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Abstract: Urea at post-dialysis levels induces increased ROS in a number of cell types. The aim of
this study was to determine whether urea-induced production of ROS remains elevated after urea is
no longer present, and, if it does, to characterize its origin and effects. Human arterial endothelial
cells were incubated with 20 mM urea for two days, and then cells were incubated for an additional
two days in medium alone. Maximal ROS levels induced by initial urea continued at the same level
despite urea being absent. These effects were prevented by either MnSOD expression or by Nox1/4
inhibition with GKT13781. Sustained urea-induced ROS caused a persistent reduction in mtDNA
copy number and electron transport chain transcripts, a reduction in transcription of mitochondrial
fusion proteins, an increase in mitochondrial fission proteins, and persistent expression of endothelial
inflammatory markers. The SOD-catalase mimetic MnTBAP reversed each of these. These results
suggest that persistent increases in ROS after cells are no long exposed to urea may play a major role
in continued kidney damage and functional decline despite reduction of urea levels after dialysis.

Keywords: urea; uremic memory; CRF; chronic renal failure; ROS; reactive oxygen species; ESRD;
end stage renal disease; CVD; cardiovascular disease

Key Contribution: The results of this report offer a molecular basis for understanding the
uremic memory, which could persistently drive the development of uremia induced vascular damages
also when the uremic state is reduced or normalized. Uremic memory could explain the failure of
intermittent dialysis to decrease the incidence of CVD in ESRD patients

1. Introduction

Cardiovascular disease (CVD) is the major cause of death in patients with impaired kidney
function [1]. Recent evidence suggests that the process of cardiovascular damage starts very early in
the course of progressive chronic kidney disease (CKD), long before end-stage renal disease (ESRD)
develops (National Kidney Foundation stages 1–2). Uremic toxins independently contribute to the
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pathogenesis of CVD [2], in the absence of traditional risk factors such as diabetes mellitus and
hypertension. The assumption underlying clinical treatment of ESRD patients is that lowering the level
of uremic toxins will reduce the risk of CVD and death [3]. However, current therapeutic modalities
used to treat ESRD patients have failed to improve cardiovascular outcomes. Dialysis patients
still have a 20–40-fold increased incidence of cardiovascular disease compared with the healthy
population [4,5]. The failure of intermittent dialysis to decrease the incidence of CVD suggests
that the deleterious effects of pre-treatment uremic toxin levels may persist for days after dialysis
has lowered uremic toxin concentration. This effect has been conceptualized as “uremic memory”,
a phenomenon analogous to the one described in diabetes as metabolic or hyperglycemic memory [6].
In diabetes, hyperglycemic memory is a concept describing progressive vascular damage years after
normalization of hyperglycemia. An analogous short-term memory lasting for days after brief spikes
in glycemia also occurs [7,8]. Even transient exposure to pathological concentrations of glucose cause
persistent increases in pro-atherogenic gene expression during subsequent periods of normal glycemia,
by inducing epigenetic modifications [9]. A key factor in the genesis of metabolic memory is a persistent
increase in intracellular ROS production induced by transient hyperglycemia, lasting for days after
glucose concentration in normalized [10].

Recently, we showed that urea at concentrations seen in the serum of CRF patients induces
endothelial dysfunction, endothelial progenitor cells senescence and insulin resistance. All of these are
considered risk factors for cardiovascular disease [11–13]. Similar to hyperglycemia, urea can cause
all of these pro-atherosclerotic effects by increasing intracellular ROS production in target tissues.
We hypothesized that transient exposure to concentrations of urea associated with chronic renal
failure may cause a persistent increase in mitochondrial ROS production in arterial endothelial
cells during subsequent days of normal uremia. This continuous persistent mitochondrial ROS
overproduction after dialysis would cause a progressive accumulation of pathologic changes in
arterial endothelial cells, promoting the progression of atherosclerotic lesions into unstable plaques.
Thus, similar to hyperglycemia, pathological concentrations of urea could induce long lasting effects
on arterial cells. Such a phenomenon could explain the failure of clinical treatment to reduce CVD
morbidity and mortality in the CRF population.

2. Results

2.1. Transient Exposure of Endothelial Cells to a Disease-Relevant Concentration of Urea Induces Increased
Mitochondrial ROS Production That Persists for Days after Urea Is Removed

To investigate whether transient exposure to pathological concentrations of urea can induce a
persistent increase of ROS concentration, human aortic endothelial cells (HAEC) were exposed to
20 mM Urea (HU) up to 48 h. The cells were then maintained in media without urea (NU) for two
more days. Twenty millimolar urea is the minimal urea concentration that induces maximum ROS
production in endothelial cells [12]. In the cells incubated with HU for 24 h, the intracellular ROS
concentration increased by 2.1-fold (Figure 1, bar 2) and then returned to basal levels by 24 h after
the urea was removed (Figure 1, bar 3). Mannitol, used as an osmotic control, had no effect on the
intracellular ROS production (Figure S1). Similarly, in endothelial cells incubated with HU for 48 h,
ROS were increased 2.2-fold (Figure 1, bar 4), but persisted without significant change for two days
after the urea was removed (Figure 1, bar 5). Although 24 h of exposure to HU was sufficient to cause an
increase in ROS concentration, 48 h of incubation with HU were necessary to induce an increase of ROS
production that persisted for two subsequent days in the absence of urea. Since ROS have a very short
half-life, their increased concentration after two days without urea suggests that transient exposure to
HU activates self-maintaining ROS generating mechanisms that maintain increased intracellular ROS
production even when the initial pro-oxidative stimulus is removed.
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Figure 1. Transient exposure to 20 mM urea induces persistent ROS production. ROS levels in HAEC 
exposed to 20 mM Urea (HU) for 24 h, 24 h followed by 24 h of subsequent incubation in media 
without urea, 48 h, and 48 h followed by two days of subsequent incubation in media without urea 
(HU+ 2dNU). ROS levels were measured by CM-H2DCFDA. Data are the mean ± S.E. from five 
independent experiments. * p < 0.05 compared to cells not treated with urea, γ p < 0.05 HU compared 
with HU+ 24 h NU. ns: not significant for cells treated with HU 48 h compared to cells treated 48 h 
with HU + two days of NU. 

