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Background: The prognosis of patients after acute kidney injury (AKI) is poor and treatment is limited.
AKI is mainly caused by renal ischemia/reperfusion injury (IRI). During the extension phase of IRI, endo-
thelial damage may participate in ischemia and inflammation. Endothelin-1 (ET-1) which is mostly
secreted by endothelial cells is an important actor of IRI, particularly through its strong vasoconstrictive

KeyWOTffi' o properties. We aimed to analyze the specific role of ET-1 from the endothelial cells in AKI.
lsilhemla/reperfusmn njury Methods: We used mice lacking ET-1 in the vascular endothelial cells (VEETKO). We induced IRI in
g} dr(l)iﬁelin— 1 VEETKO mice and wild type controls by clamping both kidneys for 30 min. Sham operated mice were

used as controls. Mice were sacrificed one day after IRI in order to investigate the extension phase of
IRL. Kidney function was assessed based on serum creatinine concentration. Levels of expression of ET-
1, its receptor ET,, protein kinase C, eNOS, E-Cadherin and inflammation markers were evaluated by real
time PCR or western blot. Tubular injury was scored on periodic acid Schiff stained kidney preparations.
Lumen and wall area of small intrarenal arteries were measured on kidney slices stained for alpha smooth
muscle cell actin. Oxidative stress, macrophage infiltration and cell proliferation was evaluated on slices
stained for 8-hydroxy-2’-deoxyguanosine, F4/80 and PCNA, respectively.
Results: IRI induced kidney failure and increased ET-1 and ET, receptor expression. This was accompa-
nied by tubular injury, wall thickening and reduction of lumen area/wall area ratio of small renal arteries,
increased oxidative stress and inflammation. These parameters were attenuated in VEETKO mice.
Conclusion: Our results suggest that suppression of ET-1 from the endothelial cells attenuates IRI kidney
injury. Blocking ET-1 effects may represent a therapeutic strategy in the management of AKI.

© 2012 Elsevier Inc. All rights reserved.
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1. Introduction is important, particularly in their ability to regulate inflammatory

cell infiltration [5] and tubular function [6].

Acute kidney injury (AKI) is a common clinical problem with a
high mortality rate, predominantly in intensive care units [1].
The prognosis of patients after AKI is poor and treatment is limited
[2]. Renal ischemia/reperfusion injury (IRI) represents the most
frequent cause of AKI and leads to chronic progression in up to
70% of the cases [3].

Reduction of renal perfusion due to an imbalance between renal
vasoconstriction and vasodilatation mediators is believed to play a
role in IRI and its chronic complications [4]. Together with the
hemodynamics changes, inflammation and tubular epithelial in-
jury are major components of the pathophysiology of AKI [3].
The role of the endothelial cells from the microvasculature in AKI
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Endothelin-1 (ET-1) that is mostly secreted by endothelial cells
is a potent vasoconstrictor [7]. ET-1 infusion in perfused kidney in-
duces reduction of renal blood flow and glomerular filtration rate
through its vasoconstriction effect [8].

ET-1 is up-regulated in the renal ischemic period [6]. Blocking
the endothelin system using selective and non-selective receptor
blockers as well as drugs reducing ET-1 production is efficient in
reducing the damage to the kidney caused by IRI [9-12]. Neverthe-
less, systemic blockade of ET-1 receptors induces undesirable side
effects which limit their clinical use [13].

In the present study, we have addressed the question whether
blocking specifically ET-1 from the vascular endothelial cells (EC)
is sufficient to prevent IRI-induced renal damage. We have focused
on the extension phase of kidney IRI, the phase in which the dam-
age of the vascular endothelial cells may be responsible for inflam-
mation and tubular epithelial injury [14-16].
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2. Material and methods
2.1. Animal experiment and kidney IRI model

We used mice with vascular EC-specific ET-1 knock-out (VEET-
KO) and their wild type (WT) littermates as described previously
[17]. The mice were housed in 12-h light and dark cycle with free
access to water and chow. Four-month old male VEETKO mice and
WT littermates (each n =8) were subjected to kidney IRI. Experi-
ments were conducted by following the established guidelines
for animal care of the Kobe University.

