& MolecularMedicine

Renal Integrin-Linked Kinase Depletion Induces Kidney
cGMP-Axis Upregulation: Consequences on Basal and
Acutely Damaged Renal Function
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Soluble guanylyl cyclase (sGC) is activated by nitric oxide (NO) and produces cGMP, which activates cGMP-dependent
protfein kinases (PKG) and is hydrolyzed by specific phosphodiesterases (PDE). The vasodilatory and cytoprotective capacity
of cGMP-axis activation results in a therapeutic strateyy for several patholoyies. Integrin-linked kinase (ILK), a major scaffold
protein between the extracellular matrix and intracellular signaling pathways, may modulate the expression and functionality
of the cGMP-axis—related proteins. We infroduce ILK as a novel modulator in renal homeostasis as well as a potential target
for cisplatin (CIS)-induced acute kidney injury (AKI) improvement. We used an adult mice model of depletion of ILK (cKD-ILK),
which showed basal increase of sGC and PKG expressions and activities in renal cortex when compared with wildtype (WT)
littermates. Twenty-four h activation of sGC activation with NO enhanced the filtration rate in cKD-ILK. During AKI, cKD-ILK
maintained the cGMP-axis upregulation with consequent filtfration rates enhancement and ameliorated CIS-dependent tubular
epithelial-tfo-mesenchymal fransition and inflammation and markers. To emphasize the role of cGMP-axis upreyulation due to ILK
depletion, we modulated the cGMP axis under AKI in vivo and in renal cultured cells. A suboptimal dose of the PDE inhibitor ZAP
enhanced the beneficial effects of the ILK depletion in AKI mice. On the other hand, CIS increased contractility-related events
in cultured yglomerular mesangial cells and necrosis rates in cultured tubular cells; ILK depletion protected the cells while sGC
blockade with ODQ fully recovered the damagye.
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INTRODUCTION

Despite breakthroughs in basic re-
search and medical care, the therapeutic
approaches to acute kidney injury (AKI)
are unsatisfactory. The pathogenesis of
AKI involves changes in the oxygenation
of renal structures as a consequence of
vascular dysfunction and direct cellular
damage induced by exogenous toxins,
lipoproteins or local mediators. Neph-
rotoxicity occurs at both the glomerular

and tubular levels (1-3) and involves
multiple mechanisms, including tubular
apoptosis and cell death, inflammation,
oxidative stress and hypoxia. During
AKI, there is an increase of proinflam-
matory cytokines such as monocyte
chemoattractant protein-1 (MCP-1) and
transforming growth factor p (TGF-B),
which promotes the progression of
tubular epithelial-to-mesenchymal tran-
sition (EMT) (1-3). EMT is a condition
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characterized by an increase in mesen-
chymal markers such as a—-smooth
muscle actin (a-SMA) (4,5). The final con-
sequence of AKI is impaired glomerular
and tubular function (6-8).

Cyclic GMP (cGMP) is an intracellu-
lar messenger that regulates vascular
smooth muscle cell and glomerular
mesangial cell contraction, thus its up-
regulation leads to vascular dilation
(9). Furthermore, there is abundant
literature pointing to the relevant cyto-
protective effect of agents that increase
c¢GMP, which have been shown to be
beneficial under several clinical and
experimental conditions (10-12) includ-
ing renal protection under nephrotoxic
agents (13-16). However, the nature of
this protection has not been definitively
elucidated. Elucidation, which could
help, determine the prevention or even
the treatment of AKL
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The NO binding to the soluble guany-
lyl cyclase (sGC) heterodimer, of which
the a1 and B1 subunit isoforms pre-
dominate in the kidney (17) and are
required for sGC activity (18), starts
the cGMP production which interacts
with downstream effectors such as
cGMP-gated channels, the cGMP-
dependent protein kinase type I family
(PKG Ia and IB) (19) and the phospho-
diesterases (PDE) (specifically PDE5)
hydrolyzing the cGMP (20). Consider-
ing the vasorelaxing and cytoprotective
effects of cGMP, it could be suggested
that NO donors currently available for
human treatment are useful in AKI
management. Unfortunately, clinical
studies have failed to demonstrate this
possible beneficial effect because sGC
and PKG are quickly downregulated
by NO (9,21). Our previous works have
linked the sGC-cGMP-PKG system
with the widely expressed intracellular
scaffold protein integrin-linked kinase
(ILK), which is part of the adhesome
complex that modulates the outside
extracellular matrix (ECM) signaling
to the inside of the cell through the
membrane-bound integrins (22-25).
ECM modulates the cellular behavior
through ILK by changing the cytoskel-
eton structure and gene transcription
between other intracellular pathways.
ILK is thus crucial in several processes
and diseases, ranging from fibrosis
to cancer (26). Our previous works,
in conjunction with other authors,
involved ILK or downstream effectors
in inflammatory responses, EMT and
fibrosis during renal damage (2,5,27-35).
However the role of ILK during
AKI remains elusive. Previously, we
demonstrated ILK modulation of the
c¢GMP system in primary cultured
mesangial cells (23) and similar upreg-
ulation in the vascular smooth muscle
from healthy adult mice with an ubiq-
uitous conditional general inducible
ILK depletion (cKD-ILK), which in turn
responded better to cGMP-dependent
vasodilators (25). In the present work,
we explored in vivo and in cultured
cells the ILK-based cGMP modulation

of the glomerular filtration under either
basal conditions or during cisplatin
(CIS)-induced AKI.

MATERIALS AND METHODS

Ethical Approval

All procedures involving animals were
previously approved by the University
of Alcald’s Institutional Animal Care
and Use Committee and conformed to
Directive 2010/63/EU of the European
Parliament. The animals were housed
in a pathogen-free and temperature-
controlled room (22°C + 2°C). Food and
water were available ad libitum.

