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Key points

� Patients with chronic kidney disease have a higher risk of developing cardiovascular diseases
than the general population. Their vascular endothelium is dysfunctional, among other things,
because it is permanently exposed to uraemic toxins, several of which have poor clearance by
conventional dialysis.

� Recent studies have demonstrated the important role of integrin-linked kinase (ILK) in the
maintenance of endothelial integrity and in this study we investigate the involvement of ILK
in the mechanism underlying vascular endothelial damage that occurs in uraemia.

� For the first time, we demonstrate the implication of ILK in the protection against endothelial
cell damage (inhibition of proliferation, toxicity, oxidative stress and programed cell death)
induced by uraemic serum from chronic kidney disease patients and uraemic toxins.

� This molecular mechanism may have clinical relevance because it highlights the importance
of maintaining high levels of ILK activity to help preserve endothelial integrity, at least in early
stages of chronic kidney disease.

Abstract Patients with chronic kidney disease (CKD) have a higher risk of developing cardio-
vascular diseases. Their vascular endothelium is dysfunctional, among other things, because it
is permanently exposed to uraemic toxins, several of which, mostly protein-bound compounds
such as indoxyl sulfate (IS) and p-cresyl sulphate, having poor clearance by conventional dialysis,
induce endothelial toxicity. However, the molecular mechanism by which uraemic toxins regulate
early stages of endothelial dysfunction remains unclear. Recent studies have demonstrated the
important role of integrin-linked kinase (ILK) in the maintenance of endothelial integrity. In this
study, we investigate the involvement of ILK in the mechanism underlying vascular endothelial
damage that occurs in uraemia. First, we show that incubation of EA.hy926 cells with human
uraemic serum from CKD patients upregulates ILK activity. This ILK activation also occurs when
the cells are exposed to IS (25–100 μg ml−1), p-cresol (10–100 μg ml−1) or both combined,
compared to human serum control. Next, we observed that high doses of both toxins together
induce a slight decrease in cell proliferation and increase apoptosis and reactive oxygen species
production. Interestingly, these toxic effects displayed a strong increase when the ILK protein is
knocked down by small interfering RNA, even at low doses of uraemic toxins. Abrogation of AKT
has demonstrated the ILK/AKT signalling pathway involved in these processes. This study has
demonstrated the implication of ILK in the protection against endothelial cell damage induced
by uraemic toxins, a molecular mechanism that could play a protective role in the early stages of
endothelial dysfunction observed in uraemic patients.
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Introduction

Patients with chronic kidney disease (CKD) are at higher
risk of cardiovascular diseases than the general population
(Wheeler, 1996; Parfrey & Foley, 1999). This cannot
be explained only by the high prevalence of traditional
cardiovascular risk factors such as hypertension, hyper-
lipidaemias, diabetes, smoking or left ventricular hyper-
trophy. Thus, the possible contribution of other factors,
such as endothelial dysfunction, has been studied in recent
years (Passauer et al. 2000). Maintaining the functional
integrity of the endothelium is important in the pre-
vention of vascular diseases (Ross, 1993). Under physio-
logical conditions, endothelial lesions can be repaired by
proliferation and migration of different reparative cells
and also by circulating endothelial populations such as
endothelial progenitor cells (EPCs) (Sabatier et al. 2009;
Rabelink et al. 2010). Chronic exposure to vascular risk
factors alters the regulatory properties of the endothelium,
which progresses toward a pro-inflammatory pattern,
senescence and apoptosis (Ross, 1993). In fact, there is
a body of evidence indicating that endothelial dysfunction
begins early in the progression of CKD, especially as a
result of an imbalance between endothelial damage and
repair (Stam et al. 2006; Jourde-Chiche et al. 2011).

CKD often evolves to chronic renal failure. In the
final stages, a clinical situation in which the internal
environment is completely altered, known as uraemia,
is reached (Rodriguez-Puyol & Praga, 1998). The end-
othelium of patients with CKD is therefore permanently
exposed to uraemic toxins. A uraemic environment
promotes endothelial damage, suggesting an involvement
of uraemia-specific factors in this process (Jourde-Chiche
et al. 2011). Uraemic toxins are classified into three groups:
water-soluble molecules with low molecular weight such
as urea, middle molecules and protein-bound uraemic
toxins (Vanholder et al. 2003). The last named are poorly
eliminated by conventional haemodialysis (Vanholder
et al. 2003; Jourde-Chiche et al. 2009). Several uraemic
toxins, mostly protein-bound compounds such as indoxyl
sulfate (IS) and p-cresyl sulfate, the main circulating form
of p-cresol (pc), have specific endothelial toxicity (Dou
et al. 2004; Meijers et al. 2009; Adelibieke et al. 2013) and
have recently emerged as the likely pathogens inducing

endothelial dysfunction in CKD (Günthner et al. 2009;
Liabeuf et al. 2010). In this regard, it has been observed that
removing uraemic toxins improves endothelial function
and repair by decreasing endothelial microparticles and
increasing EPCs (Ramı́rez et al. 2002; De Groot et al. 2004).

However, the mechanisms by which increased uraemia
might influence endothelial cells, and especially the early
responses of endothelial cell injury, are still not well under-
stood.

Endothelial cell dysfunction is a consequence of
a different expression pattern of several intracellular
signalling pathways. In the cardiovascular system,
integrins are the molecules that propagate signals from
outside the cell by binding to the extracellular matrix
and the cytoskeleton (Alenghat & Ingber, 2002). In this
way, integrin linked kinase (ILK) is a key component
of the integrin signalling complex that functions as an
intracellular scaffold molecule and as a kinase that links
the cell-adhesion receptors, integrins and growth factors
to the actin cytoskeleton and to a range of signalling
pathways (Hannigan et al. 1996; Wu & Dedhar, 2001;
Legate et al. 2006). ILK-mediated signalling proteins
include protein kinase B (PKB/AKT), glycogen synthase
kinase 3β (GSK-3β) and mitogen-activated protein
kinases (MAPKs) (Boulter & Van Obberghen-Schilling,
2006). ILK regulates signalling pathways for cell
adhesion-mediated cell survival (anoikis), apoptosis,
proliferation and mitosis, migration, invasion, and
vascularization and tumour angiogenesis (Hannigan et al.
2011).

