renal tubular cells, adipocytes, and beta 
cells (19, 28, 34, 42, 44). Normalization of intracellular 
ROS levels prevented each of the described urea effects 
such endothelial cell and EPC dysfunctions, EPC senes-
cence, adipocyte insulin resistance, and impaired insu-
lin of beta cells (18, 28, 42, 44). Furthermore, in normal 
mice either infused or treated orally with urea, antioxi-
dant molecules can both restore insulin sensibility and 
normalize insulin secretion (42, 44). Oxidative stress is 
common in patients with CKD, and reduction of oxi-
dative stress has a number of beneficial effects (45). 
Considering that the normal range of urea nitrogen 
in human blood or serum (BUN) is 5 to 20 mg/dL, or 
1.8 to 7.1 mmol/L urea, we have shown that a small in-
crease of urea concentration to 10 nmol/L in EPCs was 
already able to significantly increase ROS production. 
Ten nanomoles per liter is a urea concentration seen in 
the very early stage of CRF (28).

Cellular ROS can be produced by both mitochondrial 
and cytosolic mechanisms (46). In endothelial cells and 
in EPCs, it has been found that urea increased ROS pro-
duction through the activation of both mitochondrial 
and cytosolic ROS generating mechanisms. Inhibition 
of either resulted in the complete normalization of 
urea-induced ROS (19, 28). These observations are con-
sistent with the emerging concept of crosstalk between 
mitochondria and NADPH oxidases, the major cytoso-
lic sources of superoxide in endothelial cells (47). An 
increase of mitochondrial ROS in some cell types may 
activate NADPH oxidases, and activation of NADPH 
oxidases may increase production of mitochondrial 
ROS. In pathologic conditions such as CRF, a threshold 
may be reached in which sufficient ROS are produced 
to activate an ongoing feed-forward cycle.

The mechanisms by which urea activates intracel-
lular ROS production remain to be explored. It is 
known that urea at the concentration seen in patients 
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with CRF can increase carbamylation of intracellu-
lar proteins (9). This post-translational modification 
may alter the function of cytosolic, nuclear, and mi-
tochondrial proteins involved in the regulation of 
ROS production. Carbamylation occurs in the cova-
lent binding of isocyanic acid to a-amino groups of 
free amino acids or N-terminus of proteins, and to 
e-amino groups of lysine residues (9). Isocyanic acid 
derived from the rapid conversion of its unreactive 
form cyanate, which originates from urea dissocia-
tion in aqueous solution. Furthermore, it has been 
shown that the increased level of urea in the serum 
of patients with CRF can carbamylate lipoprotein, 
which can also promote the atherosclerotic process. 
Carbamylated low-density lipoproteins (cLDL) can 
induce endothelial cell dysfunction, and carbam-
ylated high-density lipoproteins (cHDL) lose their 
cardiovascular protective capacity (9, 48, 49). Sever-
al studies have shown a direct correlation between 
protein carbamylation levels and atherosclerosis and 
mortality in patients with CRF (50).

Conclusion
In summary, urea, long considered to have negligible 
toxicity in patients with CRF, no longer appears to be an 
innocent consequence of reduced renal function. Sev-
eral studies in the last ten years have shown that urea 
can participate in the progression of the atherosclerotic 
process seen in patients with CRF. Urea, at disease-rel-
evant concentrations, can induce endothelial dysfunc-
tion, EPC senescence, and increased susceptibility of 
apoptosis of VSMCs; each of which is involved in ath-
erosclerosis progression. Moreover, elevated levels of 
urea can induce insulin resistance and impair pancreat-
ic insulin secretion, which could contribute to the high 
cardiovascular morbidity observed in patients with CRF 
(Figure 1). Finally, elevated concentrations of urea may 
induce carbamylation of lipoproteins, which can also 
promote the atherosclerotic process. A reduction in 
the high morbidity and mortality caused by CRF may 
be achieved by novel therapeutics that directly target 
urea-induced ROS because urea’s pro-atherosclerotic 
effects are caused by its capacity to induce ROS pro-
duction.
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