2.2. Cytosolic and Mitochondrial ROS Generating Mechanisms Initiate the Persistent ROS Production 
Induced by Transient Exposure to 20 mM Urea in Endothelial Cells 

Since 20 mM urea increases ROS production in HAECs through the activation of both 
mitochondrial and cytosolic ROS generating mechanisms [11,12], we investigated how the inhibition 
of either affected the persistent ROS generation induced by transient HU. To evaluate the role 
played by mitochondria in the generation of persistent ROS production induced by urea, we 
overexpressed manganese superoxide dismutase (MnSOD), the mitochondrial isoform of this 
enzyme [14]. As shown in Figure 2, bar 11, overexpression of MnSOD prevented the persistent ROS 
production induced by prior exposure to HU. MnSOD overexpression was confirmed by Western 
blot (Figure 2B). Next, we explored the involvement of cytosolic mechanisms in the activation of the 
persistent ROS production induced by transient urea exposure. Since NADPH oxidases are major 
cytosolic sources of superoxide in vascular cells [15], and urea increased NADPH oxidase activity in 
endothelial cells, we treated HAEC with the most specific NADPH Oxidase 1/4 (Nox1/4) inhibitor 
currently available, GKT137831 [12]. As shown in Figure 2, bar 12, GKT137831 also prevented the 
persistent ROS production induced by transient HU. Together, these findings demonstrate that both 
mitochondrial and cytosolic ROS generating mechanisms are involved in initiating the persistent 
ROS over-production induced by transient exposure to 20 mM Urea. 

Next, to investigate the source of the urea induced persistent ROS production in the absence of 
urea, we treated the cells with either the MnSOD mimetic MnTBAP or GKT137831 for two days after 
the urea was removed. As shown in Figure 3, both MnTBAP and GKT137831 were able to reverse the 
urea-induced persistent ROS production, indicating that both mitochondrial and NOX1/4 are 
responsible for maintaining the increased ROS production in the cells after the urea is removed. 

Figure 1. Transient exposure to 20 mM urea induces persistent ROS production. ROS levels in HAEC
exposed to 20 mM Urea (HU) for 24 h, 24 h followed by 24 h of subsequent incubation in media
without urea, 48 h, and 48 h followed by two days of subsequent incubation in media without urea
(HU+ 2dNU). ROS levels were measured by CM-H2DCFDA. Data are the mean ± S.E. from five
independent experiments. * p < 0.05 compared to cells not treated with urea, γ p < 0.05 HU compared
with HU+ 24 h NU. ns: not significant for cells treated with HU 48 h compared to cells treated 48 h
with HU + two days of NU.

2.2. Cytosolic and Mitochondrial ROS Generating Mechanisms Initiate the Persistent ROS Production Induced
by Transient Exposure to 20 mM Urea in Endothelial Cells

Since 20 mM urea increases ROS production in HAECs through the activation of both
mitochondrial and cytosolic ROS generating mechanisms [11,12], we investigated how the inhibition
of either affected the persistent ROS generation induced by transient HU. To evaluate the role played
by mitochondria in the generation of persistent ROS production induced by urea, we overexpressed
manganese superoxide dismutase (MnSOD), the mitochondrial isoform of this enzyme [14]. As shown
in Figure 2, bar 11, overexpression of MnSOD prevented the persistent ROS production induced
by prior exposure to HU. MnSOD overexpression was confirmed by Western blot (Figure 2B).
Next, we explored the involvement of cytosolic mechanisms in the activation of the persistent ROS
production induced by transient urea exposure. Since NADPH oxidases are major cytosolic sources
of superoxide in vascular cells [15], and urea increased NADPH oxidase activity in endothelial cells,
we treated HAEC with the most specific NADPH Oxidase 1/4 (Nox1/4) inhibitor currently available,
GKT137831 [12]. As shown in Figure 2, bar 12, GKT137831 also prevented the persistent ROS
production induced by transient HU. Together, these findings demonstrate that both mitochondrial and
cytosolic ROS generating mechanisms are involved in initiating the persistent ROS over-production
induced by transient exposure to 20 mM Urea.

Next, to investigate the source of the urea induced persistent ROS production in the absence
of urea, we treated the cells with either the MnSOD mimetic MnTBAP or GKT137831 for two days
after the urea was removed. As shown in Figure 3, both MnTBAP and GKT137831 were able to reverse
the urea-induced persistent ROS production, indicating that both mitochondrial and NOX1/4 are
responsible for maintaining the increased ROS production in the cells after the urea is removed.
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Figure 2. Cytosolic and mitochondrial ROS generating mechanisms start the persistent ROS 
production induced by transient exposure to 20 mM urea in endothelial cells. (A) In the indicated 
groups, HAEC were infected with MnSOD, or control adenoviral vectors before transient exposure 
to 20 mM glucose, or incubated for 48 h in 20 mM urea in the presence of the NADPH oxidase 
inhibitor GKT137831. ROS levels were measured by CM-H2DCFDA. (B) MnSOD protein level 
detected in HAEC 96 h after cells were infected with MnSOD adenovirus (MOI 500) compared to 
MnSOD level detected in cells infected with empty vector. Data are the mean ± S.E. from five 
independent experiments. * p < 0.05 compared to cells treated in the same conditions but not exposed 
to urea, $ p < 0.05 cells transfected with the empty vector compared to cells over expressing MnSOD, 
§ p < 0.05 cells not transfected or not treated with the inhibitor compared to cells treated with 
GKT13781. 

 
Figure 3. The persistent ROS production induced by transient exposure to urea was reversed by both 
MnTBAP and GKT13781. ROS levels in HAEC exposed to 20 mM Urea (HU) for 48 h , and to 20 
mM urea for 48 h followed by two days of subsequent incubation in media without urea (NU)  ± 
MnTBAP or GKT13781. ROS levels were measured by CM-H2DCFDA. Data are the mean ± S.E. from 
five independent experiments. * p < 0.05 compared to cells treated in the same conditions but not 
exposed to urea, # p < 0.05 cells not treated with the inhibitors compared to cells treated with 
MnTBAP, § p < 0.05 cells not treated with the inhibitors compared to cells treated with GKT13781. 

Figure 2. Cytosolic and mitochondrial ROS generating mechanisms start the persistent ROS production
induced by transient exposure to 20 mM urea in endothelial cells. (A) In the indicated groups,
HAEC were infected with MnSOD, or control adenoviral vectors before transient exposure to
20 mM glucose, or incubated for 48 h in 20 mM urea in the presence of the NADPH oxidase inhibitor
GKT137831. ROS levels were measured by CM-H2DCFDA. (B) MnSOD protein level detected in HAEC
96 h after cells were infected with MnSOD adenovirus (MOI 500) compared to MnSOD level detected
in cells infected with empty vector. Data are the mean ± S.E. from five independent experiments.
* p < 0.05 compared to cells treated in the same conditions but not exposed to urea, $ p < 0.05 cells
transfected with the empty vector compared to cells over expressing MnSOD, § p < 0.05 cells not
transfected or not treated with the inhibitor compared to cells treated with GKT13781.
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which is normalized by MnSOD. HAEC with or without MnSOD infection were exposed to 20 mM 
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alone . The mRNA expression was measured by Real time PCR: (A) ND1; (B) ND4; (C) ND4L; and 
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To understand the role played by the urea-induced persistent ROS production in maintaining 
reduced expression of the indicated mitochondrial DNA encoded proteins in the absence of urea, we 
treated the cells with MnTBAP for two days following urea incubation. As shown in Figure 6, 
MnTBAP reversed each of the urea memory effects on the transcription of the mitochondrial 
proteins, demonstrating that these persistent post-urea effects are maintained by persistent ROS 
production following removal of urea. 