It has been observed that endothelial ILK plays a
critical role in vascular vessel integrity and angiogenesis,
is essential for extracellular matrix and endothelial cell
interaction, confers key survival signals to mature end-
othelium and regulates the recruitment and survival
of EPCs (Friedrich et al. 2004; Kaneko et al. 2004;
Cho et al. 2005). However, despite its importance, the
involvement of ILK in endothelial dysfunction in the
CKD pathophysiological context has not been analysed
in depth. Therefore, the present study has been designed
to investigate if the ILK protein is involved in uraemic
serum or uraemic toxin-induced endothelial cell damage.
We clearly demonstrate that the initial response of end-
othelial cells to uraemic serum from patients with CKD
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or uraemic toxins involves ILK/AKT pathway activation
and suggest a relevant role of this molecular mechanism
of protection against endothelial cell damage induced by
uraemic toxins in its early stages.

Methods

Ethical approval

The project was approved by the Ethical Committee
of Renal Research of the Spanish biobank network
(National Register Number 0000931). Informed consent
was obtained in writing from all patients after institutional
approval. The studies conformed to the standards set by
the latest revision of the Declaration of Helsinki.

Drugs and other reagents

Uraemic solutes pc and IS were obtained from Sigma
Chemical Company (St Louis, MO, USA). Primary anti-
bodies against ILK, GSK-3β, P-GSK-3β, AKT and P-AKT
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Anti-rabbit secondary antibody was purchased
from Dako (Barcelona, Spain) and anti-goat secondary
antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). All antibody dilutions were
1:500 or 1:5000. Enhanced chemiluminescent reagent
and X-ray films were from Thermo Fisher Scientific
(Waltham, MA, USA). 5-Bromo-2′-deoxy-uridine (BrdU)
was from Roche (Meyland, France). Fluorescein iso-
thiocyanate (FITC)-conjugated anti-BrdU was from
Becton-Dickinson (San José, CA, USA). Specific
Signal-Silencer AKT small interfering RNA (siRNA),
targets AKT1 and AKT2 and the GSK-3 fusion
protein were purchased from Cell Signaling Technology.
Silencer negative control #1 siRNA was from
Ambion, Inc. (Austin, TX, USA), and ILK-specific
siRNA was from Bionova Cientı́fica (Barcelona,
Spain). ReliaBLOT Block and the ReliaBLOT HRP
Conjugated were from Bethyl Laboratories, Inc.
(Montgomery, TX, USA). The fluorescent probe
dichlorodihydrofluorescein-diacetate (H2DCFDA) was
from Molecular Probes (Life Technologies, Paisley, UK).
Antibiotics, lipofectamine, opti-MEM and RPMI medium
were from Invitrogen (Life Technologies). Dulbecco’s
modified Eagle’s medium and fetal bovine serum (FBS)
were from Lonza (Basel, Switzerland). All reagents were
prepared in DMSO so that the final concentration was
<0.1%. Other antibodies and reagents were from Sigma
Chemical Company.

Human uraemic serum

Serum samples were obtained from the Spanish biobank
network (National Register Number 0000931). Twenty-six

CKD stage 4–5 patients undergoing conservative
treatment (14 females, 12 men) with a mean age of
73.7 years (range: 45–79 years) were selected. Renal
function was calculated per the Modification of Diet
in Renal Disease 7 (MDR-D7) protocol, and creatinine
clearance (ClCr) was 21.3 ± 5.1 ml min–1 (range:
14–24). The criterion for patient selection was: absence
of inflammatory disease, acute or chronic infection,
autoimmune diseases, hepatic insufficiency, diabetes or
malignancy; and non-smokers. Serum samples were
frozen at −80°C until analysis. To minimize differences
between patients, serum samples were pooled for the
experiments (uraemic serum). Human autologous serum
(AB serum; BioWhittaker, Walkersville, MD, USA) was
used as control (normal serum).

Uraemic toxins

Uraemic toxins were tested at concentrations in the
uraemic range. p-Cresol was diluted from a stock solution
prepared in methanol and IS was diluted from stock
solutions prepared in water. Solutes were diluted at
least 1:500 in culture medium to reach mean uraemic
concentrations. Uraemic solutes were compared with their
respective controls (methanol or water).

Cell culture and treatments

The permanent human endothelial cell line (EA.hy926),
established by fusion of human umbilical vein endothelial
cells (HUVECs) and the adenocarcinoma epithelial cell
line A549 (Edgell et al. 1983), was obtained from ATCC.
Cells were maintained in culture medium supplemented
with 20 mM L-glutamine and antibiotics (penicillin,
100 U ml−1; streptomycin, 100 mg ml−1) and 10%
fetal bovine serum. Cultures from passages 2–10 were
used. HUVECs were obtained from umbilical cord vein
by collagenase digestion, as previously described (Dou
et al. 2004). For the experiments, subconfluent cells were
serum-deprived for 24 h and incubated with the different
treatments at variable concentrations and times (see figure
legends).