The surgical preparation and operation methods were previ-
ously described [18]. Briefly, mice were anesthetized using inhala-
tional isoflurane (Merck). Abdomen was opened and both renal
pedicles were clamped using non-traumatic microaneurysm
clamps (Roboz Surgical Instrument, RS5426) for 30 min. Mice were
placed on a 37 °C heating pad during ischemic period. After re-
moval of the clamp, the abdomen was clospage 5ed. Sham oper-
ated (SO) mice (n=5) underwent similar procedures except for
renal pedicles clamping. For sacrifice, mice were anesthetized with
pentobarbital (60 mg/kg ip), and then abdomen and thorax were
opened. Organs were perfused with 0.9% NaCl. Renal tissues were
harvested, snap frozen for RNA and protein extraction, embedded
in OCT compound (SAKURA, 4583, Japan) and fixed in 4% parafor-
maldehyde for paraffin embedding. For RNA and protein extrac-
tion, kidneys were divided into cortex and medulla. We sacrificed
the mice on the day following the operation to examine the exten-
sion phase of kidney IRI.

2.2. Kidney function assessment

Blood was collected from the orbital sinus before sacrifice. 0.8—
1 mL of blood was collected in an Eppendorf tube, incubated one
hour at room temperature, and finally centrifuged at 3000 rpm
for 10 min. Serum was collected and kept at —80 °C. Serum creat-
inine level was measured using the ELISA kit Nescoat VLII CRE (Alf-
resa Pharma Corp., Japan).

2.3. Histological analysis

Four-mm paraffin sections were de-paraffinized, and stained
with periodic acid Schiff’s reagent (PAS) to evaluate tubular injury.
Immunohistochemical (IHC) staining was done for these following
antibodies: F 4/80 (1:100; AbDSerotec, MCA497), PCNA (1:200;
DAKO, N1529) and 8-Hydroxy-2'-deoxyguanosine (8-OHdG)
(1:50; JalCA, Japan, MOG-100P). Briefly, paraffin sections were
de-paraffinized, heated in citrate buffer (10 nM Sodium Citrate,
0.05% Tween20 pH 6), then incubated in 3% H,0,. Antibodies were
incubated overnight after blocking with 3% bovine serum albumin
in phosphate buffered solution (PBS), TritonX 0.05%. These follow-
ing secondary antibodies were used and incubated for one hour:
Anti mouse Dako Envision labeled Polymer-HRP (DAKO, K4000)
for proliferating cell nuclear antigen (PCNA) and 8-OHdG, and His-
tofine anti-Rat (Nichirei, 414311F) for F4/80.

For immunofluorescence (IF) staining, a monoclonal antibody
anti alpha-smooth muscle actin («-SMA) FITC conjugate was used
(Sigma, F3777, 1:250) and a polyclonal anti-ETsR antibody (IBL,
16202, 1:10) De-paraffinized kidney sections were heated in cit-
rate buffer, and incubated in proteinase K (1:20, Dako, 2010-02)
for 20 min at 37 °C, then washed in PBS, Triton 0.05%. 1% BSA in
PBST was used as blocking and antibody dilution buffer. An alexa
Fluor 568 conjugated anti-rabbit IgG antibody (1:250, Invitrogen,
A10042) was used as secondary antibody for ET,R.

2.4. Tubular injury score

Tubular injury was scored based on PAS staining. Scoring was
done by grading tubular injury and dilatation, intra-luminal cash
and brush border loss in fifteen randomly chosen, non-overlapping
fields (200x magnification). The lesions were graded on a scale
from O to 4: 0: normal; 1: the injury involve less than 25% of the
cortex; 2: the injury involve 25 to 50% of the cortex; 3: the injury
involve 50 to 75% of the cortex; and 4: the extensive injury involv-
ing more than 75% of the cortex [19].

2.5. Wall thickness of intra-renal arteries

Wall thickness was quantified based on aSMA IF in intra-renal
arteries (diameter = 10-50 um). Fifteen to twenty arteries were
randomly chosen, photographed using a Keyence Immunofluores-
cence microscope. Using the Image ] software, we measured the
vessel and lumen area; wall area was measured by subtracting lu-
men area from vessel area and the ratio between wall and lumen
area was calculated. We then measured wall and lumen perime-
ters; wall thickness was measured as the wall area normalized to
the mean of vessel and lumen perimeters.