, and to

20 mM urea for 48 h followed by two days of subsequent incubation in media without urea (NU)

Toxins 2018, 10, x FOR PEER REVIEW  5 of 16 

 

2.3. Urea-Induced Mitochondrial Dysfunction Maintains Persistent Mitochondrial ROS Production in 
Endothelial Cells after Transient Exposure to High Urea Concentrations  

2.3.1. Transient Exposure to 20 mM Urea Induces a Long-Lasting Reduction of mtDNA Copy 
Number in Endothelial Cells 

We next investigated the mechanism by which transient incubation with HU can cause 
persistent ROS production in endothelial cells after the initial urea pro-oxidative stimulus has been 
removed. Since mtDNA damage causes increased ROS production [16,17], we investigated the effect 
of urea on mtDNA copy number in endothelial cells 

As shown in Figure 4A, bar 4, in cells exposed to 20 mM urea for 48 h, the mean mtDNA copy 
number was decreased by 55% compared to the mean mtDNA copy number found in the control 
cells. This reduction in mtDNA copy number persisted unchanged for two days in the absence of 
urea, indicating that transient HU can induce long lasting reduction in mtDNA copy number (Figure 
4, bar 7). Overexpression of MnSOD completely prevented the persistent reduction of mtDNA copy 
number induced by transient cell exposure to 20 mM urea, indicating that the persistent reduction in 
mtDNA is maintained by continued overproduction of ROS caused by the initial urea-induced 
mitochondrial ROS overproduction in endothelial cells. 

 
Figure 4. Transient exposure to 20 mM urea induces a persistent reduction of mtDNA copy number 
in endothelial cells that is reversed by MnTBAP treatment. (A) HAEC were exposed to 20 mM Urea 
(HU) for 48 h , and to 20 mM urea followed by two days of subsequent incubation in media 
without urea (NU) . In the indicated groups, cells were infected with MnSOD before transient 
exposure to urea (A), or were treated with MnTBAP during the two days of subsequent incubation in 
media alone (B). mtDNA copy number was measured by a quantitative Real-time polymerase chain 
reaction (PCR)-based method. Data are the mean ± S.E. from seven independent experiments. * p < 
0.05 compared to cells treated in the same conditions but not exposed to urea, $ p < 0.05 cells 
transfected with the empty vector compared to cells over expressing MnSOD, # p < 0.05 cells not 
treated with the inhibitor compared to cells treated with MnTBAP. 

To investigate the role played by the persistent ROS production in the long-lasting mtDNA loss 
in the absence of urea, we treated the endothelial cells with MnTBAP for two days after the urea was 
removed. As shown in Figure 4B, MnTBAP completely reversed the long lasting effect of urea on 
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± MnTBAP or GKT13781. ROS levels were measured by CM-H2DCFDA. Data are the mean ± S.E.
from five independent experiments. * p < 0.05 compared to cells treated in the same conditions but not
exposed to urea, # p < 0.05 cells not treated with the inhibitors compared to cells treated with MnTBAP,
§ p < 0.05 cells not treated with the inhibitors compared to cells treated with GKT13781.
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2.3. Urea-Induced Mitochondrial Dysfunction Maintains Persistent Mitochondrial ROS Production in
Endothelial Cells after Transient Exposure to High Urea Concentrations

2.3.1. Transient Exposure to 20 mM Urea Induces a Long-Lasting Reduction of mtDNA Copy Number
in Endothelial Cells

We next investigated the mechanism by which transient incubation with HU can cause persistent
ROS production in endothelial cells after the initial urea pro-oxidative stimulus has been removed.
Since mtDNA damage causes increased ROS production [16,17], we investigated the effect of urea on
mtDNA copy number in endothelial cells

As shown in Figure 4A, bar 4, in cells exposed to 20 mM urea for 48 h, the mean mtDNA copy
number was decreased by 55% compared to the mean mtDNA copy number found in the control cells.
This reduction in mtDNA copy number persisted unchanged for two days in the absence of urea,
indicating that transient HU can induce long lasting reduction in mtDNA copy number (Figure 4,
bar 7). Overexpression of MnSOD completely prevented the persistent reduction of mtDNA copy
number induced by transient cell exposure to 20 mM urea, indicating that the persistent reduction
in mtDNA is maintained by continued overproduction of ROS caused by the initial urea-induced
mitochondrial ROS overproduction in endothelial cells.
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to urea (A), or were treated with MnTBAP during the two days of subsequent incubation in media
alone (B). mtDNA copy number was measured by a quantitative Real-time polymerase chain reaction
(PCR)-based method. Data are the mean ± S.E. from seven independent experiments. * p < 0.05
compared to cells treated in the same conditions but not exposed to urea, $ p < 0.05 cells transfected
with the empty vector compared to cells over expressing MnSOD, # p < 0.05 cells not treated with the
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To investigate the role played by the persistent ROS production in the long-lasting mtDNA loss
in the absence of urea, we treated the endothelial cells with MnTBAP for two days after the urea
was removed. As shown in Figure 4B, MnTBAP completely reversed the long lasting effect of urea
on mtDNA copy number, indicating that mtDNA is reduced in the absence of urea by the persistent
ROS over-production.
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2.3.2. Transient Exposure to 20 mM Urea Causes a Long-Lasting Reduction of Electron Transport
Chain Component Expression