Conditional ILK Knockdown Mice

The general inducible ILK knock-
down mice (cKD-ILK) model has
been explained extensively in prior
publications (25,36). Briefly, condi-
tional inactivation of the ILK gene was
accomplished by crossing C57B1/6
mice homozygous for the floxed ILK
allele flanked by loxP sites with ho-
mozygous mice carrying a tamoxifen
(TX)-inducible CreER(T) recombinase
gene (CRE, CMV-Cre are from Jackson
Laboratory with a strain of origin
BALB/cJ). Two-month-old male CRE-
LOX mice weighing 20 to 28 grams
were injected intraperitoneally (IP)
with 1.5 mg of TX (Sigma-Aldrich) or
vehicle once a day for five consecutive
days to induce ILK depletion. Three
weeks after the injections, the tail DNA
was genotyped by PCR. The TX-treated
CRE-LOX mice displaying successful
depletion of ILK were termed conditional
knockdown-ILK (cKD-ILK) mice and the
vehicle-treated CRE-LOX were termed
wild-type (WT) mice.

In Vivo Experiments

Depending on the experimental ap-
proach selected, the mice were treated
with one single dose of either NO donor
isosorbide dinitrate (IDN) (300 mg/kg/
day, gavage), vehicle (saline, IP), AKI
inductor cisplatin (cis-diamminedichlo-
roplatinum (II), CIS) (10 mg/kg IP)
and/or PDES inhibitor Zaprinast (ZAP)
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(1,4-dihydro-5-(2-propoxyphenyl)-7H-
1,2,3-triazolo[4,5-d] pyrimidine-7-one)
(2.5 mg/kg, IP). All the treatments were
from Sigma-Aldrich. The animals were
housed in metabolic cages to collect

24 h urine. Basal blood samples were
collected by inferior palpebral vein
incision. After 24 h of IDN treatment

or 72 h of vehicle, CIS and/or ZAP in-
jections, the mice were euthanized and
urine, blood and kidney samples were
collected. Plasma and urine metabolites
were determined with commercial kits
according to the manufacturer’s protocol:
creatinine, blood urea nitrogen (BUN)
(Arbor Assays LLC) and mouse urinary
albumin (Abcam). From this point on,
every spectophotometry determination
was achieved with the Multimode Plate
Reader Victor X4 (PerkinElmer).

Ex Vivo Experiments

Kidneys were freshly collected and the
renal cortex was divided into slices and
placed in culture dishes with DMEM-F12
medium (Lonza) at 37°C. In some exper-
iments, the slices were pretreated with
100 pmol/L of the PDEs wide-range
inhibitor 3-isobutyl-1-methylxanthine
(IBMX, Sigma-Aldrich) for 15 min.
The slices were incubated for 30 min
with the following treatments: vehicle
(saline); 1 pmol/L PKG I inhibitor DT3
(RQIKIWFONRRMKWKKLRKKKKKH,
Merck Millipore); 1 umol/L sGC inhib-
itor ODQ (1H-[1,2,4]oxadiazolo[4,3,-a]
quinoxalin-1-one, Sigma-Aldrich). The
tissue was processed to determine RNA,
protein or cGMP levels.

In Vitro Experiments

Murine inner medullary collecting
duct cell line (mIMCD3, ATCC) or
human mesangial cells (HMC) were
obtained and cultured according to pre-
viously described procedures (23,36,37).
To deplete ILK, semiconfluent cells were
transfected with Metafectene (Biontex)
and a combination of different small
interference RNAs against ILK (si-ILK,
Gene Link) or scrambled siRNA (Life
Technologies), 20 nmol/L each. Once
the convenient confluence was reached,



the cells were serum deprived for 24 h
before the 30 min pretreatment with
ODQ (1 umol/L) followed by CIS treat-
ment (30 umol/L) for 30 min or 24 h,
depending on the experiment. ILK gene
silencing was monitored by immunoblot
in the cell extracts and cell viability or
contractility assays were performed.

To analyze the cell viability in vitro,
mIMCD3 cells cultured in a 24-well plate
were either pretreated with ODQ or not
and then treated with CIS in serum-free
medium for 24 h. After incubation,

50 uL of 5 mg/mL 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide
solution (MTT, Sigma-Aldrich) were added
for 4 h. Conversion of MTT into purple
formazan by metabolically active cells
estimates the extent of cell viability. After
the medium was removed, the formazan
crystals produced were dissolved in 500 uL
of DMSO and the optical density was mea-
sured at the Multimode Plate Reader (test
wavelength 570 nm, reference wavelength
690 nm, PerkinElmer). Cell viability was
defined as the relative absorbance of treated
versus untreated cells and expressed as the
percentage of the basal level.

Planar cell surface area (PCSA)
changes and phosphorylation of myosin
light chain (MLC) at serine 19 were an-
alyzed in 30 min CIS-stimulated HMC,
since both are considered contractile-
related consequences of stimuli such as
CIS (40). HMC were either pretreated with
ODQ or not pretreated 30 min before
the 30 min of CIS treatment. For deter-
mination of PCSA changes, HMC were
grown at low density in 20-mm plates
before they reached confluence (38,39)
and the medium was replaced by buffer
A (20 mmol/L Tris, 130 mmol/L NaCl,
5 mmol/L KCl, 10 mmol/L sodium
acetate, 5 mmol/L glucose, pH 7.45,

2.5 mmol/L calcium) before the treatments.
Photographs of the same cells were taken
with an inverted phase contrast micro-
scope (TMS-F Photomicroscope) at a
150x magnification at times 0 and 30 min
after the contractile CIS treatment. PCSA
was determined by computer-aided
planimetric techniques in every cell

with a sharp margin suitable for the

analysis. The phosphorylation changes in
MLC were determined by immunoblot
densitometries ratios of p-MLC versus
GAPDH as endogenous control.

cGMP Measurements

The renal tissues were homogenized
with ice-cold, ethanol, centrifuged and
the cGMP extracts in the supernatant
were evaporated, acetylated and quanti-
fied using an enzyme immunoassay kit
(Cayman Chemical).