2.6. Real-time PCR

Total RNA was isolated from whole kidney and cortex tissue
using Trizol (Invitrogen, 1559-018). To obtain cDNA, 1 pg of RNA
was used for reverse transcription based on the manufacturer’s
instructions (ReverTra, TOYOBO, TRT-101). Quantitative real-time
PCR was performed using a Thunder bird SYBR® qRCR Mix (TOY-
OBO, QPS-201) on an ABI 7500 RT thermocycler. The following con-
ditions were used for amplification: 95 °C for 10s, 40 cycles at
95 °Cfor 5's, 60 °C for 34 s. Quantification of gene expression was
performed using the delta-delta C; method considering HPRT-1
as a house keeping gene. The following primers were used: ET-1
(forward, 5-TGCTGTTCGTGACTTTCC-3'; reverse, 3'-TGTTGACCCA-
GATGATGTC-5’), ETAR (forward, 5'-GCTGGTTCCCTCTTCACT-
TAAGC-3'; reverse, 3'-TCATGGTTGCCAGGTTAATGC-5"), MCP-1
(forward, 5-GGCATCACAGTCCGAGTCACA-3’; reverse, 3'-CTACA-
GACAACCACCTCAAGCACTTC-5'), TLR2 (forward, 5'-AAGAAGCTGG-
CATTCCGAGGC-3’; reverse, 3'-CGTCTGACTCCGAGGGGTTGA-5'),
TLR4 (forward, 5-GGGCCTAAACCCAGTCTGTTTG-3'; reverse, 3'-
GCCCGGTAAGGTCCATGCTA-5'), and ICAM-1 (forward, 5'-CAATT-
CACACTGAATGCCAGCTC-3’; reverse, 3'-CAAGCAGTCCGTCTCGTC-
CA-5'), HPRT-1 (forward, 5-TTGTTGTTGGATATGCCCTTGACTA-3/;
reverse, 3’-AGGCAGATGGCCACAGGACTA-5') was used as
reference.

2.7. Western blotting

40 pg proteins extracted from kidney tissues were separated on
8% SDS-PAGE, transferred to a polyvinylidene fluoride membrane,
and probed with E-Cadherin polyclonal antibody (ABCAM,
ab15148), eNOS (BD Pharmingen, 610296), ETsR (Santa Cruz, Sc-
33536), PKC (Santa Cruz, SC-1681) and GAPDH antibody (Sigma,
G9545). 5% skim milk in TBST was used for blocking before first
antibodies incubation. For E-cadherin, eNOS, ETAR, and GAPDH, a
HRP linked anti-rabbit IgG antibody (1:3000, Cell Signaling,
#7074) and, for PKC, a HRP linked anti-mouse IgG (1:4000; Jackson
Immunoresearch, 315-035-003) were used as secondary antibod-
ies. Proteins were visualized using a Luminata Forte Western
HRP Substrate (Millipore, WBLUF0100). Blots were photographed
with a transilluminator LAS 3000 mini (Fuji Film) and quantified
by densitometry using Image Reader LAS 3000 mini.
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2.8. Reactive oxygen species (ROS) detection by dihydroethidium
(DHE) staining

Fresh kidneys were embedded in OCT compound (SAKURA,
4583, Japan), and then cut into 4-pum thick slices using cryostat
(Leica, CM3050). The cryosections were washed in PBS and
incubated in 1 mM of DHE (Molecular Probe, D23103) for 30 min.
Red fluorescence was visualized at 567 nm with a Keyence micro-
scope and pictures were taken with a digital camera. Fifteen ran-
domly non-overlapping fields (200x magnification) in each
sample were analyzed. DHE intensity was measured using Image
] software.

2.9. Statistics

Results were expressed as mean = SD. Differences between
groups were analyzed by ANOVA and t-test using the STATVIEW
software. Difference between groups were considered statistically
significant at a P value < 0.05.

3. Results
3.1. ET-1 deletion from EC attenuated renal failure after IRI
Serum creatinine level increased dramatically one day after IRI

indicating renal failure. VEETKO mice presented a significantly
lower serum creatinine level than WT mice (Fig. 1A).

3.2. ET-1 deletion from EC attenuated cortex tubular injury after IRI

There were no histopathological differences between SO WT
and VEETKO mice. IRI induced tubular injury in both genotypes
but VEETKO mice had a significantly lower tubular injury score
than WT mice (Fig. 1B and C). In WT mice, the injury spread to
the cortex more extensively compared to VEETKO mice (data not
shown). PCNA immunostaining showed an increased positive sig-
nal in epithelial cells one day after IRI indicating cell proliferation
(Fig. 1D and E). E-Cadherin expression decreased after IRI (Fig. 1F).
ET-1 deletion from EC increased the number of PCNA positive epi-
thelial cells and increased E-Cadherin protein abundance in renal
tissue (Fig. 1D-F).