We next evaluated the effect of transient HU on the expression of mitochondrial genes ND1, ND4,
ND4L and cytochrome b to determine the effects of the urea-induced reduction of mtDNA copy number
on mitochondrial function. In the cells incubated with HU for 48 h, the expression of ND1, ND, ND4L
and cytochrome b were reduced by 47.5%, 42.3%, 47.8%, and 31%, respectively (Figure 5A–D, bar 4)
compared to control. The urea-induced reduction in the expression of each one of these mitochondrial
genes lasted unchanged for two days after the urea was removed (Figure 5A–D, bar 7), indicating that
transient HU can persistently compromise the electron transport system. This long lasting effect of urea
on expression of proteins encoded in the mitochondrial genome was prevented by the overexpression
of MnSOD (Figure 5A–D, bar 9). These results suggest that transient exposure to urea caused a
self-sustaining ROS generating system that continued to overproduce ROS in the absence of urea.
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To understand the role played by the urea-induced persistent ROS production in maintaining
reduced expression of the indicated mitochondrial DNA encoded proteins in the absence of urea,
we treated the cells with MnTBAP for two days following urea incubation. As shown in Figure 6,
MnTBAP reversed each of the urea memory effects on the transcription of the mitochondrial proteins,
demonstrating that these persistent post-urea effects are maintained by persistent ROS production
following removal of urea.
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2.3.3. Transient Exposure to 20 mM Urea Causes a Long-Lasting Dysregulation of Mitochondrial
Dynamics in Human Aortic Endothelial Cells

Increased mitochondrial fission induces increased ROS production [18]. Therefore,
we investigated whether transient HU alters the mitochondrial fusion–fission equilibrium. The effect
of 20 mM urea on the mRNA expression of fission protein 1 (Fis1), Mitofusins (Mfn1 and Mfn2),
and the dynamin family GTPase optic atropy 1 (OPA1) were evaluated. Fis1 is responsible for
mitochondrial fission, while mitofusins and OPA1 regulate mitochondrial fusion [19]. As shown in
Figure 7A, bar 4, 48 h exposure to HU increased the expression of Fis1 by 1.5-fold and this increased
expression lasted unchanged for two days after the urea was removed (Figure 7A, bar 7). At the
same time, transient exposure to HU reduced the expression of Mif1, Mif2 and OPA1 by 0.41-, 0.66- and
0.55-fold, respectively (Figure 7B–D, bar 4). Each one of these urea-induced changes in gene expression
persisted for two days in the absence of urea (Figure 7B–D, bar 7). These results demonstrated that
transient HU induces a long lasting change in mitochondrial dynamics, increasing mitochondrial
fission and reducing mitochondrial fusion. Overexpression of MnSOD completely prevented this
persistent reduction in transcription of mitochondrial fusion and increase in fission proteins, suggesting
that this was mediated by the initial ROS overproduction induced by HU.

To investigate the mechanism responsible for maintaining the persistent dysregulation in
transcription of mitochondrial dynamic related proteins when the urea is removed, we normalized
ROS during the post-urea persistent ROS period and compared the results with those where ROS
were normalized during urea exposure. We treated HAEC with MnTBAP for two days following
urea treatment and measured the mRNA expression. Figure 8 shows that MnTBAP was able to
reverse completely the long lasting effects of urea on mitochondrial dynamic protein transcription,
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indicating that persistent ROS production was responsible for maintaining these effects in the absence
of urea. Toxins 2018, 10, x FOR PEER REVIEW  8 of 16 
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2.3.4. Transient HU Causes Endothelial Cell Dysfunction Lasting for 2 Days Despite Urea
Normalization

In diabetes, it has been shown that the persistent rise of ROS production induced by transient
hyperglycemia in endothelial cells causes a persistent increase in the expression of pro-atherogenic
genes during subsequent periods of normal glycaemia [7,10]. To determine whether the persistent
ROS production induced by transient HU can cause similar effects in HAEC, the expression of the
major inflammatory mediator NFκB subunit p65 was measured in cells exposed to 20 mM urea for
48 h and then maintained for two more days in media without urea. As shown in Figure 9A, bar 4,
the 2.8-fold increase in p65 mRNA expression induced by exposure to 20 mM urea for 48 h persisted
unchanged for two days in the absence of urea. Similarly, transient HU induced a persistent increase in
the expression of the NFκB-specific inflammatory target genes MCP-1 and VCAM1 [9,20]. The 3.6- and
3.0-fold increases in MCP-1 and VCAM1, respectively, remained increased for two days after the urea
was removed (Figure 9B,C, bars 4). These data indicate that urea induced a persistent activation of
NFκB. To test the hypothesis that the persistence of these changes in pro-atherogenic genes expression
are due to persistently increased mitochondrial ROS production caused by urea-induced mitochondrial
dysfunction, cells exposed to HU for 48 h were treated with the MnSOD mimetic MnTBAP for two
days after the urea was removed. MnTBAP completely reversed the urea-induced changes in NFκBp65,
MCP-1, and VCAM1 gene expression (Figure 9A–C, bars 5). These results demonstrate that persisting
changes in endothelial cell pro-atherogenic gene expression are mediated by ROS over production that
continued in the absence of urea.Toxins 2018, 10, x FOR PEER REVIEW  10 of 16 
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3. Discussion

The persistent adverse effects of prior sustained exposure to hyperglycemia persisting for years
after hyperglycemia has been ameliorated is defined as “metabolic memory” [7] Accumulating
evidence supports the concept that even prior exposure to hyperglycemia for hours causes persistent
ROS lasting for days of subsequent normal glucose, triggering vascular dysfunction and damage [21,22]
by inducing epigenetic modifications [10,23].

Similar to glucose, urea at disease relevant concentrations has a direct vascular toxicity [24,25],
inducing endothelial dysfunction by increasing intracellular ROS production through the activation of
both mitochondrial and cytosolic ROS generating mechanisms [11,12]. In the present report, we have
shown that transient exposure to 20 mM urea induces ROS production in human aortic endothelial cells
that persists for days after urea is removed. Thus, a cellular memory for urea-induced oxidative stress
exists in endothelial cells. Inhibition of either mitochondrial or cytosolic ROS generating mechanisms
prevents completely this urea memory effect, indicating that both are activated by transient exposure
to urea and both initiate this long lasting ROS over-production. These data are consistent with the
recent finding that NADPH oxidase 4 (NOX4), although considered a direct source of increased ROS,
appears to act indirectly by increasing mitochondrial ROS production. NOX4 is constitutively active
and associates with mitochondria, inhibiting mitochondrial biogenesis and function [26]. Knockout of
NOX4 increases mitochondrial biogenesis and maximal respiratory capacity dramatically, which would
prevent substrate driven increased mitochondrial ROS production [26]. Thus, inhibition of NOX4 most
likely completely reduced urea-induced increased ROS indirectly, while inhibition of mitochondrial
ROS with MnSOD directly reduced increased ROS.

This initial increase of ROS induced by transient exposure to urea affected mitochondrial function
and dynamics, resulting in continued ROS overproduction in endothelial cells that persisted for two
days after urea is removed.