Immunohistochemical Analysis

After euthanasia, kidneys were har-
vested, fixed in formaldehyde, dehydrated
by an increasing, ethanol gradient and em-
bedded in paraffin. Three-um slices were
deparaffinized, rehydrated and treated
with 3% hydrogen peroxide for 20 min
to block endogenous peroxidase activity.
After blocking in horse serum for 30 min,
sections were incubated sequentially with
the ILK antibody (Santa Cruz Biotech-
nology) for 24 h, then the secondary anti-
body and, finally, with an avidin/biotin
horseradish peroxidase macromolecular
complex (Vectastain ABC kit, Vector
Laboratories). The peroxidase-conjugated
activity was developed with diamino-
benzidine (Dako) and counterstained
with hematoxylin (Sigma-Aldrich). The
images were obtained with Eclipse 50i
microscope (Nikon).

Histological Analysis

CIS-induced renal injury was analyzed
72 h after the single CIS dose. The har-
vested kidneys were fixed, dehydrated
and embedded in paraffin. Afterwards,
tissue slices (5 um) were mounted on
poly-L-lysine glass slides (Thermo Fisher
Scientific), deparaffinized and rehydrated
prior to being stained. Hematoxylin—eosin
staining (Sigma-Aldrich) was performed
using standard procedures and histological
changes were evaluated semiquantitatively
by a pathologist in a blinded manner. Pic-
tures were obtained using Nikon Eclipse
50i microscope.

The following parameters were eval-
uated and scored in 8 to 10 high-power
fields per section, using a scoring system
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based on the percentage of damaged
tubules per field (1, <25%; 2, 25% to 50%;
3, 50% to 75%; and 4, >75%) tubular
necrosis, tubular dilatation and intratu-
bular cast formation. The total injury was
assessed as the sum of all the individual
percentages. The mean score of every
parameter analyzed was represented and
compared statistically (41,42).

Protein Extraction and Immunoblot
The kidney samples or cultured cells
were homogenized in a lysis buffer
(10 mmol/L Tris-HCI, pH 7.6, 1% Triton
X-100, 1 mmol/L EDTA, 0.1% sodium
deoxycholate, 500 nmol/L NaVO,,
50 nmol/L NaF, 1 mmol/L PMSF and
Complete from Roche) and spun off. The
supernatant protein concentrations were
determined by DC-Protein Assay (Bio-
Rad) and equal amounts were separated
in SDS-PAGE gels and transferred to
0.2-um-PVDF membranes (PerkinElmer).
After blocking with 5% nonfat dried
milk, the membranes were incubated with
antibodies against sGC-p1, a-SMA, actin,
GAPDH (Sigma-Aldrich), phosphorylated
vasodilator-stimulated phosphoprotein
in Ser 239 (P-VASP) (Merck Millipore),
PKG-Ia (Stressgen, Enzo Life Science
Inc.), ILK (Cell Signaling Technology Inc.),
phosphorylated Myosin Light Chain 2
(Serine 19), TGF-p and MCP-1 (Santa Cruz
Biotechnology) in Tween Tris-buffered
saline (20 mmol/L Tris-HCI, 0.9% NaCl,
0.05% Tween 20). After peroxidase-
conjugated secondary antibody incubation
(Sigma-Aldrich or Dako) the immunoblots
were developed with ECL detection re-
agents (Pierce) and subsequent exposures
into ImageQuant LAS 500 chemioluminis-
cent detection chamber (General Electric
Healthcare). Densitometry was measured
using Image] software (NIH).

Reverse Transcriptase-Quantitative
Polymerase Chain Reaction (RT-gPCR)
Total RNA from each sample was ex-
tracted with TRIzol, transcribed to cDNA

with a high capacity cDNA RT kit, and
10 ng cDNA were amplified by TagMan
qPCR gene expression assays for PKG-Ia,
MCP-1, TGF-B and B-actin. RT-qPCR
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analysis was performed in a 7500 qPCR
thermocycler by using SYBR Green Mas-
ter Mix (products and apparel from Life
Technologies, Thermo Fisher Scientific
Inc.) to quantify sGCP1, PDES5 or B-actin
as endogenous control mRNAs with tan-
dem primers CTT ACC AGA AGC AGA
TAG CAT CC and AGG TCG TCC AGG
TTC ATC AC, CGG CCT ACC TGG CAT
TCT and GCA AGG TCA AGT AAC
ACC TGA TT or GAC GGC CAG GTC
ATC ACT AT and CTT CTG CAT CCT
GTC AGC AA, respectively.

To quantify non-excised ILK mRNA,
RT-qPCR analysis was performed by
using SYBR Green Master Mix with
primers GGG CTC TTG TGA GCT TCT
GT and GAG TGG TCC CCT TCC AGA
AT designed to recognize the cDNA
sequence between exons within the
floxed area number 6 and 7 (25,27,36).
The normalized gene expression method
(27T for relative quantification of gene
expression was used.

Statistics

The data shown are the means + SEMs
of a variable number of experiments de-
tailed in the figure legends. Some data,
particularly those concerning experi-
ments performed under a paired design
(Western blot and PCR experiments) are
given as percentages of the basal or con-
trol values. Except in the morphological
studies, and after testing the normality of
the distributions (Kolmogorov-Smirnov
test), data were compared using one-way
(nonpaired) or nested (paired) analysis of
variance (ANOVA), followed by a multi-
ple comparison test. The morphological
data were analyzed with the Kruskal-
Wallis test, followed by multiple com-
parisons with the Bonferroni correction.
P values less than 0.05 were considered
statistically significant.