3.3. ET-1 and ET4R expression increased after IRI

IRI induced ET-1 expression in whole kidney and cortex. Endo-
thelial cell-derived ET-1 deletion significantly reduced mRNA ET-1
level (Fig. 2A and B). Similarly, IRI-induced increase of ETAR mRNA
and ET4R protein level was stronger in WT than in VEETKO mice
(Fig. 2C and D).

3.4. ET-1 deletion from EC attenuated IRI-induced intrarenal artery
wall thickening

IRI induced an increase of the wall thickness of small renal
arteries in WT but not in VEETKO mice. Lumen/wall area ratio de-
creased in both genotypes after IRI. In VEETKO mice it remained
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Fig. 1. Effect of ET-1 deletion from EC on kidney function and histology and cell proliferation one day after IRL (A) Kidney function was assessed based on serum creatinine
concentration. (B and C) Tubular injury was scored on PAS stained renal sections. (B) Representative images (200x magnification, 12 fields each sample, n = 6). (C) Tubular
injury score. (D-E) Cell proliferation was assessed based on renal sections stained for PCNA. (D) Representative images of PCNA staining (800x magnification, 15 field each
sample, n = 5). Epithelial cells showed positive signal. Staining in the intra-luminal cast (X) was due to unspecific binding of the secondary antibody. (E) Quantification of
PCNA positive cell number. (F) Western blot and densitometric analysis of the epithelial cell marker E-Cadherin (n = 4). Results were expressed as means + SD. *P < 0.05,

**P <0.001 versus WT IRI. Bar = 50 pm.
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Fig. 2. ET-1 and ETAR expression and arterial morphology after IRI. (A-E) Expression level of ET-1 and ETR after IRl was measured by real time PCR. (A) ET-1 mRNA
expression in whole kidney and (B) in the cortex (n = 4-5). (C) ETAR mRNA expression (n = 4-5). (D) Western blot and densitometric analysis of ETsR expression (n = 4). (E-G)
Wall thickness and ratio of lumen/wall area was calculated based on aSMA staining as described in the methods. (E) Representative images of ®SMA and ET4R staining in the
kidney (F) Wall thickness and (G) ratio of lumen | wall area (n = 4-5). Results were expressed as means * SD. *p < 0.05, **p < 0.01 versus WT IRI. 'p < 0.05, "'p < 0.01 versus WT

sham. Bar = 50 pm.

higher than in WT mice (Fig. 2F and G). IF confirmed expression of
ETaR in vascular smooth muscle cells of intra-renal artery (Fig. 2E).

3.5. ROS production was reduced by ET-1 deletion from EC

ROS formation measured by DHE was increased after IRI. Quan-
tification of DHE intensity revealed a significant reduction of DHE
intensity in VEETKO mice after IRI compared to WT mice (Fig. 3A
and B). 8-OHdG, an oxidative DNA damage marker extensively
stained the nuclei of the epithelial cells, but not the interstitial cells
in both genotypes after IRI (Fig. 3C). We observed a higher PKC pro-
tein abundance after IRI that was significantly reduced in VEETKO
mice (Fig. 3D).

3.6. ET-1 deletion from EC reduced inflammatory response after IRI

Real time PCR analysis showed an increase of the renal cortical
mRNA levels of inflammation mediators (MCP-1, ICAM-1, TLR2 and
TLR4) after IRI (Fig. 4). These levels were lower in VEETKO mice
compared to WT. There was no difference in F4/80, a macrophage
marker, positive cells number between WT and VEETKO mice in SO
groups. Dendritic cells in the interstitium were positive for F4/80.
The number of F4/80 positive increased after IRI indicating that
IRI induced profound infiltration of macrophage. F4/80 positive
cells were lower in VEETKO mice compared to WT mice after IRI.

4. Discussion

This study showed that genetic suppression of ET-1 from the
vascular endothelial cells improves renal function one day after IRI.

4.1. Effect of EC-ET-1 on vasoconstriction and hypoxia

The decrease of blood supply to the kidney is a major event of
AKI. The elevation of kidney ET-1 24 h after AKI has been already
reported [20]. Vasoconstriction effect of ET-1 in renal vascular sys-
tem is mediated by ETaR [21,22]. An increase of ET-1 is therefore
proposed to further induce perfusion disturbance in the kidney
after IRI [23]. Consistently, we showed an increase of ET-1 and
ETAR expression as well as a decrease of lumen/wall area ratio of
small renal arterioles after IRI. This was prevented in VEETKO mice
and may participate to a better renal perfusion after IRI. Moreover,
ROS, which partly contribute to the vasoconstriction induced by
ETaR [24], were reduced in VEETKO after IRI compared to WT mice.
In the renal cortex of VEETKO mice, eNOS protein abundance was
higher than in WT after IRI (Supplementary Fig. 1). Vasoconstric-
tion after IRI may be amplified in part by a reduction of NO because
of endothelial cells damage [25]. NO inhibits vasoconstriction [26]
and represents a counter-regulator of the ET-1 system [27]. The ab-
sence of EC-ET-1 may thus prevent vasoconstriction by maintain-
ing eNOS protein abundance. Reduction of ET-1 and ETsR
activation in VEETKO mice thus possibly attenuates kidney injury
through balancing renal vasoconstriction and vasodilatation.