Western blot analysis

Cell samples were lysated in a solution containing 150 mM

NaCl, 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1%
deoxycholic acid, 0.1% SDS, 1% Triton X-100 and
protease inhibitors 1 mM phenylmethylsulphonylfluoride,
10 mg ml−1 aprotinin, 2 mg ml−1 leupeptin and the
phosphatase inhibitor 0.2 mM NaVO4. Cell proteins
(30–40 μg) were run in an 8–10% SDS–polyacrylamide
gel, transferred onto a nitrocellulose membrane
(Trans-Blot Transfer Medium, Bio-Rad, CA, USA) and
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incubated overnight at 4°C with specific antibodies as
previously described (Gonzalez-Ramos et al. 2013). This
incubation was followed by a second incubation with a
peroxidase-conjugated secondary antibody and immuno-
reactive products were detected by chemiluminescence
using the enhanced chemiluminescent Western blotting
detection reagents (Amersham Biosciences, Amersham,
UK) following the protocol provided by the manufacturer.

Endothelial cell proliferation assay by
BrdU incorporation

Endothelial cell proliferation was assessed by BrdU
incorporation into cellular DNA according to the
manufacturer’s instructions (see below). After treatments,
BrdU was added for 2 h. The level of BrdU cell
incorporation was detected in labelling cells with
propidium iodine (PI) and FITC-conjugated anti-BrdU
monoclonal antibodies, analysed on a FACScan flow cyto-
meter (Becton-Dickinson), at 488 nm.

Endothelial cell proliferation assay by proliferating
cell nuclear antigen (PCNA) expression

The expression of PCNA was measured by flow cyto-
metry and confocal immunofluorescence, according to the
manufacturer’s instructions (see below).

For flow cytometry, adherent cells were collected after
treatment, washed with PBS and fixed with 70% ice-cold
ethanol (2 h, −20°C). Cells were washed twice with
ice-cold staining buffer (PBS with 1% FBS, 0,09% NaN3)
and incubated with 20 μl FITC-conjugated anti-PCNA
antibody or FITC isotype control (Becton-Dickinson) for
30 min, in the dark. Cells were washed twice and, after
cellular DNA staining with 5 ng ml−1 PI dissolved in
PBS, they were analysed on a FACScan flow cytometer.
FITC fluorescence signal was measured in PI-negative
cells and PCNA expression level was estimated using the
mean fluorescence intensity of the cell population. Data
were analysed with WinMDI software (Scripps Research
Institute, La Jolla, CA, USA).

Confocal immunofluorescence experiments were
performed in cells fixed with ice cold methanol,
using a monoclonal antibody against PCNA (1:100,
Proliferating Cell Nuclear Antigen, PC10, Santa
Cruz Biotechnology) and a secondary antibody,
Alexa Fluor 647 goat-anti-mouse IgG (1:300, Life
Technologies). Cell nuclei were identified by staining
with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma).
Samples were analysed using a LEICA TCS-SP5 confocal
micro-scope (Leica Microsystems, Wetzlar, Germany).
Pictures were obtained and fluorescence intensity
was measured by densitometry using ImageJ software
(http://rsbweb.nih.gov/ij/).

Endothelial viability assay

The effect of uraemic serum or solutes on cell viability
was determined by Trypan Blue exclusion. In brief,
EA.hy926 cells cultured on six-well culture plates were
incubated for 24 or 48 h with treatments or with their
respective controls. Endothelial cells were then detached
with trypsin-EDTA solution, Trypan Blue solution was
added and the percentage of cells excluding Trypan Blue
was determined.

Metabolic activity assay

After treatment, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) stock solution
in PBS was added to the culture (final concentration
0.5 mg ml−1) and cells were incubated (2.5 h, 37°C).
Formazan crystals were dissolved in 0.1 M HCl in iso-
propanol, and absorbance was measured on a microplate
reader (test wavelength 570 nm, reference wavelength
690 nm).

Quantification of sub-G1 DNA content by
flow cytometry

Quantification of apoptotic cells was carried out by
measurement of the fraction of cells with sub-G1 DNA
content by flow cytometry analysis after PI staining.
Adherent and floating cells were collected after treatment,
washed with ice-cold PBS, and fixed with 70% ice-cold
ethanol (30 min, 4°C). Cells were washed twice with PBS
and treated with RNAse (1 mg ml−1; 30 min, 37°C). After
staining of cellular DNA with 5 ng ml−1 PI dissolved in
PBS, cells were analysed on a FACScan flow cytometer.
Percentages of cells in different cell cycle phases were
calculated from DNA histograms. Cells with sub-G1 DNA
content were considered apoptotic.

Assessment of apoptosis by Annexin V and PI staining

Apoptosis was also detected using an Annexin V-FITC
Apoptosis Detection Kit (Calbiochem, La Jolla, CA, USA).
Briefly, cells were double stained with annexin V-FITC
and PI, following manufacturer’s instructions. Staining
was measured by flow cytometry on the FACScan and the
distribution of cells was analysed using CellQuest software
(Becton-Dickinson). Data from 10,000 cells were collected
for each data file. Early apoptosis was defined as Annexin
V-FITC-positive and PI-negative cells, and late apoptosis
was defined as double positive Annexin V-FITC+/PI+
staining.
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siRNA transfection

To deplete expression of AKT or ILK protein by
specific siRNA, oligonucleotides cells were seeded 24 h
before transfection. Cells were transfected in 1 ml of

opti-MEM with 100 nM siRNA or Silencer-negative
control (Scrambled RNA) using LipofectAMINE. After
8 h incubation with the RNA complex, 1 ml of medium
containing FBS was added. The cells were treated as
indicated.
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Figure 1. Uraemic serum up-regulates ILK activity in EA.hy926 cells and HUVECs
A and B, EA.hy926 cells were incubated in medium supplemented with different normal serum (NS) or uraemic
serum (US) concentrations for 24 h (A) or with 2.5% NS or US during different times (B). C, HUVECs were incubated
in medium supplemented with 2.5% NS or 1–10% US for 24 h. Representative Western blots of phosphorylated
GSK-3β in the serine-9 residue (P-GSK-3β) or ILK are shown. Total GSK-3β or GAPDH levels were determined as
their respective endogenous controls. Bars represent the normalized densitometric analysis of the blots against
the endogenous control values. All the values are represented as mean ± SEM of five independent experiments.
∗P < 0.05 vs. NS (CT serum-depleted cells, 24 h).
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ILK activity measurement