RESULTS

ILK Depletion Upregulates the sGC-
cGMP-PKG Axis in the Renal Cortex

A previous study established the con-
ditions for successful ILK depletion in the
renal tissue of adult mice (24). Three weeks

876 | CANO-PENALVER ET AL.

after tamoxifen (the ILK depletion induc-
tor agent) or vehicle injection and before
any experiment, the three-month-old mice
were routinely genotyped by conventional
PCR of the tail tip DNA. Those displaying
successful depletion of ILK were used as
cKD-ILK. Any direct effect of tamoxifen
on sGC and PKG renal cortex content and
glomerular filtration rate was excluded by
treating the parental CRE and LOX mice
with the drug (data not shown). To study
whether ILK depletion was maintained
during prolonged times, we determined by
RT-qPCR the nonfloxed ILK levels in the
renal cortex from vehicle-treated WT and
TX-treated CRE-LOX mice at 1 month or
3 months after TX treatment (36), display-
ing similar ILK depletion levels at both
ages (data not shown).

We evaluated the content and activity of
the cGMP-related enzymes sGC and PKG
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in our animal model under basal condi-
tions. Increased mRNA and protein levels
of both sGC and PKG are present in cKD-
ILK renal cortex when compared with
WT animals (Figures 1A, B; 2A, B). After
24 h administration of the NO-donor iso-
sorbide dinitrate (IDN), the expected re-
ductions of sGC and PKG levels were ob-
served in both groups of animals (9,21,43).
These cGMP-related proteins content
reductions, which are probably the main
mechanisms of the pharmacological toler-
ance to NO, were less marked when ILK
was depleted, since the sGC and PKG
levels were significantly higher in NO-
treated cKD-ILK than in NO-treated WT
(Figures 1A, B; 2A, B).

We studied the cGMP levels produced
by the increased sGC content in the
renal cortex from ILK depleted animals.
As anticipated, the basal level of cGMP
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Figure 1. Renal ILK depletion increases soluble guanylate cyclase (sGC) expression

and activity in basal conditions and after nitric oxide (NO) donor freatment. (A) sGCB1
mMRNA levels fold chanyge in basal renal cortex determined by RT-gPCR, and normalized
against B-actin as endogenous control. (B) Representative immunoblots and densito-
metric analysis of renal cortex sGCB1 (70 KDa) normalized ayainst actin, from WT and
cKD mice in basal condifions or treated with 300 myg/ky body weight, orally NO-donor
isosorbide dinitrate (IDN) for 24 h. (C) cGMP levels (omol/ my tissue) from basal WT and
cKD renal cortex treated ex vivo with or without PDEs inhibitor IBMX (100 umol/L) for

15 min. (D) cGMP levels from WT and cKD-ILK renal cortex pretreated ex vivo with IBMX
15 min and freated 30 min with the sGC inhibitor ODQ (1 pmol/L). All values are rep-
resented as mean + SEM (% versus basal WT in A and B) *P < 0.05 versus basal WT,

*P < 0.05 versus treated WT. n = 10-15.
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Figure 2. Renal ILK depletion increases
cGMP-dependent protein kinase (PKG)
expression and activity in basal condi-
tions and after a nitric oxide (NO) donor
tfreatment. (A) PKG-1a mRNA levels fold
change in basal renal cortex determined
by RT-gPCR and normalized against
B-actin as endoygenous control. (B) Repre-
sentative immunoblots and densitometric
analysis of renal cortex PKG-1a. (76 KDa)
normalized ayainst actin froon WT and
cKD mice in basal conditions or after 24 h
of freatment with the NO donor isosorbide
dinitrate (NO) 300 my/ky body weight,
orally, for 24 h. (C) Representative im-
munoblots and densitometric analysis of
renal cortex phosphorylated VASP in Ser
239 (P-VASP), 48 KDa normalized against
actin from basal WT and cKD renal cortex
tfreated ex vivo with PKG-1-a inhibitor DT-3
(1 umol/L) for 30 min. All values are repre-
sented as mean + SEM and % versus basal
WT. *P < 0.05 versus basal WT, *P < 0.05
versus freated WT, n = 10-15.

was increased in cKD-ILK, in accordance
with the increased sGC content. More
cortical tissue was incubated ex vivo with
the wide-range PDE inhibitor IBMX for
30 min to avoid basal PDEs-dependent
c¢GMP degradation (9,25). In this case,
the differences between the groups were
amplified (Figure 1C). Considering this
IBMX-dependent cGMP-marked differ-
ence between the groups, we studied
the specificity of the sGC-based cGMP
production by cotreating more cortical
tissue with IBMX and the sGC inhibitor
ODQ for 30 min. As shown in Figure 1D,
ODQ blunted the cGMP production

in both animal groups (1D). Since the
levels of PKG together with its activator
cGMP were increased in the cKD-ILK
renal cortex, we analyzed the PKG
activity by determining the levels of
phosphorylation of its substrate VASP
at Ser 239 (4). cKD-ILK shows increased
levels of basal VASP phosphorylation
compared with WT (Figure 2C). We con-
firmed the specificity of the PKG-based
VASP phosphorylation by using the
pharmacological specific PKG-Ia Inhib-
itor DT-3 (1 umol/L) for 30 min, which
diminished VASP phosphorylation in
both groups (44); however, PKG activity
in the cKD-ILK tissue was significantly
higher than in WT (Figure 2C).

ILK Depletion Increases Glomerular
Filtration Rate after NO Donor
Treatment

One month after the TX-induction,
cKD-ILK and WT littermates were placed
in metabolic cages to collect 24-h urine
and glomerular filtration markers were
determined. Basally, neither group of
WT and cKD-ILK animals exhibited any
comparative difference of plasma creati-
nine or clearance. However, the cKD-ILK
treated for 24 h with the NO-donor IDN
displayed significantly increased filtra-
tion when compared with the basal rates
(Figure 3). No statistically significant
differences in BUN or urinary albumin
excretion were observed between the two
basal groups (urinary albumin, mg per
mg urinary creatinine, mean value + SEM:
WT 0.420 + 0.06; cKD-ILK 0.504 + 0.12;
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Figure 3. NO donor freatment increases
glomerular filtration rate in cKD mice.
(A) Plasma creatinine levels and (B)
creatinine clearance were measured in
WT and cKD mice under basal conditions
or affer 24 h treatment with 300 my/ky
body weight, orally of the NO donor
isosorbide dinitrate (IDN) to evaluate
glomerular filtration rate. The values are
represented as mean + SEM, *p < 0.05
versus basal WT, n = 10-15.