Kidney IRI increased intra-renal artery wall thickness, which
has been shown also after IRI in the focal cerebral ischemic model
in rats [28]. IRI-induced increase of wall thickness was prevented
in VEETKO mice indicating that EC-ET-1 is an important mediator
of vascular dysfunction through its proliferative effects on smooth
muscle cells. ET-1 has been already reported to act as a mitogen
factor in small arteries in vivo [29]. In vitro studies showed that
ET-1 induces proliferation of arterial smooth muscle cells [30,31].
In addition, treatment with bosentan, a non-selective endothelin
antagonist, in hypertensive rat prevents vascular hypertrophy [32].
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Fig. 3. Effect of IRI on PKC expression and Reactive Oxygen Species (ROS) production. (A-C) Oxidative stress was assessed by dihydroethidium (DHE) and 80HdG staining. (A)
Representative images of DHE staining (400x magnification, 12 fields each sample, n =5). (B) Quantification of DHE signal. (C) Representative image of 8OHdG staining
(arrow = nuclear staining). Staining in the intra-luminal cast (X) was due to unspecific binding of the secondary antibody. (D) Western blot and densitometric analysis of PKC
(n=4). *p<0.05, **P<0.001 versus WT IRI. p < 0.05, p < 0.01 versus WT sham. Bar = 50 um.

Finally, we showed that in the cortex of WT mice after kidney
IR, tubular injury was more pronounced compared to the VEETKO
mice. The increase of ET-1 expression in ischemic kidney occurs
mainly in the peritubular capillaries [6]. On the other hand, immu-
nohistological analysis indicate that the vascular endothelial cells
are the main site of ET-1 expression in the cortex and ET-1 produc-
tion in the renal cortex of VEETKO mice is restricted to a small por-
tion of peritubular capillaries [17]. The hypoxia caused by the
vasoconstriction mediated by ET-1 in these capillaries may have
deleterious effects on the adjacent tubules [6]. Our results support
this assumption by showing that the tubules are protected by the
suppression of EC-ET-1.

4.2. Effect of EC-ET-1 on oxidative status

IRI generates excessive amount of ROS [33], which can be sup-
pressed by the endothelin blocker bosentan [34]. Ischemia-induced
increase in oxidative stress provokes endothelial dysfunction,
which is mediated by the ET-1 dependent activation of PKC [35].
Our results indicated that inhibition of ET-1 from EC decreased
ROS production (Fig. 3). Concomitantly, we observed a higher
PKC protein abundance after IRI that was significantly reduced by
ET-1 deletion from EC. ET-1 is known to activate PKC [35]. PKC can
induce superoxide production and endothelium dysfunction in

renovascular hypertension model in rat [36]. PKC may thus medi-
ate ET-1-induced ROS production in kidney IRI. Finally, ROS in-
duced DNA damage of epithelial cells, but not interstitial cells
(Fig. 3C). This confirms previous observations showing that ROS af-
fect epithelial cells exclusively but not interstitial cells after kidney
IRI in mice [33].

4.3. Effect of EC-ET-1 on inflammation

Inflammation is one of the initial processes in the extension
phase of IRI. Inflammation in IRI involves signaling events via pat-
terns recognition molecules such as Toll-like receptors (TLR2,
TLR4) and ICAM-1 [5,37,38]. Macrophages contribute to the early
and late stages of renal IRI and appear in the kidney within 1-
5 days followed by monocytes chemotactic protein [39]. In this
study, ET-1 deletion from EC reduced inflammation responses in
addition to prevent tubular injury. VEETKO mice presented signif-
icantly lower mRNA levels of TLR2, TLR4, ICAM-1 and MCP-1 as
well as decreased macrophage cell number in the renal cortex
(Fig. 4). It seems that reduction of the inflammatory response par-
ticipated in the preservation of the tubular system in VEETKO mice
after IRL Our previous study using the blood flow cessation model
by carotid ligation also showed reduction of inflammatory cells
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p < 0.05 versus WT sham. Bar = 50 pm.

recruitment and inflammatory mediators in the vessels of the
VEETKO mice compared to WT [40].

