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Molecular Basis of Kidney Injury and Repair

Kidney-targeted irradiation triggers renal ischemic preconditioning in mice
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Abstract

Renal ischemia-reperfusion (I/R) causes acute kidney injury (AKI). Ischemic preconditioning (IPC) attenuates I/R-associated AKI.
Whole body irradiation induces renal IPC in mice. Still, the mechanisms remain largely unknown. Furthermore, the impact of kid-
ney-centered irradiation on renal resistance against I/R has not been studied. Renal irradiation (8.5 Gy) was done in male 8- to
12-wk-old C57bl/6 mice using a small animal radiation therapy device. Left renal I/R was performed by clamping the renal pedi-
cles for 30 min, with simultaneous right nephrectomy, at 7, 14, and 28 days postirradiation. The renal reperfusion lasted 48 h.
Following I/R, blood urea nitrogen (BUN) and serum creatinine (SCr) levels were lower in preirradiated mice compared with con-
trols; so was the histological Jablonski score of AKI. The metabolomics signature of renal I/R was attenuated in preirradiated
mice. The numbers of proliferating cell nuclear antigen (PCNA)-, cluster of differentiation molecule 11b (CD11b)-, and cell surface gly-
coprotein F4/80-positive cells in the renal parenchyma post-I/R were reduced in preirradiated versus control groups. Such IPC was
significantly observed as early as day 14 postirradiation. RNA sequencing showed an upregulation of angiogenesis- and stress
response-related signaling pathways in irradiated nonischemic kidneys on day 28. Qualitative RT-PCR confirmed the increased
expression of vascular endothelial growth factor (VEGF), activin receptor-like kinase 5 (ALK5), heme oxygenase-1 (HO1), platelet en-
dothelial cell adhesion molecule-1 (PECAM1), NADPH oxidase 2 (NOX2), and heat shock proteins 70 and 27 (HSP70 and HSP27,
respectively) in irradiated kidneys compared with controls. In addition, irradiated kidneys showed an increased CD31-positive vascu-
lar area compared with controls. A 14-day gavage of irradiated mice with the antiangiogenic drug sunitinib before I/R abrogated
the irradiation-induced IPC at both functional and structural levels. Our observations suggest that kidney-centered irradiation acti-
vates proangiogenic pathways and induces IPC, with preserved renal function and attenuated inflammation post-I/R.

NEW & NOTEWORTHY This study based on a mouse model of renal ischemia-reperfusion (I/R) aimed to 1) test whether and
how irradiation strictly centered on the kidney protects against the I/R injury and 2) determine the shortest efficient delay of kid-
ney irradiation to achieve such nephroprotection. Kidney irradiation increased the vascular surface in the renal parenchyma and
conferred resistance against renal I/R damage, which highlights novel putative strategies in the field of ischemic acute kidney
injury.

acute kidney injury; radiotherapy; renal ischemia-reperfusion; renal preconditioning; transcriptomics

INTRODUCTION

Acute kidney injury (AKI) is a commonly encountered syn-
drome associated with various pathophysiological processes
leading to an abrupt decrease in kidney functions (1). AKI
affects �1,000 people per million and is associated with a

high mortality rate (2). Renal ischemia-reperfusion (I/R)
injury is the leading cause of AKI (3) and is induced by the
transient interruption of renal blood flow that produces an ab-
rupt drop in oxygen pressure and nutrient delivery leading to
vascular and tubular dysfunction (4–6) and renal inflamma-
tion (7). I/R is an unavoidable event in kidney transplantation
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and cardiothoracic surgery, with a negative impact on short-
and long-term kidney outcomes (8, 9). In the absence of spe-
cific pharmacological targets, the current (preventive and cu-
rative) management of I/R injury remains largely supportive