BUN mg/dl plasma, mean value + SEM:
WT 24.23 + 1.709; cKD-ILK 20.93 + 2.139).
We reported no differences of basal

filtration parameters between 1 month
TX-induced or 3 months TX-induced
animals. The plasma creatinine values
(mg creatinine/dL plasma, mean value +
SEM) in animals 3 months after TX in-
duction were WT 0.38 + 0.026; cKD-ILK
0.41 + 0.032. The BUN values (mg/dL
plasma, mean values + SEM) in animals
3 months after TX induction were WT
24.60 + 3; cKD-ILK 26.2 + 5.

CIS-Induced AKI Increases ILK
Expression

Since there was no difference in
time in the basal renal function of our
ILK depletion model, we performed
an experimental AKI model based on
one single injection of CIS (10 mg/kg
body weight) in 1-month TX-induced
animals. Figure 4A shows that 3 d after
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the single injection of CIS, the non-
floxed ILK levels produced by the renal
cortex determined by RT-qPCR were
significantly increased in CIS-WT, while
CIS-cKD-ILK mice showed the expected
reduced levels as in the basal cKD-ILK
animals (36). Figure 4B shows that ILK
levels detected by immunohistochem-
istry in the renal tissue are reduced in
both basal and CIS-treated cKD-ILK
mice. The increase of ILK levels in
CIS-WT mice by immunohistochemistry
is difficult to assess, most likely due to
dead cell debris present in the injured
tissues (as scored in Figure 9).

A

2.5 4

2.0 4

mRNA ILK/ B-actin
(% vs WT)

0.5 1
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ILK Depletion Maintains sGC-cGMP-
PKG Axis Upregulation and Improves
Glomerular Filtration under CIS-
Induced AKI

To study the beneficial effect of ILK
depletion under the CIS-based exper-
imental AKI, we collected 24 h urine
and plasma samples 3 d after the single
injection of CIS in WT and cKD-ILK.
All the CIS-treated animals showed in-
creased plasma levels of creatinine and
urea and decreased glomerular filtration
rates. The depletion of ILK was protec-
tive, since lower creatinine and urea
plasma levels and higher glomerular

WT

CT |

cIS &

WT cKD

CIS (72h)

Figure 4. Renal ILK expression in CIS-induced AKI. (A) nonfloxed ILK mRNA levels fold
chanyge and normalized against B-actin as endogenous control determined by RT-gPCR
in basal renal cortex from WT and cKD mice under basal or 72 h after a single injection of
CIS (10 my/ky body weight, IP). All values are represented as mean + SEM and % versus
basal WT. *P < 0.05 versus basal WT, *P < 0.05 versus treated WT, n = 10-15. (B) Represen-
tative microphotographs from ILK immunostained renal tissue sections of six different CIS-
tfreated WT or ClS-treated cKD mice. Scale bar = 100 um.
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filtration rates were observed in the CIS-
treated cKD-ILK group compared with
the CIS-treated WT (Figure 5). TX itself
did not contribute to the observed dif-
ferences, as CRE and LOX mice treated
with the drug exhibited the same degree
of AKI as WT animals after CIS admin-
istration (data not shown).

The cortical sGC and PKG mRNA and
protein expressions and their activity
(measured as cGMP and VASP phos-
phorylation levels) were not affected by
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Figure 5. ILK depletion improves glomer-
ular filtration rate in CIS-induced AKI. (A)
Plasma creatinine, (B) blood urea nitrogen
(BUN) and (C) creatinine clearance were
measured in WT and cKD mice under
basal conditions or 72 h after a single
injection of CIS (10 my/kyg body weight,
IP). The values are represented as mean +
SEM. *p < 0.05 versus basal WT, *P < 0.05
versus CIS WT, n = 10-15.



CIS itself, as compared with the basal
conditions, but significant increased
expression and activity was observed in
CIS-treated cKD-ILK (Figure 6).

ILK Depletion Improves EMT and
Inflaonmation Events in CIS-Induced AKI
CIS-based renal injury is associated
with multiple mechanisms including tu-
bular EMT and inflammation (1,2,3,4,5).
Figure 7 panels A and B show that the
renal cortex from CIS-treated WT has
increased protein levels of the mesen-
chymal marker a-SMA together with
the EMT inducer TGF-B. However, the
increases were not observed in AKI-cKD-
ILK mice.
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The inflammatory mechanisms play an
important role in the pathogenesis of CIS
nephrotoxicity. We previously observed
in cKD-ILK mice under a chronic renal
insult by angiotensin II treatment that
ILK depletion reduces proinflammatory
markers such as MCP-1 (27). Figures 7C
and D show increased cortical mRNA and
protein levels of the inflammatory marker
MCP-1 in CIS-induced AKIT kidneys from
both WT and cKD-ILK animals. However,
the increased levels of MCP-1 were signifi-
cantly lower in AKI-cKD-ILK when com-
pared with AKI-WT. Hematoxylin—eosin
staining in Figure 7E shows increased
cellularity in the renal tissue of CIS-treated
WT because of increased inflammatory cell
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Figure 6. The ILK-dependent upreyulation of soluble yuanylate cyclase (sGC) and cGMP
dependent protein kinase (PKG) remains in CIS-induced AKI. sGC and PKG expression and
activity measurements in renal cortex from WT and cKD mice under basal conditions or

72 h affer a single injection of CIS (10 my/kg body weight, IP). (A) sGCB1 and (B) PKG-1a
MRNA levels fold change determined by RT-gPCR and normalized against g-actin as
endoyenous control. (C) sGCB1 (70 KDa) and (D) PKG-Ta (76 KDa) representative immu-
noblots and densitometric analysis normalized against actin. (E) cGMP levels (opmol/ my tis-
sue). (E) Phosphorylated VASP in 48 KDa Ser 239 (P-VASP) representative immunoblots and
densitometric analysis normalized against actin. All values are represented as mean + SEM

(% versus basal WT in A-F). *p < 0.05 versus WT (basal), *P < 0.05 versus treated WT n = 10-15.
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recruitment and infiltration (1,2), which is
less evident in CIS-treated cKD-ILK.