Taken together, ET-1 from EC may participate in the injury of
tubular epithelial cells, and promote oxidative stress and inflam-
mation during the extension phase of kidney IRI. Blocking ET-1 ef-
fects may provide new potential therapy in kidney IRI.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.07.121.

References

[1] J. Westhuyzen, Z.H. Endre, G. Reece, D.M. Reith, D. Saltissi, T.J. Morgan,
Measurement of tubular enzymuria facilitates early detection of acute renal
impairment in the intensive care unit, Nephrol. Dial. Transplant. 18 (2003)
543-551.

[2] G.M. Chertow, S.H. Soroko, E.P. Paganini, K.C. Cho, J. Himmelfarb, T.A. Ikizler,
R.L. Mehta, Mortality after acute renal failure: models for prognostic
stratification and risk adjustment, Kidney Int. 70 (2006) 1120-1126.

[3] J.V. Bonventre, L. Yang, Cellular pathophysiology of ischemic acute kidney
injury, J. Clin. Invest. 121 (2011) 4210-4221.

[4] B.A. Molitoris, T.A. Sutton, Endothelial injury and dysfunction: role in the
extension phase of acute renal failure, Kidney Int. 66 (2004) 496-499.

[5] KJ. Kelly, WW. Williams Jr., R.B. Colvin, ]J.V. Bonventre, Antibody to
intercellular adhesion molecule 1 protects the kidney against ischemic
injury, Proc. Natl. Acad. Sci. USA 91 (1994) 812-816.

[6] SM. Wilhelm, M.S. Simonson, A.V. Robinson, N.T. Stowe, J.A. Schulak,
Endothelin up-regulation and localization following renal ischemia and
reperfusion, Kidney Int. 55 (1999) 1011-1018.

[7] M. Yanagisawa, H. Kurihara, S. Kimura, Y. Tomobe, M. Kobayashi, Y. Mitsui, Y.
Yazaki, K. Goto, T. Masaki, A novel potent vasoconstrictor peptide produced by
vascular endothelial cells, Nature 332 (1988) 411-415.

[8] J.D. Firth, P.J. Ratcliffe, A.E. Raine, J.G. Ledingham, Endothelin: an important
factor in acute renal failure?, Lancet 2 (1988) 1179-1182

[9] O. Buyukgebiz, A.O. Aktan, G. Haklar, A.S. Yalcin, C. Yegen, R. Yalin, Z.S. Ercan,
BQ-123, a specific endothelin (ETA) receptor antagonist, prevents ischemia-
reperfusion injury in kidney transplantation, Transpl. Int. 9 (1996) 201-207.

[10] H. Erdogan, E. Fadillioglu, M.H. Emre, Protection from renal ischemia
reperfusion injury by an endothelin-A receptor antagonist BQ-123 in
relation to nitric oxide production, Toxicology 228 (2006) 219-228.

[11] S.M. Wilhelm, N.T. Stowe, A.V. Robinson, J.A. Schulak, The use of the endothelin
receptor antagonist, tezosentan, before or after renal ischemia protects renal
function, Transplantation 71 (2001) 211-216.

[12] Y. Sharkovska, P. Kalk, K. von Websky, K. Relle, T. Pfab, M. Alter, Y. Fischer, B.
Hocher, Renoprotective effects of combined endothelin-converting enzyme/
neutral endopeptidase inhibitor SLV338 in acute and chronic experimental
renal damage, Clin. Lab. 57 (2011) 507-515.

[13] J.F. Mann, D. Green, K. Jamerson, L.M. Ruilope, S.J. Kuranoff, T. Littke, G. Viberti,
Avosentan for overt diabetic nephropathy, J. Am. Soc. Nephrol. 21 (2011) 527-
535.

[14] H. Rabb, Y.M. O’'Meara, P. Maderna, P. Coleman, H.R. Brady, Leukocytes, cell
adhesion molecules and ischemic acute renal failure, Kidney Int. 51 (1997)
1463-1468.

[15] S. Linas, D. Whittenburg, J.E. Repine, Nitric oxide prevents neutrophil-
mediated acute renal failure, Am. J. Physiol. 272 (1997) F48-54.

[16] T.A. Sutton, CJ. Fisher, B.A. Molitoris, Microvascular endothelial injury and
dysfunction during ischemic acute renal failure, Kidney Int. 62 (2002) 1539-
1549.