In the HAEC exposed transiently to 20 mM urea, the mtDNA copy number and the transcripts
of mtDNA-encoded proteins were significantly reduced. The human mitochondrial genome is a
16.6 kb circular double-stranded DNA coding for proteins essential for cellular respiration and
normal mitochondrial function [27]. Reduced mtDNA copy number has been shown to attenuate the
transcripts of mtDNA-encoded proteins, impairing the integrity and the function of the electron
transport chain system. This causes persistent ROS production [27–29]. In the present study,
we have shown that transient urea exposure significantly reduces transcription of the ND1, ND4L and
ND4 subunits of Complex I, which has been recently recognized to be the mitochondrial source of
deleterious ROS [30]. Complex I derived ROS can readily react with mitochondrial DNA or other
matrix components vulnerable to oxidative damage. In contrast, Complex III-derived ROS serve
as second messengers in cellular signaling [30]. In addition, the present study shows that transient
exposure of cells to HU also affects the transcription of proteins regulating mitochondrial fission
and fusion, resulting in a persistent shift from fusion to fission. Accumulating evidence suggests
that prolonged disruption of mitochondrial dynamics with persistent mitochondrial fragmentation
is caused by oxidative stress, and is responsible for persistent excessive ROS production and
endothelial dysfunction [18,31,32]. In the present study, persistence of reduced mtDNA copy number,
electron transport chain transcripts and mitochondrial fission proteins were all reversed by treating
post-urea cells with MnTBAP. Together, these results show that the urea-induced mitochondrial damage
initiates a vicious cycle of ROS production that continues to self-propagate even after the urea insult is
terminated. This persistent ROS production causes an increased expression of inflammatory markers
in endothelial cells that also last for two days after the urea is removed (Figure 10). Although our study
proves that dysfunctional mitochondria are the source of the increased ROS production that persists
when the urea is removed, our data do not exclude the possibility that a cytosolic source of ROS
could also be persistently activated by the transient exposure to urea, and thus also contribute to the
self-propagating cycle of ROS production observed in absence of the initial urea stimulus. Our study
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also did not investigate how long the urea memory effect can last, and what mechanisms are involved
in its termination.Toxins 2018, 10, x FOR PEER REVIEW  12 of 16 
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In CKD patients, recent studies reported that the mtDNA copy number was significantly
associated with clinical outcome in dialysis patients [33,34]. A low mtDNA copy number, in peripheral
blood mononuclear cells, correlates with increased oxidative stress and higher mortality rates in
patients undergoing dialysis, and mtDNA copy number is already decreased in patients with
stage 3–4 CKD. The observation that the uremic toxin hippurate increased mitochondrial fission
in endothelial cells [35] suggests that additive or synergistic effects of urea with other uremic toxins
may induce uremic memory. However, in the present study, urea alone was sufficient to cause
uremic memory.

In our in vitro system, cell exposure to 20 mM urea shorter than 48 h did not establish
uremic memory. Consistent with this observation, the survival in patients on daily hemodialysis
has been documented to be 2-fold greater than in patients dialyzed less frequently [36]. We speculate
that daily hemodialysis removes urea and other uremic toxins before they can cause mitochondrial
damage and initiate self-propagating ROS-generating systems.

The findings described in the present study provide a conceptual framework for further research
into the underlying mechanisms that contribute to the enhanced cardiovascular risk associated with
chronic renal failure.
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4. Materials and Methods

4.1. Cell Culture Conditions

Confluent primary human aortic endothelial cells (HAECs) from Cambrex, (East Rutherford, NJ,
USA) (passages 2–5) were maintained in EBM-2 medium (from Lonza, San Diego, CA, USA) with
0.4% fetal bovine serum. Cells were incubated with either 20 mM urea or with 20 mM mannitol used
as osmotic control, for 24 or 48 h. Then, the urea was removed and the cells were maintained in
culture for two more days. The urea used in these experiments was certified to be free of LPS and
heavy metals (Sigma Aldrich, St. Louis, MO, USA). In a group of experiments, cells were infected
with MnSOD adenovirus or control adenovirus at an MOI (multiplicity of infection) of 500, 4 h
before addition of 20 mM urea containing medium. In a different group, after the urea was removed,
cells were maintained for two more days in basal medium in the presence or absence of 200 µM
MnTBAP (Mn(III)tetrakis(4-benzoic acid)) porphyrin chloride, a cell permeable mimetic of manganese
superoxide dismutase (Calbiochem-Merck KGaA, Darmstadt, Germany) [13,37].

4.2. Adenoviral Vectors

SOD2 was cloned into the shuttle vector pAd5CMVK-NpA, and both adenoviral vectors and
empty control virus were prepared by the Gene Transfer Vector Core at the University of Iowa,
as described previously [11]. HAEC were infected with MnSOD, or control adenovirus at an MOI
(multiplicity of infection) of 500, 4 h before addition of either 20 mM urea containing medium or
control medium [11].

4.3. NADPH Oxidase Inhibition

Cells were cultured for the time indicated in the presence or absence of 20 mM urea with or
without the highly specific NADPH oxidase inhibitor GKT137831 (Cayman Chemical, Ann Arbor, MI,
USA) [12] at concentrations of 10 mM. GKT137831 was dissolved in 0.1% ethanol and was added to
the cells 20 min before urea addition. In the indicated experiments, GKT137831 was added to the cells
after the urea was removed

4.4. Measurement of ROS Generation

Treated cells seeded in a 96-well plate were incubated with 10 µmol/L CM-H2DCFDA (Molecular
Probes-Life Technology, Brooklyn, NY, USA) for 45 min at 37 ◦C, and the intracellular formation of
ROS was measured at excitation/emission wavelengths of 485/530 nm using a Wallac 1420 Fluorescent
Plate Reader.