The Protective Effect of ILK Depletion
on CIS-Induced AKI Depends on the
sGC-cGMP-PKG Axis Upregulation:
In Vivo and In Vitro Approaches

To emphasize that the upregulated
c¢GMP axis may be one of the protective
mechanisms followed by ILK depletion
during CIS-induced AKI, we chose to
pharmacologically modify the upreg-
ulated cGMP pathway during the CIS
insult in vivo and in vitro.

First, we activated the cGMP path-
way in the AKI-cKD-ILK mice by using
a proper stimulus; since NO donors
produce pharmacological tolerance that
affects the amounts of sGC and PKG
(Figures 1 and 2), we used 2.5 mg/kg
body weight of a rather specific PDE5
inhibitor, Zaprinast (ZAP) (45,46) to in-
crease the cGMP levels produced under
ILK depletion and AKI conditions. As it
has been demonstrated that PDE inhibitors
alone (including ZAP) reduce the nephro-
toxicity in AKI models (14,15,16,47,48), we
used a suboptimal dose of ZAP, settled in
5-10 mg/kg body weight, (49,50).

As already shown in Figure 5, the
parameters that measure glomerular
filtration rate, creatinine and urea plasma
concentrations and creatinine clearance
were increased in the AKI animals, with
less impairment in the CIS-treated cKD-ILK.
ZAP positively enhanced the filtration in
both WT and cKD-ILK CIS-treated animals.
Interestingly, ZAP-treated cKD-ILK
mice with CIS-induced AKI exhibit the
maximum beneficial improvement of the
ZAP administration, since creatinine, urea
and creatinine clearance reached the basal
conditions (Figures 8A, B). We observed
no significant differences in cortical
PDE5 mRNA levels between basal and
CIS-induced AKI animals (Figure 8C).

We studied the protective role of
c¢GMP upregulation in the tubular dam-
age in CIS-treated animals. We studied
the histological tubular damage and
the protective role of ILK-dependent
c¢GMP upregulation in CIS-treated WT
with or without the ZAP cotreatment.
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(D) MCP-1 representative immunoblots and densitometric analysis normalized against
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basal WT). *p < 0.05 versus basal WT, *P < 0.05 versus treated WT. n = 10-15. (E) Maynified
interstitial areas from representative microphotographs from hematoxylin-eosin-stained
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scored by the percentage of damaged
tubules per total of the tubules present
in the preparation. The total injury was
assessed as the sum of all the individual
percentages (41,42).

After staining the kidney slices with
hematoxylin—eosin, the histological
tubular damage was studied for three
traits: necrosis, intratubular protein cast
and tubule dilation. Every injury was
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Figure 8. ILK-depletion toyether with phar-
macoloyical phosphodiesterase 5 (PDES)
inhibition enhances ylomerular filtration
rates in CIS-induced AKI. (A) Plasma cre-
atinine and (B) blood urea nitrogen (BUN)
levels were measured in WT and cKD mice
under basal or 72 h after a single injec-
tion of CIS (10 my/ky body weight, IP)
toyether or not with a single suboptimal
(2.5my/ky body weight, IP) dose of the
PDES inhibitor ZAP. (C) Additionally, PDES
mMRNA levels fold change in renal cortex
determined by RT-gPCR and normalized
ayainst B-actin from WT and cKD mice
under basal and AKI conditions were
measured. The values are represented

as mean * SEM (% versus basal WT in C).
*p < 0.05 versus basal WT, *P < 0.05 versus
CIS WT, *P < 0.05 versus CIS cKD, n = 10-15.

As shown in Figure 9, tubular dam-
age was present in both groups, as a
consequence of the CIS-dependent AKI.
However, the depletion of ILK was pro-
tective, since the tubular injury scores
showed a statistically significant decrease.
ZAP improved the tubular damage in
both AKI groups, but the maximum ben-
eficial improvement was reached in the
AKI-cKD-ILK group cotreated with ZAP,
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Figure 9. ILK depletion protects renal tubules in CIS-induced AKI and this improvement
is enhanced by pharmacoloyical phosphodiesterase 5 (PDES) inhibition. Renal tissue
sections from WT and cKD mice under basal or 72 h affer a single injection of CIS

(10 my/ky body weight, IP) fogether or otherwise with a single dose (2.5 my/ky body
weight, IP) of PDES inhibitor ZAP, were stained with hematoxylin-eosin. Representative
microphotoyraphs from six mice, one from each group, and the representation of the
semiquantitative assessmnent of tubular damaye are shown (arrows show fubular dilata-
tion, arrowheads show necrotic epithelial cells and stars show cast formation, scored as
described in Materials and Methods. Scale bar = 100 um. The values are represented as
mean + SEM of tubular damaye score percentaye. *p < 0.05 versus basal WT, *P < 0.05
versus CIS WT, °P < 0.05 versus CIS cKD. n = 6.

where the tubular damage dropped to depleted their ILK content with specific
nonaffected basal levels. siRNAs and treated them with CIS.

To reinforce that ILK-dependent up- Since we confirmed that ODQ is an
regulation of cGMP axis may be one of excellent sGC blocking agent in renal
the protective pathways taken by ILK cultured tissues ex vivo (Figure 1), we
depletion during CIS-dependent cyto- used it to revert the cGMP-based ILK-
toxicity, we cultured mesangial (HMC) dependent protective effect in vitro, by
and tubular kidney (mIMCD3) cells, pretreating the ILK-depleted cells with
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the same ODQ concentration (1 umol/L)
prior to the CIS treatment.