[17] Y.Y. Kisanuki, N. Emoto, T. Ohuchi, B. Widyantoro, K. Yagi, K. Nakayama, R-M.
Kedzierski, R.E. Hammer, H. Yanagisawa, S.C. Williams, J.A. Richardson, T.
Suzuki, M. Yanagisawa, Low blood pressure in endothelial cell-specific
endothelin 1 knockout mice, Hypertension 56 (2010) 121-128.

[18] H. Wu, G. Chen, K.R. Wyburn, ]. Yin, P. Bertolino, J.M. Eris, S.I. Alexander, A.F.
Sharland, S.J. Chadban, TLR4 activation mediates kidney ischemia/reperfusion
injury, J. Clin. Invest. 117 (2007) 2847-2859.


http://dx.doi.org/10.1016/j.bbrc.2012.07.121

N. Arfian et al./Biochemical and Biophysical Research Communications 425 (2012) 443-449 449

[19] K. Inazaki, Y. Kanamaru, Y. Kojima, N. Sueyoshi, K. Okumura, K. Kaneko, Y.
Yamashiro, H. Ogawa, A. Nakao, Smad3 deficiency attenuates renal fibrosis,
inflammation, and apoptosis after unilateral ureteral obstruction, Kidney Int.
66 (2004) 597-604.

[20] J.D. Firth, PJ. Ratcliffe, Organ distribution of the three rat endothelin
messenger RNAs and the effects of ischemia on renal gene expression, J.
Clin. Invest. 90 (1992) 1023-1031.

[21] AP. Davenport, RE. Kuc, S.L. Hoskins, F.E. Karet, F. Fitzgerald, [125]]-
PD151242: a selective ligand for endothelin ETA receptors in human kidney
which localizes to renal vasculature, Br. ]. Pharmacol. 113 (1994) 1303-1310.

[22] J.J. Maguire, R.E. Kuc, G. O'Reilly, A.P. Davenport, Vasoconstrictor endothelin
receptors characterized in human renal artery and vein in vitro, Br. J.
Pharmacol. 113 (1994) 49-54.

[23] H. Kurata, M. Takaoka, Y. Kubo, T. Katayama, H. Tsutsui, J. Takayama, M.
Ohkita, Y. Matsumura, Protective effect of nitric oxide on ischemia/
reperfusion-induced renal injury and endothelin-1 overproduction, Eur. J.
Pharmacol. 517 (2005) 232-239.

[24] A. Just, C.L. Whitten, W]. Arendshorst, Reactive oxygen species participate in
acute renal vasoconstrictor responses induced by ETA and ETB receptors, Am. J.
Physiol. Renal Physiol. 294 (2008) F719-728.

[25] O. Kwon, S.M. Hong, G. Ramesh, Diminished NO generation by injured
endothelium and loss of macula densa nNOS may contribute to sustained
acute kidney injury after ischemia-reperfusion, Am. J. Physiol. Renal. Physiol.
296 (2009) F25-33.

[26] D. Merkus, O. Sorop, B. Houweling, F. Boomsma, A.H. van den Meiracker, D.J.
Duncker, NO and prostanoids blunt endothelin-mediated coronary
vasoconstrictor influence in exercising swine, Am. J. Physiol. Heart Circ.
Physiol. 291 (2006) H2075-2081.

[27] C. Boulanger, T.F. Luscher, Release of endothelin from the porcine aorta.
Inhibition by endothelium-derived nitric oxide, ]. Clin. Invest. 85 (1990) 587-
590.

[28] F. Jimenez-Altayo, L. Caracuel, F.J. Perez-Asensio, S. Martinez-Revelles, A.
Messeguer, A.M. Planas, E. Vila, Participation of oxidative stress on rat middle
cerebral artery changes induced by focal cerebral ischemia: beneficial effects
of 3,4-dihydro-6-hydroxy-7-methoxy-2,2-dimethyl-1(2H)-benzopyran (CR-6),
J. Pharmacol. Exp. Ther. 331 (2009) 429-436.

[29] H.H. Dao, C. Bouvet, S. Moreau, P. Beaucage, R. Lariviere, MJ. Servant, ]. de
Champlain, P. Moreau, Endothelin is a dose-dependent trophic factor and a
mitogen in small arteries in vivo, Cardiovasc. Res. 71 (2006) 61-68.

[30] F. Ljuca, G. Drevensek, Endothelin-1 induced vascular smooth muscle cell
proliferation is mediated by cytochrome p-450 arachidonic acid metabolites,
Bosn. J. Basic Med. Sci. 10 (2010) 223-226.