(10). Translational research in the field focuses on the patho-
physiology of renal ischemic preconditioning (IPC) to refine
strategies for preventing or attenuating the severity of AKI
and improving patients’ health and survival (11, 12).
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Several studies have reported a protective effect of radia-
tion therapy against I/R injury. Yuan- Po et al. (13) showed
that far-infrared radiation attenuated I/R injury in the rat tes-
tis by inducing heme oxygenase-1 (HO1) expression. Lakyova
et al. (14) similarly demonstrated that low-level laser irradia-
tion causes a profound reduction in the amount of necrotic
tissue and enhances recovery after I/R muscle injury in rat
hindlimbs by attenuating the inflammatory reaction and
facilitating angiogenesis. In the global context of kidney dis-
eases, it has been shown that continuous whole body low-
dose-rate c-irradiation ameliorates diabetic nephropathy and
increases lifespan inmice through the activation of renal anti-
oxidants (15). Taylor et al. (16) also showed that the inci-
dence of kidney disease was significantly reduced in mice
following irradiation compared with nonirradiated con-
trols. Interestingly enough, in the context of in vivo stud-
ies of renal I/R, whole body irradiation has been suggested
to induce renal IPC in mice. Indeed, 8-Gy whole body irra-
diation significantly attenuated the elevations of serum
creatinine (SCr) and blood urea nitrogen (BUN) as well as
structural damage and lipid peroxidation following renal I/R
(17). However, the effect of irradiation focused specifically on
the kidneys has never been evaluated, and themechanisms of
irradiation-induced IPC remain largely unknown.

Advances in conformational radiology and preclinical
radiotherapy research have recently spurred the development
of precise microirradiators for small animals, including
rodents. These devices are often kilovolt X-ray radiation sour-
ces combined with high-resolution computed tomography
(CT) imaging equipment for image guidance, as the latter
allows precise and accurate beam positioning. These devices
are similar to modern human radiotherapy machines and are
considered a major step forward in radiobiology research (18,
19).

In the present study, we used the small animal radiation
therapy with advanced precision (SmART), a well-validated
preclinical microirradiator effective in the precise targeting
of a specific organ in rodents (20). To our knowledge, we
demonstrated, for the first time, that kidney-centered irradi-
ation is associated with renal angiogenesis and renal IPC,
with preserved renal function and attenuated renal inflam-
mation post-I/R.

MATERIALS AND METHODS

Mouse Model of Renal I/R

The Institutional Animal Care and Use Committee of the
University of Liege approved the present protocols (Nos.

1335 and 2185). All mice were housed in ventilated cages
under conditions of stable temperature (23�C) and humidity
under a dark-light cycle, with ad libitum access to food and
water. All recordings/analyses were carried out by investiga-
tors who were blinded to the experimental conditions. Male
C57bl/6 mice aged 8–12 wk (�26 g) were anesthetized with
pentobarbital (60 mg/kg). Analgesia was performed preoper-
atively using buprenorphine (0.05 mg/kg). Median laparot-
omy was performed on heating pads, and a vascular clamp
was applied for 30 min on the left renal pedicle. The right
kidney was removed during the ischemia time and was half-
cut to be fixed in paraformaldehyde or snap-frozen in liquid
nitrogen. During the laparotomy, mice were covered with
moistened gauze, and saline solution (0.5 mL/100 g), and
antibiotics [Enrofloxacin (2.5%), 0.025 mL/mouse] were in-
traperitoneally infused. After surgery, mice were monitored
twice daily. The left kidney was reperfused for 48 h. Mice
were then anesthetized. A blood sample was collected by
puncture of the inferior vena cava and centrifuged at 100 g
for 10 min at 4�C. Serum levels of SCr and BUN were meas-
ured by enzymatic methods (Roche/Hitachi Cobas). The left
kidney was excised, half-cut, and fixed in paraformaldehyde
or snap-frozen in liquid nitrogen.