ILK activity in human mesangial cells extracts was
determined using an immunoprecipitation in vitro kinase
assay (Del Nogal et al. 2012). Briefly, 300 μg of extracted
cell proteins were immunoprecipitated with an anti-ILK
antibody. GSK-3β fusion protein was used as the ILK
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Figure 2. Uraemic toxins increase ILK activity in EA.hy926 cells
Cells were incubated in medium supplemented with 2.5% normal
serum (NS) plus p-cresol (pc; 10, 50 or 100 μg ml−1) or indoxyl
sulfate (IS; 10, 25, 50 and 100 μg ml−1) for 24 h (A) or with 2.5%
NS plus pc (10 μg ml−1) or IS (25 μg ml−1) for different times (B).
Representative Western blots of phosphorylated GSK-3β in the
serine-9 residue (P-GSK-3β) or ILK are shown. Total GSK-3β or
GAPDH levels were determined as their respective endogenous
control. Bars represent the normalized densitometric analysis of the
blots against the endogenous control values. All the values are
represented as mean ± SEM of five independent experiments.
∗P < 0.05 vs. control (CT; 2.5% NS, 24 h).

substrate and ATP was the phosphate donor. Proteins were
run on 12% SDS-PAGE gels. Both ReliaBLOT Block and
the ReliaBLOT HRP Conjugated were used for membrane
blotting and antibody incubation following the protocol
provided by the manufacturer (Bethyl Laboratories).
Immunoreactive products were detected as previously
described and, after autoradiography, the phosphorylated
GSK-3β protein was quantified by densitometric analysis
with Scion Image software.

Reactive oxygen species (ROS) detection

ROS production was determined by two methods.
First, as described by González-Ramos et al. (2012),

H2DCFDA (5 mM) loaded cells were detached by
trypsinization after treatments and cellular fluorescence
intensity was measured on a FACScan flow cytometer
with a 488 nm argon laser. For each analysis, 10,000
events were recorded and cell viability was controlled
with PI. ROS production was estimated using the
mean fluorescence intensity of the cell population. Data
were analysed with WinMDI software (Scripps Research
Institute).

In addition, ROS production was measured by
fluorescence confocal microscopy, according to the
manufacturer’s instructions. After treatments, cells were
washed twice and loaded with 5 μM CellROX Deep
Red Reagent fluorogenic probe (Molecular Probes, Life
Technologies), by incubating them at 37°C for 1 h.
The medium was removed and cells were washed
three times with PBS. Samples were analysed using
a LEICA TCS-SP5 confocal microscope (Leica Micro-
systems) at excitation/emission of 640/665 nm (Deep
Red). Pictures were obtained and fluorescence intensity
was measured by densitometry using ImageJ software
(http://rsbweb.nih.gov/ij/).

Data analysis and statistical procedures

All values are presented as mean ± standard error of the
mean (SEM). Experiments were repeated a minimum of
three times. Comparisons between groups were performed
by using non-parametric statistics. A P value of < 0.05 was
considered significant.

Results

Uraemic serum and uraemic toxins increase ILK
activity in endothelial cells

First, we tested the effect of uraemic serum on ILK
expression levels or activation by performing dose and
time–response experiments on EA.hy926 endothelial cells.
As shown in Fig. 1A and B, uraemic serum induced
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an increase in the ILK downstream effector GSK-3β

phosphorylation levels at serine-9, compared to cells
exposed to normal human serum control medium,
without changes in ILK expression levels. This increase

was significant from exposure to 2.5% serum and 2 h
of incubation. Given that most previous in vitro studies
have been carried out in HUVECs, we confirmed this
finding by incubating the cells with different percentages
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Figure 3. Combination of uraemic toxins increases ILK activity in EA.hy926 cells
A, cells were incubated in medium supplemented with 2.5% normal serum (NS) plus a combination of low
concentrations of indoxyl sulfate (IS; 25 μg ml−1) and p-cresol (pc; 10 μg ml−1) (Low IS + pc) or plus a combination
of high concentrations of IS (100 μg ml−1) and pc (100 μg ml−1) (High IS + pc) for different times. Representative
Western blots of phosphorylated GSK-3β in the serine-9 residue (P-GSK-3β) or ILK are shown. Total GSK-3β or
GAPDH levels were determined as endogenous control. B, cells were incubated in medium supplemented with
2.5% NS plus IS (25 or 100 μg ml−1), pc (10 or 100 μg ml−1), Low (IS + pc) or High (IS + pc), for 24 h. In vitro
kinase activity of ILK was determined in cell lysates, by immunoprecipitation of ILK followed by incubation with a
fixed amount of exogenous GSK-3 protein-fusion as substrate. Levels of xogenous GSK-3 protein phosphorylation
in the serine-9 residue (P-GSK-3β) were measured by Western blot and equal ILK loading was confirmed. C, cells
were depleted of ILK with specific siRNA (100 nM) and treated afterwards as in A for 24 h. Representative Western
blots of phosphorylated GSK-3β in the serine-9 residue (P-GSK-3β) or ILK are shown. Total GSK-3β or GAPDH
levels were determined as endogenous control. Bars represent the normalized densitometric analysis of the blots
against the endogenous control (A and C) or ILK (B) values. All values are represented as mean ± SEM of six
independent experiments. ∗P < 0.05 vs. control (CT; 2.5% NS, 24 h), ∗∗P < 0.05 vs. Low (IS + pc), #P < 0.05 vs.
Sc.
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of serum for 24 h. We observed the same effect on
GSK-3β phosphorylation in a dose-dependent manner,
with no changes observed in ILK cellular content (Fig.
1C). Thus, we decided to use the EA.hy926 endothelial
cell line as a cellular model. Next, we tested the ability
of two uraemic retention solutes, IS and pc, to increase
ILK activity in EA.hy926 cells. As shown in Fig. 2A
and B, IS (25–100 μg ml−1) and pc (10–100 μg ml−1)
(acting as a surrogate of the main in vivo metabolite,