[31] S. Hafizi, S.P. Allen, A.T. Goodwin, A.H. Chester, M.H. Yacoub, Endothelin-1
stimulates proliferation of human coronary smooth muscle cells via the ET(A)
receptor and is co-mitogenic with growth factors, Atherosclerosis 146 (1999)
351-359.

[32] J.S. Li, R. Lariviere, E.L. Schiffrin, Effect of a nonselective endothelin antagonist
on vascular remodeling in deoxycorticosterone acetate-salt hypertensive rats.
Evidence for a role of endothelin in vascular hypertrophy, Hypertension 24
(1994) 183-188.

[33] J. Kim, KJ. Jung, K.M. Park, Reactive oxygen species differently regulate renal
tubular epithelial and interstitial cell proliferation after ischemia and
reperfusion injury, Am. J. Physiol. Renal Physiol. 298 (2010) F1118-29.

[34] S.K. Gupta, A. Saxena, U. Singh, D.S. Arya, Bosentan, the mixed ETA-ETB
endothelin receptor antagonist, attenuated oxidative stress after experimental
myocardial ischemia and reperfusion, Mol. Cell Biochem. 275 (2005) 67-74.

[35] M. Maczewski, A. Beresewicz, The role of endothelin, protein kinase C and free
radicals in the mechanism of the post-ischemic endothelial dysfunction in
guinea-pig hearts, J. Mol. Cell Cardiol. 32 (2000) 297-310.

[36] T. Heitzer, U. Wenzel, U. Hink, D. Krollner, M. Skatchkov, R.A. Stahl, R.
MacHarzina, J.H. Brasen, T. Meinertz, T. Munzel, Increased NAD(P)H oxidase-
mediated superoxide production in renovascular hypertension: evidence for
an involvement of protein kinase C, Kidney Int. 55 (1999) 252-260.

[37] J. Chen, R. John, J.A. Richardson, .M. Shelton, X.J. Zhou, Y. Wang, Q.Q. Wu, J.R.
Hartono, P.D. Winterberg, C.Y. Lu, Toll-like receptor 4 regulates early
endothelial activation during ischemic acute kidney injury, Kidney Int. 79
(2011) 288-299.

[38] J.C. Leemans, G. Stokman, N. Claessen, K.M. Rouschop, GJ. Teske, CJ.
Kirschning, S. Akira, T. van der Poll, J.J. Weening, S. Florquin, Renal-
associated TLR2 mediates ischemia/reperfusion injury in the kidney, J. Clin.
Invest. 115 (2005) 2894-2903.

[39] L. Li, M.D. Okusa, Macrophages, dendritic cells, and kidney ischemia-
reperfusion injury, Semin. Nephrol. 30 (2010) 268-277.

[40] D.W. Anggrahini, N. Emoto, K. Nakayama, B. Widyantoro, S. Adiarto, N. Iwasa,
H. Nonaka, Y. Rikitake, Y.Y. Kisanuki, M. Yanagisawa, K. Hirata, Vascular
endothelial cell-derived endothelin-1 mediates vascular inflammation and
neointima formation following blood flow cessation, Cardiovasc. Res. 82
(2009) 143-151.



	ET-1 deletion from endothelial cells protects the kidney during the extension  phase of ischemia/reperfusion injury
	1 Introduction
	2 Material and methods
	2.1 Animal experiment and kidney IRI model
	2.2 Kidney function assessment
	2.3 Histological analysis
	2.4 Tubular injury score
	2.5 Wall thickness of intra-renal arteries
	2.6 Real-time PCR
	2.7 Western blotting
	2.8 Reactive oxygen species (ROS) detection by dihydroethidium (DHE) staining
	2.9 Statistics

	3 Results
	3.1 ET-1 deletion from EC attenuated renal failure after IRI
	3.2 ET-1 deletion from EC attenuated cortex tubular injury after IRI
	3.3 ET-1 and ETAR expression increased after IRI
	3.4 ET-1 deletion from EC attenuated IRI–induced intrarenal artery wall thickening
	3.5 ROS production was reduced by ET-1 deletion from EC
	3.6 ET-1 deletion from EC reduced inflammatory response after IRI

	4 Discussion
	4.1 Effect of EC-ET-1 on vasoconstriction and hypoxia
	4.2 Effect of EC-ET-1 on oxidative status
	4.3 Effect of EC-ET-1 on inflammation

	Appendix A Supplementary data
	References