We previously published that ILK
depletion in cultured HMC by specific
siRNAs significantly reduces the levels
of ILK (28) and also that cGMP-related
proteins are upregulated when ILK
is modulated (23). Figure 10 confirms
that ILK-depletion in vitro upregulates
sGC and PKG in HMC (Figure 1A) and
mIMCD3 (Figure 10D). A well-known
toxic effect of CIS is to reduce the
functional filtration in the glomeruli
by increasing the contractility of the
mesangial cells (1). It is already known
that CIS is able to promote contrac-
tile-related events in cultured HMC
(40). Thus, the CIS-based contractile
capacity in vitro can be measured and
quantified by the determination of
the planar cell surface area (PCSA)
reduction or the increased phosphor-
ylation of the smooth muscle myosin
light chain (MLC) at serine 19. We
used these techniques previously in
cultured HMC for this purpose (38,39).
Figure 10B shows the PCSA reduction
of HMC 30 min after CIS treatment
(30 umol/L). This event was compensated
in ILK-depleted cells. ODQ pretreat-
ment recovered the reduction of PCSA
in the ILK-depleted HMC treated with
CIS. ODQ alone induced no significant
effect in PCSA ratio. Figure 10C shows
increased levels of phosphorylated
MLC after CIS treatment during 30 min.
The ILK depletion compensated the
increased phosphorylation. The pre-
treatment with ODQ prior to CIS
recovered the phosphorylation levels in
the ILK-depleted HMC. ODQ itself did
not induce any significant toxic effect in
HMC. Another cytotoxic effect of CIS
is to induce tubular cell death in vitro
(1,15,51). Figure 10E shows that CIS
(24 h, 30 pmol /L) produces a significant
increase in cultured mIMCD3 cell death
as determined by MTT analysis of cell
viability. ILK depletion in mIMCD3
successfully protects against cell death,
but the toxicity was recovered by ODQ.
ODQ itself did not produce any toxic
effect in mIMCD3.
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Figure 10. ILK depletion protects CIS-induced nephrotoxicity in cultured mesanyial and
tubular cells, while sGC blockade with ODQ restrained the protection. Cultured human
mesanyial cells (HMC) or tubular cell line mIMCD3 were transfected with specific siRNAs
against ILK (siRNA-ILK) or scrambled siRNA as a transfection control. (A) Representative
sGCB1 and PKG-1a immunoblots and densitometric analysis normalized against actin

as endoyenous control in HMC protein extracts. ILK immunoblot shows the successful

ILK depletion in HMC. (B) PCSA changyes after CIS confractile tfreatment for 30 min with

or without ODQ pretreatment for 30 min (1 umol/L). (C) Representative phosphorylated
myosin light chain in serine 19 (P-MLC) immunoblots and densitometry analysis normalized
against GAPDH as endoygenous control in HMC protein extracts. ILK immunoblot shows
the successful ILK depletion. (D) Representative sGCB1 and PKG-Ta immunoblots and
densitometry analysis normalized against actin as endoyenous control in mIMCD3 protein
extracts. Representative ILK immunoblot shows the successful ILK depletion in mIMCDS3.
(E) MTT cell death assays after CIS freatment for 24 h with or without ODQ prefreatment
for 30 min (1 umol/L). All values are represented as mean + SEM (% versus no freatment),
*p < 0.05 versus control untreated cells, *P < 0.05 versus control cells treated with CIS,

$P < 0.05 versus siRNA-ILK-cells treated with CIS. n = 6.

DISCUSSION sGC-cGMP-PKG axis in the renal cortex,

Our present work demonstrates that
ILK depletion is a beneficial regulator
of renal function, particularly when the
kidneys are affected by CIS-based ther-
apy. The ILK depletion upregulates the
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consistent with our previous approach in
the systemic vasculature studies in vivo
(25) where we observed a subsequent re-
duction of the vascular resistance when
the system was activated. Furthermore,
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the ILK depletion upregulates the sGC-
c¢GMP-PKG axis in cultured glomerular
mesangial cells (23) and in tubular cells.
ILK and downstream effectors have
been implicated in the pathogenesis
of proteinuria and nephritic syn-
drome (32,33). For instance, the use of
a podocyte-specific ILK-deleted mice
model resulted in marked albuminuria,
glomerulosclerosis and kidney failure,
leading to animal death at very early
ages (34,35). However, we used an adult
TX-based inducible model of ILK deple-
tion in all the kidney cells with no basal
filtration problems. The renal function of
our adult cKD-ILK mice remained basally
healthy, because renal filtration markers
were unaltered 1 to 3 months after TX
induction. Furthermore, histological stud-
ies did not show any structural change
compared with the WT. However, there
is a basal sGC-cGMP-PKG axis upregula-
tion in cKD-ILK cortical tissue. The lack
of filtration differences between basal
groups may be explained by a powerful
negative feedback of the cGMP pathway
since the activated PKG increases the
c¢GMP hydrolysis capacity of PDE5 by
phosphorylation (9). The contention of
c¢GMP levels is clearly supported by the
magnified differences in cGMP levels
between WT and cKD-ILK when PDEs
were blocked with IBMX ex vivo in the
cortical tissues. On the other hand, the
ability of renal structures to maintain a
constant glomerular filtration rate is a
well-known phenomenon, even when
relevant changes appear in the glomeru-
lar perfusion pressure or in the synthesis
of local mediators. The extraordinarily
efficient capacity of glomeruli to maintain
an unaltered filtration, together with the
negative feedback mentioned above that
is elicited by the PKG upregulation, may
explain the balanced normal glomerular
function observed in our basal cKD-ILK.
To be sure of the functional relevance
of the sGC-cGMP-PKG upregulation
when ILK was depleted, a single oral
load of a NO donor was administered to
the animals, and plasma creatinine con-
centration and creatinine clearance were
measured after 24 h. Administration of



the drug to the WT seemed to increase
glomerular filtration rates, but no statisti-
cal significances were reached, probably
due to the same compensation mecha-
nisms explained above. By contrast, cKD-
ILK treated with the NO donor exhibited
a significantly increased glomerular
filtration rate. The pharmacological toler-
ance to NO donors previously described
(9,21,43) explains the decreased sGC

and PKG protein content after the acute
load of the NO donor. However, these
pharmacological disadvantages were
partially abolished by the ILK-depletion,
since sGC and PKG levels of NO-treated
cKD-ILK remained higher in comparison
to NO-treated WT, and similar to basal
WT values.