p-cresyl sulfate) induced both rapid and sustained GSK-3β

phosphorylation when they were added to cells growing in
normal human serum (2.5%). Moreover, the exposure of
cells to a combination of both toxins at low concentration
(IS (25 μg ml−1) plus pc (10 μg ml−1)) or high
concentration (IS plus pc (100 μg ml−1 each)) induced an
additive effect in GSK-3β phosphorylation after 2–24 h of
treatment. All these effects were dose- and time-dependent
and reached maximum at high doses of both toxins
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Figure 4. Role of ILK in the EA.hy926 cell proliferation
decrease induced by uraemic toxins
A, cells were incubated in medium supplemented with normal
serum (NS, dark grey bars) (10%) or uraemic serum (light grey
bars) (10%) for 24 and 48 h. B, cells were incubated in
medium supplemented with 2.5% NS plus indoxyl sulfate (IS;
25 or 100 μg ml−1), p-cresol (pc; 10 or 100 μg ml−1), a
combination of low concentrations of IS (25 μg ml−1) and pc
(10 μg ml−1) (Low IS + pc) or plus a combination of high
concentrations of IS (100 μg ml−1) and pc (100 μg ml−1) (High
IS + pc) for 24 h. ∗∗P < 0.05 vs. Low (IS + pc). C and D, cells
were depleted of ILK with specific siRNA (open bars) (100 nM)
and treated afterwards with IS (25 μg ml−1), pc (10 μg ml−1)
or both, for 24 h. Scrambled RNA (Sc) (filled bars) was used as
control. After incubation, endothelial cell proliferation was
measured by cytometric analysis of BrdU incorporation (C) or
by cytometric analysis of PCNA expression levels, measured by
fluorescence intensity of labelled cells with an FITC-conjugated
antibody (D) and calculated as percentage of fluorescence
intensity versus control (CT; 2.5% NS, 24 h). Data are expressed
as mean ± SEM of six independent experiments. ∗P < 0.05 vs.
control (CT; 2.5% NS, 24 h); #P < 0.05 vs. Sc. Representative
Western blot of total ILK levels to check its depletion, and
GAPDH levels as endogenous control are shown in C. E, after
incubation as in C and D, nuclear PCNA expression (red) was
determined by confocal microscopy. Nuclei were stained with
DAPI (blue). A representative experiment is shown. Bar graphs
represent the densitometric analysis of the fluorescence of 20
cells of six independent experiments. The results are expressed
as a percentage of nuclear fluorescence intensity versus
scrambled untreated control (Sc (CT); 2.5% NS, 24 h) and are
the mean ± SEM of six different experiments. ∗P < 0.05 vs. Sc
(CT); #P < 0.05 vs. Sc + (IS +pc).
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together (Fig. 3A), without changes in ILK content.
Furthermore, because GSK-3β protein may be targeted
by other kinases, the ability of uraemic toxins alone or
combined to increase specific ILK activity was tested
by in vitro analysis of immunoprecipitated ILK activity,
measured as capacity to phosphorylate GSK-3β fusion
protein (Fig. 3B). In addition, we confirmed that the
increased phosphorylation of GSK-3β is ILK-dependent
because it is completely abolished when ILK is knocked
down by ILK siRNA, as measured by Western blotting

(Fig. 3C). Thereby, these results strongly confirmed the
specific ILK activity.

ILK protein plays a protective role in uraemic
toxin-dependent induction of cell proliferation and
viability decrease and apoptosis increase of EA.hy926
endothelial cells

The effect of uraemic serum in cell proliferation was
analysed by BrdU incorporation into cellular DNA.
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Incubation with uraemic serum (2.5%, 24 and 48 h)
decreased cellular proliferation compared with normal
serum (Fig. 4A). Next, to determine the specific biological
activity of uraemic toxins, EA.hy926 cells were exposed to
different concentrations of IS and pc alone or combined
for 24 h. As shown in Fig. 4B, only exposure of cells to high
doses of IS or pc, or both together, significantly decreased
cell proliferation. Interestingly, the cells displayed a strong

decrease in cell proliferation when the ILK protein was
knocked down by siRNA at low doses of IS and pc (Fig. 4C),
something that also occurred at high doses (data not
shown). Furthermore, we confirmed that the effect of
uraemic toxins on proliferation is specifically affected by
ILK siRNA, by a second method, measuring the expression
of the S-phase marker PCNA both by flow cytometry
and confocal immunofluorescence (Fig.4D and E). To
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Figure 5. Role of ILK in the EA.hy926 cell
viability decrease induced by uraemic toxins
A, cells were incubated in medium supplemented
with normal serum (NS, dark grey bars) (10%) or
uraemic serum (light grey bars) (10%) for 24 and
48 h. B, cells were incubated in medium
supplemented with 2.5% NS plus indoxyl sulfate (IS;
25 or 100 μg ml−1), p-cresol (pc; 10 or
100 μg ml−1), a combination of low concentrations
of IS (25 μg ml−1) and pc (10 μg ml−1) (Low IS + pc)
or plus a combination of high concentrations of IS
(100 μg ml−1) and pc (100 μg ml−1) (High IS + pc)
for 24 h. After incubation, endothelial cell viability
was determined by Trypan Blue exclusion.
∗∗P < 0.05 vs. Low (IS + pc). C, cells were depleted
of ILK with specific siRNA (open bars) (100 nM) and
treated afterwards with IS (25 μg ml−1), pc
(10 μg ml−1) or both, for 24 h. Scrambled RNA (Sc)
(filled bars) was used as control. After incubation,
endothelial cell viability was measured by MTT assay.
Data are expressed as mean ± SEM of six
independent experiments. ∗P < 0.05 vs. control (CT;
2.5% NS, 24 h); #P < 0.05 vs. Sc.
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investigate whether uraemic serum or uraemic toxins
would affect endothelial cell viability, the effect of these
compounds was determined by Tripan Blue exclusion.
Again, after 24 or 48 h, endothelial cell viability was