4.5. Determination of mtDNA Content by Real-Time Quantitative Polymerase Chain Reaction

QIAamp DNA Mini kits (Qiagen, Valencia, CA, USA) was used to extract genomic DNA from
HAEC cell culture. A quantitative real-time polymerase chain reaction (PCR)-based method was
employed to measure relative mtDNA copy number by. In brief MT-ND1 and CYTB gene in mtDNA
were amplified by using two primer pairs was used for the amplification of the. Another primer pair
was used for the amplification of the single-copy nuclear gene human globulin (HGB). All samples
were assayed in duplicate on optical 96-well reaction plates on a CFX96 Touch Real-Time PCR detection
System using iQ SYBR green supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA). CFX manager
software were used to perform experiment setup and data analysis. To avoid possible position effects,
the PCRs for mtDNA and HGB were performed every time on separate 96-well plates with the same
samples in the same well positions. In each run, a standard curve of a diluted reference DNA was
included. For each standard curve, one reference DNA sample was serially diluted 1:2 to produce a
seven-point standard curve between 0.3125 and 20 ng of DNA. For each sample, we determined the
ratio of mtDNA copy number to HGB copy number using the standard curves.
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4.6. RT Reaction and Real-Time Quantitative PCR

The RNeasy Mini Kit (QIAGEN Milan, IT was used to extract the total RNA from treated cells),
following the manufacturer’s instructions. One percent agarose gel electrophoresis was used to
assay the purity of mRNA. mRNA was quantified with a Nanodrop ND-2000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA). The mRNA reverse transcription was performed by
SuperScript IV First Strand Synthesis System (Life Technology, Brooklyn, NY, USA. CFX96 Touch™
Real-Time PCR Detection System with iQ SYBR green supermix (Bio-Rad, Hercules, CA, USA)
was used. The relative amount of the transcripts of four mt genes (ND1, ND4, ND4L and CYB)
and expression levels of p65 NFκB, VCAM1, and MCP-1 mRNA were evaluated. The expression
level of two endogenous reference genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
β-actin (ATCB) were analyze to normalize for nonspecific variations in real-time PCR, PCR conditions
were as follows: 7 min at 95 ◦C and 45 cycles of 30 s at 95 ◦C and 30 s at 60 ◦C. CFX manager software
(Bio-Rad, Hercules, CA, USA) was used to analyze gene expression.

4.7. Statistical Analysis

One-factor ANOVA was used to compare the means of all groups. The Tukey–Kramer
multiple-comparisons procedure was used to determine which pairs of means were different. p value
less than 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/10/410/
s1, Figure S1: Mannitol did not increase intracellular ROS.

Author Contributions: Conceptualization, I.G., M.B. and M.P.-M. Methodology, M.D.A., A.L.C. and A.B.M.
Validation, M.S., I.G., M.B. and A.B.M. Formal Analysis, I.G. and M.S. Investigation, M.D.A., A.L.C. and
E.M. Resources, M.P.-M. and I.G. Writing—Original Draft Preparation, I.G. M.D.A. Writing—Review and Editing,
M.B. and M.P.-M. Visualization, M.D.A. Supervision, I.G. and M.B.

Funding: Published with a contribution from 5 × 1000 IRPEF funds in favor of the University of Foggia, in memory
of Gianluca Montel.

Conflicts of Interest: The authors declare no conflict of interest.

Nonstandard Abbreviations

CRF chronic renal failure
ROS reactive oxygen species
ESRD end stage renal disease
CVD cardiovascular disease
HU High urea; NU No urea

References

1. Gansevoort, R.T.; Correa-Rotter, R.; Hemmelgarn, B.R.; Jafar, T.H.; Heerspink, H.J.; Mann, J.F.; Matsushita, K.;
Wen, C.P. Chronic kidney disease and cardiovascular risk: Epidemiology, mechanisms, and prevention.
Lancet 2013, 382, 339–352. [CrossRef]

2. Tonelli, M.; Karumanchi, S.A.; Thadhani, R. Epidemiology and Mechanisms of Uremia-Related
Cardiovascular Disease. Circulation 2016, 133, 518–536. [CrossRef] [PubMed]

3. Koyama, H.; Nishizawa, Y. AGEs/RAGE in CKD: Irreversible metabolic memory road toward CVD? Eur. J.
Clin. Investig. 2010, 40, 623–635. [CrossRef] [PubMed]

4. Drüeke, T.B.; Massy, Z.A. Atherosclerosis in CKD: Differences from the general population. Nat. Rev. Nephrol.
2010, 6, 723–735. [CrossRef] [PubMed]

5. Harmankaya, O.; Akalin, N.; Akay, H.; Okuturlar, Y.; Erturk, K.; Kaptanogullari, H.; Kocoglu, H. Comparison
of risk factors for cardiovascular disease in hemodialysis and peritoneal dialysis patients. Clinics 2015, 70,
601–605. [CrossRef]

6. Golestaneh, L.; Melamed, M.L.; Hostetter, T.H. Uremic memory: The role of acute kidney injury in long-term
outcomes. Kidney Int. 2009, 76, 813–814. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6651/10/10/410/s1
http://www.mdpi.com/2072-6651/10/10/410/s1
http://dx.doi.org/10.1016/S0140-6736(13)60595-4
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.018713
http://www.ncbi.nlm.nih.gov/pubmed/26831434
http://dx.doi.org/10.1111/j.1365-2362.2010.02298.x
http://www.ncbi.nlm.nih.gov/pubmed/20497213
http://dx.doi.org/10.1038/nrneph.2010.143
http://www.ncbi.nlm.nih.gov/pubmed/20978469
http://dx.doi.org/10.6061/clinics/2015(09)01
http://dx.doi.org/10.1038/ki.2009.314
http://www.ncbi.nlm.nih.gov/pubmed/19789540


Toxins 2018, 10, 410 14 of 15

7. Giacco, F.; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058–1070.
[CrossRef] [PubMed]

8. Yunlei, D.; Qiuling, F.; Xu, W.; Qianwen, Z.; Xu. C.; Li. X; Lining, W. Transient High-Glucose Stimulation
Induces Persistent Inflammatory Factor Secretion from Rat Glomerular Mesangial Cells via an Epigenetic
Mechanism. Cell Physiol. Biochem. 2018, 49, 1747–1754. [CrossRef]

9. El-Osta, A.; Brasacchio, D.; Yao, D.; Pocai, A.; Jones, P.L.; Roeder, R.G.; Cooper, M.E.; Brownlee, M.
Transient high glucose causes persistent epigenetic changes and altered gene expression during subsequent
normoglycemia. J. Exp. Med. 2008, 205, 2409–2417. [CrossRef] [PubMed]

10. Giacco, F.; Du, X.; Carratú, A.; Gerfen, G.J.; D’Apolito, M.; Giardino, I.; Rasola, A.; Marin, O.; Divakaruni, A.S.;
Murphy, A.N.; et al. GLP-1 Cleavage Product Reverses Persistent ROS Generation after Transient
Hyperglycemia by Disrupting an ROS-Generating Feedback Loop. Diabetes 2015, 64, 3273–3284. [CrossRef]
[PubMed]

11. D’Apolito, M.; Du, X.; Pisanelli, D.; Pettoello-Mantovani, M.; Campanozzi, A.; Giacco, F.; Maffione, A.B.;
Colia, A.L.; Brownlee, M.; Giardino, I. Urea-induced ROS cause endothelial dysfunction in chronic renal
failure. Atherosclerosis 2015, 239, 393–400. [CrossRef] [PubMed]