After analyzing the filtration function-
ality both basally and after sGC activation,
we tested the possible beneficial effect of
ILK depletion on the CIS-induced AKI
model. CIS-based renal injury involves
variable degrees of vascular damage,
apoptosis, death of renal tubular epithe-
lial cells, EMT, increased oxidative stress,
inflammation or hypoxia between others
(1-5,41,42,52).

A higher glomerular filtration rate was
observed in AKI-cKD-ILK. This may be
due to the maintained sGC and PKG
protein content and activity upregulation
in cKD-ILK cortical tissue after CIS-
induced AKI. Kim, ef al. previously ob-
served no differences in cortical sGC and
cGMP levels in CIS-treated WT rodents,
although they described an impaired
sGC-dependent cGMP generation in the
renal medulla (53).

When the kidneys are damaged with
CIS, the cGMP synthesis elicited by ILK
depletion increases the vasodilatation
in various renal vascular beds, with
subsequent increase of blood flow in
both the glomerular structures and per-
itubular compartments. One primary
consequence is an overall prevention of
the CIS-based glomerular filtration rate
decrease. On the other hand, ILK-depen-
dent cGMP-axis upregulation protects
renal structures from the toxic effect
of the drug. In this context, the ILK-
dependent renal perfusion increase may

facilitate the oxygen delivery to the renal
structures, which, in turn, may improve
the hypoxia or even diminish the syn-
thesis of free radical associated with cell
oxygenation changes, with subsequent
beneficial effects on renal apoptosis. It
has been also described that cGMP may
exert a direct cytoprotective effect on
renal cells under nephrotoxic agents,

in part due to an increase in the heme
oxygenase-dependent formation of an-
tioxidant metabolites or by decreasing
renal caspase-3 activation (9-16).

We previously observed that ILK
depletion reduces proinflammatory
markers such as MCP-1 in cKD-ILK mice
under chronic renal insult by angiotensin
II (27). Our present results confirmed
that ILK depletion also diminished the
CIS-induced inflammatory response in
the kidney, possibly by reduced leuko-
cyte recruitment and adhesion media-
tors. CIS also produces tubular EMT,
which requires the induction of TGF-
and downstream mediators, including
ILK, and the increase of mesenchymal
markers such as a-SMA. (1-5). These
EMT markers were diminished in AKI-
cKD-ILK compared with WT. EMT is
an important mechanism in the patho-
genesis of kidney fibrosis common to all
forms of chronic kidney disease (4,5).
Although TGF-B was upregulated in
AKI-WT mice, the literature is consistent
in demonstrating no significant ECM
accumulation in AKI kidneys after a
single short episode of CIS-treatment
(1,2). Finally, our in vitro approaches also
demonstrated that CIS-based mesangial
and tubular toxicity (1,15,40,51) was
diminished when ILK was depleted.

The lack of ILK may follow a direct
pathway protecting the kidney, but
we emphasized the importance of the
c¢GMP-axis upregulation mechanism ini-
tiated by ILK depletion by using more in
vivo and in vitro approaches. To ensure
that ILK depletion is beneficial in this
CIS-induced kidney dysfunction, it is
necessary to pharmacologically activate
the upregulated sGC-cGMP-PKG axis to
observe an increase in the filtration rates.
To select an activator, we discarded the

RESEARCH ARTICLE

administration of NO donors because
their use is associated with tolerance
(9,21), a situation already observed in
our basal conditions. We therefore ex-
acerbated the cGMP increase by using
a PDES inhibitor. These products have
been used as cGMP-axis improvers in
many instances, because no pharmaco-
logical tolerance has been reported (9).
Moreover, PDES5 inhibitors have been
shown to be cytoprotective in CIS-
induced nephrotoxicity in vivo and in cul-
tured tubular cells by mechanisms that
are not well elucidated (15,16). We chose
a suboptimal dose of the PDES5 inhibitor
ZAP (49,50) to avoid a veiling effect over
the ILK-induced cGMP upregulation.
Our histological and functional studies
demonstrated that sGC-cGMP-PKG up-
regulation in ILK-depleted renal tissue
improves renal functionality and some-
how protects the tubular integrity under
the CIS insult. These improvements
were exacerbated by the use of the PDE5
inhibitor. Taken together, these strat-
egies are finally translated into better
filtration rates that almost reach the
healthy animals” basal conditions.
Finally, sGC inhibitor ODQ was able
to block the cGMP-based cytoprotec-
tive effect initiated by ILK depletion in
two types of cultured renal cells under
CIS-based cytotoxicity. ILK depletion
protected against CIS-based contractili-
ty-related events in HMC and CIS-based
cell death in tubular cells (1,39,40), but
the protective effect was blocked by
ODQ. These results give relevance to the
ILK-based upregulation of cGMP axis as
one of the potential cytoprotective mech-
anism observed in our settings.

CONCLUSION

The impairment in the glomerular
and tubular function is a consequence
of AKI, as the one present in the neph-
rotoxic effect of CIS treatment. A ther-
apeutic approach to ameliorate AKI
would be to increase the vasorelaxing
and cytoprotective activity of cGMP.
Unfortunately, the current available clin-
ical treatments such as NO-based sGC
activators have failed to be beneficial in
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AKI management because sGC and PKG
are quickly downregulated.

Here we demonstrated that renal de-
pletion of ILK in an adult mice model
and cultured mesangial and tubular cells
upregulate the expression and function-
ality of the cGMP-axis-related sGC and
PKG. The consequences are increased
glomerular filtration rate and renal cy-
toprotective mechanisms under the CIS-
induced AKI models. Our results suggest
ILK as a novel therapeutic target that
could ameliorate the renal impairment
present in AKI.
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