impaired by the uraemic serum (Fig. 5A). Likewise, cell
viability was significantly reduced in cells incubated with
high doses of IS or pc or both together for 24 h (Fig.
5B). The effect of ILK was confirmed in cells abrogated by
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Figure 6. Role of ILK in the EA.hy926 cell uraemic toxin-induced apoptosis
A, cells were incubated in medium supplemented with normal serum (NS, dark grey bars) (10%) or uraemic serum
(light grey bars) (10%) for 24 and 48 h. B, cells were incubated in medium supplemented with 2.5% NS plus
indoxyl sulfate (IS; 25 or 100 μg ml−1), p-cresol (pc; 10 or 100 μg ml−1), a combination of low concentrations of IS
(25 μg ml−1) and pc (10 μg ml−1) (Low IS + pc) or plus a combination of high concentrations of IS (100 μg ml−1)
and pc (100 μg ml−1) (High IS + pc) for 24 h. ∗∗P < 0.05 vs. Low (IS + pc). C, cells were depleted of ILK with
specific siRNA (open bars) (100 nM) and treated afterwards with IS (25 μg ml−1), pc (10 μg ml−1) or both, for 24 h.
Scrambled RNA (Sc) (filled bars) was used as control. After incubation, apoptosis was determined in PI-stained cells
and analysed by flow cytometry. Representative graphs are shown. Data are expressed as mean ± SEM of seven
independent experiments. ∗P < 0.05 vs. control (CT; 2.5% NS, 24 h); #P < 0.05 vs. Sc.
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specific ILK siRNA, in which cell proliferation and viability
determined using the MTT assay were significantly
reduced at low doses of IS and pc (Fig. 5C) as well as
at high doses (data not shown). Next, the percentage of
hypodiploid apoptotic cells was analysed by flow cyto-
metry. Apoptosis levels produced by uraemic serum were
low (Fig. 6A) and IS, pc or both together induced a slight
increase in the percentage of apoptotic cells, at either
24 h (Fig. 6B) or 48 h (data not shown), with increased
cytotoxicity at higher concentrations and combinations
of toxins (Fig. 6B). ILK depletion substantially increased
the apoptosis induced by low doses of uraemic toxins
(Fig. 6C). As expected, this increase was also significant
at high doses (data not shown). Taken together, these
data suggest that upregulation of the ILK pathway by
uraemic toxins activates a mechanism of protection
against a decrease in cell proliferation and viability and

increase in apoptosis induced by IS and pc in EA.hy926
cells.

ILK protects against both apoptosis and ROS
production induced by uraemic toxins via activation
of the AKT protein pathway

Next, because ILK has been shown to directly activate
AKT through phosphorylation on Ser473 (Persad et al.
2001), to analyse the mechanism by which ILK protects
against apoptosis induction by uraemic toxins, we tested
the possible effect of AKT. As shown in Fig. 7A, a significant
increase in AKT phosphorylation at Ser473 was induced
by uraemic toxins, and ILK depletion completely blocked
the increase in AKT phosphorylation, demonstrating the
importance of ILK as an upstream mediator of this
effect. AKT knockdown by specific siRNA promoted
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Figure 7. AKT activation is involved in ILK
protection against uraemic toxin-induced
apoptosis of EA.hy926 cells
A, cells were depleted of ILK with specific siRNA
(100 nM) and afterwards incubated in medium
supplemented with 2.5% normal serum (NS) plus a
combination of low concentrations of indoxyl
sulfate (25 μg ml−1) and p-cresol (10 μg ml−1)
(Low IS + pc) or plus a combination of high
concentrations of IS (100 μg ml−1) and pc
(100 μg ml−1) (High IS + pc) for 24 h. Scrambled
RNA (Sc) was used as control. Representative
Western blots of phosphorylated AKT in the
serine-473 residue (P-AKT (Ser473)) and total AKT
as control are shown. Bars represent the normalized
densitometric analysis of blots against control
values. B and C, cells were depleted of AKT with
specific siRNA (open bars) (100 nM) and treated
afterwards with IS (25 μg ml−1), pc (10 μg ml−1) or
both, for 24 h. Scrambled RNA (Sc) (filled bars) was
used as control. After incubation, apoptosis was
determined in PI-stained cells and analysed by flow
cytometry (B) or cells were stained with annexin
V-FITC and PI, followed by flow cytometry analysis
(C). Some results are shown by representative dot
plots. Data are expressed as mean ± SEM of five
independent experiments. ∗P < 0.05 vs. control
(CT; 2.5% NS, 24 h); #P < 0.05 vs. Sc.
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an increase of apoptosis in uraemic toxin-treated cells,
measured by flow cytometry as the percentage of the
sub-G1 hypodiploid cell population (Fig. 7B) and verified
by determining the level of phosphatidyl serine exposed
outside the cell membrane by labelling with Annexin

V-FITC (Fig. 7C). These findings support the involvement
of this protein in the protective effect of ILK from
the uraemic toxin-induced apoptosis. Finally, we tested
whether ROS were augmented, as previously described
for HUVECs (Dou et al. 2007; Carracedo et al. 2013).
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Uremic serum (Fig. 8A) and uraemic toxins (Fig. 8B–D)
produced a moderate increase in ROS production, which
significantly increased when ILK (Fig. 8B and C) or
AKT (Fig. 8B and D) proteins were abrogated by specific
siRNAs, even in cells that were treated with low doses of
uraemic toxins.