12. D’Apolito, M.; Colia, A.L.; Lasalvia, M.; Capozzi, V.; Falcone, M.P.; Pettoello-Mantovani, M.; Brownlee, M.;
Maffione, A.B.; Giardino, I. Urea-induced ROS accelerate senescence in endothelial progenitor cells.
Atherosclerosis 2017, 263, 127–136. [CrossRef] [PubMed]

13. D’Apolito, M.; Du, X.; Zong, H.; Catucci, A.; Maiuri, L.; Trivisano, T.; Pettoello-Mantovani, M.;
Campanozzi, A.; Raia, V.; Pessin, J.E.; et al. Urea-induced ROS generation causes insulin resistance in
mice with chronic renal failure. J. Clin. Investig. 2010, 120, 203–213. [CrossRef] [PubMed]

14. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820.
[CrossRef] [PubMed]

15. Griendling, K.K.; Sorescu, D.; Ushio-Fukaiand, M. NAD(P)H Oxidase Role in Cardiovascular Biology and
Disease. Circ. Res. 2000, 86, 494–501. [CrossRef] [PubMed]

16. Turrens, J.F. Mitochondrial formation of reactive oxygen species. J. Physiol. 2003, 552, 335–344. [CrossRef]
[PubMed]

17. Georgieva, E.; Ivanova, D.; Zhelev, Z.; Bakalova, R.; Gulubova, M.; Aoki, I. Mitochondrial Dysfunction and
Redox Imbalance as a Diagnostic Marker of “Free Radical Diseases”. Anticancer Res. 2017, 37, 5373–5381.
[PubMed]

18. Giedt, R.J.; Yang, C.; Zweier, J.L.; Matzavinos, A.; Alevriadou, B.R. Mitochondrial fission in endothelial
cells following simulated ischemia/reperfusion: Role of nitric oxide and reactive oxygen species. Free Radic.
Biol. Med. 2012, 52, 348–356. [CrossRef] [PubMed]

19. Liu, R.; Chan, D.C. OPA1 and cardiolipin team up for mitochondrial fusion. Nat. Cell Biol. 2017, 19, 760–762.
[CrossRef] [PubMed]

20. Rothgiesser, K.M.; Erener, S.; Waibel, S.; Lüscher, B.; Hottiger, M.O. SIRT2 regulates NF-κB dependent gene
expression through deacetylation of p65 Lys310. J. Cell Sci. 2010, 15, 4251–4258. [CrossRef] [PubMed]

21. Costantino, S.; Paneni, F.; Cosentino, F. Targeting chromatin remodeling to prevent cardiovascular disease in
diabetes. Curr. Pharm. Biotechnol. 2015, 16, 531–543. [CrossRef] [PubMed]

22. Brasacchio, D.; Okabe, J.; Tikellis, C.; Balcerczyk, A.; George, P.; Baker, E.K.; Calkin, A.C.; Brownlee, M.;
Cooper, M.E.; El-Osta, A. Hyperglycemia Induces a Dynamic Cooperativity of Histone Methylase and
Demethylase Enzymes Associated with Gene-Activating Epigenetic Marks That Coexist on the Lysine Tail.
Diabetes 2009, 58, 1229–1236. [CrossRef] [PubMed]

23. Wegner, M.; Neddermann, D.; Piorunska-Stolzmann, M.; Jagodzinski, P.P. Role of epigenetic mechanisms in
the development of chronic complications of diabetes. Diabetes Res. Clin. Pract. 2014, 105, 164–175. [CrossRef]
[PubMed]

24. Massy, Z.A.; Pietrement, C.; Touré, F. Reconsidering the Lack of Urea Toxicity in Dialysis Patients. Semin. Dial.
2016, 29, 333–337. [CrossRef] [PubMed]

25. Giardino, I.; D’Apolito, M.; Brownlee, M.; Maffione, A.B.; Colia, A.L.; Sacco, M.; Ferrara, P.;
Pettoello-Mantovani, M. Vascular toxicity of urea, a new “old player” in the pathogenesis of chronic
renal failure induced cardiovascular diseases. Turk. Arch. Pediatr. 2017, 52, 187–193. [CrossRef] [PubMed]

26. Bernard, K.; Logsdon, N.J.; Miguel, V.; Benavides, G.A.; Zhang, J.; Carter, A.B.; Darley-Usmar, V.M.;
Thannickal, V.J. NADPH Oxidase 4 (Nox4) Suppresses Mitochondrial Biogenesis and Bioenergetics in

http://dx.doi.org/10.1161/CIRCRESAHA.110.223545
http://www.ncbi.nlm.nih.gov/pubmed/21030723
http://dx.doi.org/10.1159/000493619
http://dx.doi.org/10.1084/jem.20081188
http://www.ncbi.nlm.nih.gov/pubmed/18809715
http://dx.doi.org/10.2337/db15-0084
http://www.ncbi.nlm.nih.gov/pubmed/26294429
http://dx.doi.org/10.1016/j.atherosclerosis.2015.01.034
http://www.ncbi.nlm.nih.gov/pubmed/25682038
http://dx.doi.org/10.1016/j.atherosclerosis.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28641152
http://dx.doi.org/10.1172/JCI37672
http://www.ncbi.nlm.nih.gov/pubmed/19955654
http://dx.doi.org/10.1038/414813a
http://www.ncbi.nlm.nih.gov/pubmed/11742414
http://dx.doi.org/10.1161/01.RES.86.5.494
http://www.ncbi.nlm.nih.gov/pubmed/10720409
http://dx.doi.org/10.1113/jphysiol.2003.049478
http://www.ncbi.nlm.nih.gov/pubmed/14561818
http://www.ncbi.nlm.nih.gov/pubmed/28982845
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.491
http://www.ncbi.nlm.nih.gov/pubmed/22100972
http://dx.doi.org/10.1038/ncb3565
http://www.ncbi.nlm.nih.gov/pubmed/28628085
http://dx.doi.org/10.1242/jcs.073783
http://www.ncbi.nlm.nih.gov/pubmed/21081649
http://dx.doi.org/10.2174/138920101606150407113644
http://www.ncbi.nlm.nih.gov/pubmed/25860064
http://dx.doi.org/10.2337/db08-1666
http://www.ncbi.nlm.nih.gov/pubmed/19208907
http://dx.doi.org/10.1016/j.diabres.2014.03.019
http://www.ncbi.nlm.nih.gov/pubmed/24814876
http://dx.doi.org/10.1111/sdi.12515
http://www.ncbi.nlm.nih.gov/pubmed/27174444
http://dx.doi.org/10.5152/TurkPediatriArs.2017.6314
http://www.ncbi.nlm.nih.gov/pubmed/29483797