The present results suggest that in early stages of
CKD, ILK activation protects against apoptosis and ROS
production induced by uraemic toxins via an ILK/AKT
signalling pathway.

Discussion

The main finding of this study has been ILK as a
potential mediator that prevents early stages of endothelial
damage induced by uraemic toxins in CKD. The ILK/AKT
pathway protects endothelial cells against decreases in cell
proliferation and viability and increases in apoptosis and
ROS production induced by uraemic toxins. Therefore,
the maintenance of high levels of ILK activity appears as a
possible therapeutic target in the treatment of CKD.

Several studies have indicated the contribution of
uraemic toxins present in the serum of CKD patients
to endothelial dysfunction, although the mechanisms
involved remain obscure (Dou et al. 2004; Tumur & Niwa,
2009; Adelibieke et al. 2013).

Our first approach was to investigate the effect of ILK in
serum derived from patients with CKD on endothelial
cells. Interestingly, with uraemic serum we observed a
dose- and time-dependent increase in ILK activity. There is
a body of evidence indicating that ILK plays a critical role
in vascular development through integrin–matrix inter-
actions and endothelial cell survival (Friedrich et al. 2004;
Kaneko et al. 2004; Cho et al. 2005) and, in addition,
transgenic mouse models demonstrate the important
role of ILK in vascular development (Boulter & Van
Obberghen-Schilling, 2006; Kogata et al. 2009). Moreover,
our group has recently demonstrated the relevance of
ILK function in the regulation of endothelial nitric oxide

production and vasomotor tone (Herranz et al. 2012).
The present results support that ILK activation induced
by uraemic serum may mediate protection against end-
othelial damage in CKD.

Moreover, the uraemic serum induced a slight decrease
in cell proliferation and viability and increased cellular
apoptosis, compared to normal serum. Differences
between our and previously obtained results may be
explained because, to our knowledge, all previous studies
used HUVECs (Serradell et al. 2003; Zafeiropoulou
et al. 2012; Carracedo et al. 2013). Furthermore, some
authors used increased levels or longer times of uraemic
serum exposition, with no apoptosis, accelerating the
proliferation observed (Serradell et al. 2003). Other
reports provided similar information by comparing end-
othelial cell toxicity of uraemic serum derived from
patients before or after haemodialysis (Zafeiropoulou
et al. 2012). Furthermore, we observed an increased ROS
production, as previously reported (Carracedo et al. 2013).

Next, we investigated the direct participation of uraemic
toxins in endothelial cell damage induced by uraemic
serum. We evaluated the effect of two protein-bound
uraemic toxins, IS and pc (acting as a surrogate of p-cresyl
sulphate (p-CS)), which have specific endothelial toxicity
(Dou et al. 2004; Meijers et al. 2009; Zhu et al. 2012). The
accumulation of these compounds represents a serious
clinical problem in CKD patients, as their removal by
conventional haemodialysis is low because they do not
diffuse through the dialysis membrane (Jourde-Chiche
et al. 2009). Based on previous reports, the concentrations
of the uraemic solutes used in this study (1–100 μg ml−1)
are in the range of those reported in CKD (Duranton
et al. 2012; Zhu et al. 2012). It has been observed that
in CKD patients, serum levels of IS and pc increased by
approximately 50- to 90-fold (Niwa et al. 1988; Vanholder
et al. 2003) and10-fold (De Smet et al. 1998), respectively.
In this regard, Itoh et al. (2012) measured uraemic toxins in
haemodialysis patients by liquid chromatography/tandem
mass spectrometry. The authors observed that the total

A, cells were incubated in medium supplemented with normal serum (NS, dark grey bars) (10%) or uraemic serum
(light grey bars) (10%) for 24 and 48 h. After incubation, intracellular ROS production was determined by flow
cytometry using 5 mM H2DCFDA probe, calculated as the percentage of fluorescence intensity versus normal
serum. ∗P < 0.05 vs. NS. B, cells were depleted of ILK (open bars) or AKT (light grey bars) with specific siRNA
(100 nM) and afterwards were incubated in medium supplemented with 2.5% NS plus indoxyl sulfate (IS; 25
or 100 μg ml−1), p-cresol (pc; 10 or 100 μg ml−1) or a combination of low concentrations of IS (25 μg ml−1)
and pc (10 μg ml−1) (IS + pc) for 24 h. Scrambled RNA (Sc) (filled bars) was used as control. After incubation,
intracellular ROS production was determined by flow cytometry using 5 mM H2DCFDA probe, calculated as the
percentage of fluorescence intensity versus control (CT; 2.5% NS, 24 h). Data are expressed as mean ± SEM of five
independent experiments. ∗P < 0.05 vs. control; #P < 0.05 vs. Sc. C and D, cells were depleted of ILK (C) or AKT (D)
with specific siRNA (100 nM) and afterwards they were incubated in medium supplemented with 2.5% NS and a
combination of low concentrations of IS (25 μg ml−1) and pc (10 μg ml−1) (IS + pc) for 24 h. Scrambled RNA (Sc)
was used as control. After incubation, intracellular ROS production was determined by confocal microscopy, using
5 μM CellROX Deep Red Reagent fluorogenic probe. A representative experiment is shown. Data represent the
densitometric analysis of the fluorescence of 20 cells of six independent experiments. The results are expressed as
a percentage of scrambled untreated control and are the mean ± SEM of the mean from six different experiments.
∗P < 0.05 vs. Sc (CT); #P < 0.05 vs. Sc + (IS +pc).
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serum levels of IS and p-CS in healthy volunteers were
0.5 ± 0.1 and 2.2 ± 0.9 μg ml−1 and in serum samples
obtained from 45 haemodialysis patients were 29.9 ± 1.8
and 37.1 ± 2.8 μg ml−1, respectively. In addition, a recent
study from the European Uremic Toxin Work Group
has reported that total serum levels of IS and p-CS in
the haemodialysis population reached up to 236 and
105μg ml−1, respectively (Vanholder et al. 2003; Duranton
et al. 2012). In respect to the values in patients with
non-dialysis CKD, of which there is little information,
an analysis of 10 CKD Stage 5 patients found 16% of
patients had values >46 μg ml−1 p-CS (Eloot et al. 2011)
and another study with 70 stable CKD patients (stages 3–5)
showed IS concentrations >4.9 μg ml−1 in 55% of patients
(Lin et al. 2012). Moreover, higher levels of IS and p-CS in
CKD Stage 1–5 progressors versus non-progressors were
observed (Wu et al. 2011). In addition, we explored the
additive effect of the combination of both toxins, finding
synergistic effects when tested together, as previously
observed in p-CS combined with the p-cresylglucoronide
(Meert et al. 2012), the other conjugate of pc, in in vitro
assays, in contrast to other experimental in vivo findings
(Pletinck et al. 2013).