Toxins 2018, 10, 410 15 of 15

Lung Fibroblasts via a Nuclear Factor Erythroid-derived 2-like 2 (Nrf2)-dependent Pathway. J. Biol. Chem.
2017, 292, 3029–3038. [CrossRef] [PubMed]

27. Ide, T.; Tsutsui, H.; Hayashidani, S.; Kang, D.; Suematsu, N.; Nakamura, K.; Utsumi, H.; Hamasaki, N.;
Takeshita, A. Mitochondrial DNA damage and dysfunction associated with oxidative stress in failing hearts
after myocardial infarction. Circ. Res. 2001, 88, 529–535. [CrossRef] [PubMed]

28. Malik, A.N.; Czajka, A. Is mitochondrial DNA content a potential biomarker of mitochondrial dysfunction?
Mitochondrion 2013, 13, 481–492. [CrossRef] [PubMed]

29. Moraes, C.T.; Shanske, S.; Tritschler, H.J.; Aprille, J.R.; Andreetta, F.; Bonilla, E.; Schon, E.A.; DiMauro, S.
mtDNA depletion with variable tissue expression a novel genetic abnormality in mitochondrial diseases.
Am. J. Hum. Genet. 1991, 48, 492–501. [PubMed]

30. Bleier, L.; Wittig, I.; Heide, H.; Steger, M.; Brandt, U.; Dröse, S. Generator-specific targets of mitochondrial
reactive oxygen species. Free Radic. Biol. Med. 2015, 78, 1–10. [CrossRef] [PubMed]

31. Ballinger, S.W.; Patterson, C.; Knight-Lozano, C.A.; Burow, D.L.; Conklin, C.A.; Hu, Z.; Reuf, J.; Horaist, C.;
Lebovitz, R.; Hunter, G.C.; et al. Mitochondrial integrity and function in Atherogenesis. Circulation 2002, 106,
544–549. [CrossRef] [PubMed]

32. Yu, E.; Mercer, J.; Bennett, M. Mitochondria in vascular disease. Cardiovasc. Res. 2012, 95, 173–182. [CrossRef]
[PubMed]

33. Gamboa, J.L.; Billings, F.T., IV; Bojanowski, M.T.; Gilliam, L.A.; Yu, C.; Roshanravan, B.; Roberts, L.J., II;
Himmelfarb, J.; Ikizler, T.A.; Brown, N.J. Mitochondrial dysfunction and oxidative stress in patients with
chronic kidney disease. Physiol. Rep. 2016, 4, e12780. [CrossRef] [PubMed]

34. Yoon, C.Y.; Park, J.T.; Kee, Y.K.; Han, S.G.; Han, I.M.; Kwon, Y.E.; Park, K.S.; Lee, M.J.; Han, S.H.;
Kang, S.W.; et al. Low Mitochondrial DNA Copy Number is Associated with Adverse Clinical Outcomes in
Peritoneal Dialysis Patients. Medicine 2016, 95, e2717. [CrossRef] [PubMed]

35. Huang, M.; Wei, R.; Wang, Y.; Su, T.; Li, P.; Chen, X. The uremic toxin hippurate promotes endothelial
dysfunction via the activation of Drp1-mediated mitochondrial fission. Redox Biol. 2018, 16, 303–313.
[CrossRef] [PubMed]

36. Vanholder, R.; Massy, Z.; Argiles, A.; Spasovski, G.; Verbeke, F.; Lameire, N.; European Uremic Toxin Work
Group. Chronic kidney disease as a cause of cardiovascular morbidity and mortality. Nephrol. Dial. Transpl.
2005, 20, 1048–1056. [CrossRef] [PubMed]

37. Al-Kafaji, G.; Golbahar, J. High glucose-induced oxidative stress increases the copy number of mitochondrial
DNA in human mesangial cells. Biomed. Res. Int. 2013, 2013, 754946. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M116.752261
http://www.ncbi.nlm.nih.gov/pubmed/28049732
http://dx.doi.org/10.1161/01.RES.88.5.529
http://www.ncbi.nlm.nih.gov/pubmed/11249877
http://dx.doi.org/10.1016/j.mito.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23085537
http://www.ncbi.nlm.nih.gov/pubmed/1998336
http://dx.doi.org/10.1016/j.freeradbiomed.2014.10.511
http://www.ncbi.nlm.nih.gov/pubmed/25451644
http://dx.doi.org/10.1161/01.CIR.0000023921.93743.89
http://www.ncbi.nlm.nih.gov/pubmed/12147534
http://dx.doi.org/10.1093/cvr/cvs111
http://www.ncbi.nlm.nih.gov/pubmed/22392270
http://dx.doi.org/10.14814/phy2.12780
http://www.ncbi.nlm.nih.gov/pubmed/27162261
http://dx.doi.org/10.1097/MD.0000000000002717
http://www.ncbi.nlm.nih.gov/pubmed/26886611
http://dx.doi.org/10.1016/j.redox.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/29573704
http://dx.doi.org/10.1093/ndt/gfh813
http://www.ncbi.nlm.nih.gov/pubmed/15814534
http://dx.doi.org/10.1155/2013/754946
http://www.ncbi.nlm.nih.gov/pubmed/23984405
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Transient Exposure of Endothelial Cells to a Disease-Relevant Concentration of Urea Induces Increased Mitochondrial ROS Production That Persists for Days after Urea Is Removed 
	Cytosolic and Mitochondrial ROS Generating Mechanisms Initiate the Persistent ROS Production Induced by Transient Exposure to 20 mM Urea in Endothelial Cells 
	Urea-Induced Mitochondrial Dysfunction Maintains Persistent Mitochondrial ROS Production in Endothelial Cells after Transient Exposure to High Urea Concentrations 
	Transient Exposure to 20 mM Urea Induces a Long-Lasting Reduction of mtDNA Copy Number in Endothelial Cells 
	Transient Exposure to 20 mM Urea Causes a Long-Lasting Reduction of Electron Transport Chain Component Expression 
	Transient Exposure to 20 mM Urea Causes a Long-Lasting Dysregulation of Mitochondrial Dynamics in Human Aortic Endothelial Cells 
	Transient HU Causes Endothelial Cell Dysfunction Lasting for 2 Days Despite Urea Normalization 


	Discussion 
	Materials and Methods 
	Cell Culture Conditions 
	Adenoviral Vectors 
	NADPH Oxidase Inhibition 
	Measurement of ROS Generation 
	Determination of mtDNA Content by Real-Time Quantitative Polymerase Chain Reaction 
	RT Reaction and Real-Time Quantitative PCR 
	Statistical Analysis 

	References