Our results with both uraemic toxins clearly
demonstrated a quick and significant increase in
ILK activity and suggested this kinase is involved
in the protection against many forms of endothelial
damage observed: a reduction in cell proliferation
and viability corresponded to an increase in apoptosis
levels. Furthermore, uraemic toxins induced endothelial
oxidative stress, reflected by increased ROS production
(Dou et al. 2007; Tumur & Niwa, 2009; Adelibieke et al.
2012; Itoh et al. 2012). We found a slight increase in ROS
production in cells exposed to high concentrations or
both uraemic toxins combined. In addition, we rejected
the possibility that these observed ROS increases were
the causes of ILK activity upregulation, as we previously

described in H2O2-stimulated human mesangial cells
(Gonzalez-Ramos et al. 2013), as preincubation of cells
with N-acetylcysteine, an antioxidant that reduces ROS
production, did not modify increases in ILK activity
induced by uraemic toxins (data not shown).

Interestingly, even different concentrations of toxins or
both toxins combined may induce differential effects in
the cells, reaching a maximum at high concentrations or
when exposed to toxins combined. ILK was involved in the
protection against endothelial damage, as demonstrated
by the abrogation by specific siRNAs, which in turn
significantly increased these effects, most notably at
low concentrations of toxins. It is interesting that low
concentrations of uraemic toxins did not produce end-
othelial damage, which could suggest that the activation
of ILK may be sufficient to protect endothelium from
uraemia in early stages of disease development. In
advanced stages of the disease, with high concentrations
of all these retention solutes, activation of ILK was not
sufficient to prevent endothelial damage, probably due
to the intervention of other factors induced by uraemia,
especially pro-inflammatory ones, often related to ROS
increases, both in vivo (Pletinck et al. 2013) and in
vitro (Tumur & Niwa, 2009; Tumur et al. 2010; Caballo
et al. 2012). This may have clinical relevance, because it
highlights the importance of maintaining high levels of
ILK activity to help preserve endothelial integrity, at least
in early stages of CKD.

Finally, we investigated the mechanisms underlying
ILK-mediated survival after endothelial cell stimulation
by uraemic toxins. According to previous results from our
group and others, ILK phosphorylates AKT in serine 473, a
mechanism implicated in integrin-mediated survival and
gene expression regulation (Vivanco & Sawyers, 2002;
Edwards et al. 2005). Here, the implication of AKT was
demonstrated by the increase in both apoptosis and
ROS production in AKT-depleted cells. One possible
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Figure 9. Schematic representation of
the mechanisms involved in the
protective effect of the ILK/AKT pathway
in uraemic toxin-induced apoptosis and
ROS production of EA.hy926 cells
The added uraemic toxins upregulate the
ILK/AKT pathway, which provides a survival
signal protecting endothelial cells from
decreases in proliferation and increases in
apoptosis and ROS production induced by
uraemic toxins. The points of inhibition by the
different agents used in this study are shown.
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explanation for the mechanism implicated could be
activation of NFκB (Tan et al. 2002), a pivotal transcription
factor that is active in uraemia and is mainly involved in the
production of ROS, inflammation and apoptosis (Masai
et al. 2010; Tumur et al. 2010; Carracedo et al. 2013; Poveda
et al. 2013). In addition, IS has been reported to increase
NAD(P)H oxidase activity and strongly decrease levels of
intracellular glutathione, the most active non-enzymatic
antioxidant in endothelial cells (Dou et al. 2007). In
contrast to our findings, Adelibieke et al. (2013) observed
that IS inhibits erythropoietin-induced HUVEC survival
and proliferation, as well as their anti-apoptosis function
trough suppression of AKT phosphorylation. Considering
the data previously discussed above, a possible putative
model of uraemic toxin-induced ILK-mediated survival
in EA.hy926 endothelial cells can be envisaged (Fig. 9).
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Translational perspective

Uraemic retention solutes and their potential toxicity have received attention as putative promoters of
the augmented cardiovascular diseases and mortality in CKD. Because CKD is a silent pathology, often
diagnosed when it is irreversible, current therapy strategies aim to delay clinical manifestations until
the final stages of the disease. In this sense, understanding the primary responses of the endothelium
to a cytotoxic uraemic environment is of major importance for the design of efficient therapeutic
strategies.

The present work tried to elucidate the role of ILK in upregulation of endothelial cell damage
induced by uraemic toxins, as an attempt to understand the molecular mechanism underlying the
effect of uraemic toxins in the early stages of endothelial dysfunction. We found the ILK/AKT signalling
pathway as a potential survival mediator, and this has been the first study, to our knowledge, that has
demonstrated the implication of ILK activation as a possible intracellular protective mechanism that
is activated in response to cell damage caused by uraemic toxins.

This may have clinical relevance, because it highlights the importance of maintaining high levels of
ILK activity to help preserve endothelial integrity, at least in the early stages of CKD.
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