Animal Radiation Therapy

Mice were anesthetized with 4% isoflurane and main-
tained asleep by 1.5% isoflurane on the platform of the CT
scanner with their head inserted into a 10-mL syringe con-
nected to the isoflurane supply. We used a small animal irra-
diator and scanner (SmART) instrument from precision X-
Ray (North Branford, CT) designed to image, target, and irra-
diate cells and small animals up to the size of rodents (see
https://precisionxray.com/small-animal-igrt/). This scanner
provides images that have a resolution of 0.1 mm. A prescan
of the whole body was initially carried out to locate more
precisely the volume to be investigated, and this volume was
then defined in all three dimensions by moving cursors on
the computer screen with the mouse. The acquisition scan
was then started after adjusting parameters to 40 Kv, 8 mA,
and a voxel resolution of 0.1 � 0.1 � 0.1 mm. We then per-
formed the radiation therapy focused on the kidneys, with
beams of 225 Kv and 13 mA. For bilateral irradiation, two op-
posite beams of X-rays targeted both kidneys to deliver a
dose of 8.5 Gy. For unilateral irradiation, three opposite
beams of X-rays were performed targeting one kidney to
deliver a dose of 8.5 Gy (Fig. 1A). Mice were then placed in a
recovery cage lightly heated by a lamp for recovery within
minutes.

Figure 1. A: PXi X-Rad small animal radiation therapy with advanced precision renal radiation therapy. A, left: bilateral renal irradiation with two beams of
X-rays targeting both kidneys was performed to deliver a dose of 8.5 Gy. A, right: unilateral renal irradiation with three beams of X-rays targeting the left
kidney was performed to deliver a dose of 8.5 Gy. B: serum levels of blood urea nitrogen (BUN) and creatinine (SCr) in preirradiated mice (n = 6, bilateral
renal irradiation performed 28 days before surgery) and nonirradiated mice (n = 5) measured after renal ischemia (for 30 min) and reperfusion (for 48 h)
[ischemia-reperfusion (I/R)]. An unpaired parametric test was used to assess statistical significance. C, left: immunohistochemistry on kidneys of preirradi-
ated and nonirradiated mice following I/R (magnification: �40) for cell proliferation [proliferating cell nuclear antigen (PCNA)], infiltration of inflammatory
cells (CD11b), and total macrophage population (F4/80). C, right: quantification of positive cells (arrowheads) in the corticomedullary junction in tubular
(PCNA) and interstitial (CD11b and F4/80) compartments. An unpaired parametric t test was used to assess statistical significance. Data are presented as
means ± SD. Significant differences are indicated: �P < 0.05, ��P < 0.01, and ���P < 0.001 vs. the wild-type control group. Scale bar = 50 mm. D, left:
periodic acid–Schiff (PAS)-stained kidney sections following I/R (magnification: �40). The ischemic damage was characterized by cell desquamation in
nonirradiated kidneys, whereas normal architecture of tubules and cells was observed in preirradiated kidneys.D, right: histological damage was graded
following the Jablonski score. Individual scores are shown as medians and interquartile ranges. A v2 test was used to assess statistical significance.
Scale bar = 50 mm.
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Transcriptomics Analysis (RNA Sequencing)

Powders of kidneys were prepared with biological repli-
cates from the following three experimental groups: “left kid-
neys of left-irradiated mice” for the kidneys that were
directly irradiated (n = 11; irradiated group), “right kidneys of
left-irradiated mice” for the kidneys that were directly irradi-
ated (n = 11; contralateral nonirradiated group), and “right
kidneys of nonirradiated mice” for kidneys from the mice
that were irradiated at all (n = 5; untreated group). Total
RNAs were extracted to perform comparative high-through-
put RNA sequencing (RNA-Seq).

Sequencing.
Samples were sequenced by the GIGA Genomic Platform on
the NextSeq Illumina system. The sequencing was per-
formed using the single-endmethodwith reads of 75 bp.

Data processing and downstream analysis.
FASTQ files are generated from BCL files using “bcl2fastq,” and
a quality control of the sequences is directly performed using
“FastQC” before going further. FASTQ files are then processed
for eliminating rRNA and tRNA mapping reads. The reads
were then mapped on the Illumina iGenomes hg19 reference
using STAR software, and the counts matrix was generated. A
quality control of the alignment is performed. Clustering, prin-
cipal component analysis, and differential expression analysis
of the samples were performed using the R package “DESeq2”
(pairwise comparison between the different experimental con-
ditions). We used DESeq2’s median of ratios as the method for
normalization, which implies that counts are divided by sam-
ple-specific size factors determined by the median ratio of
gene counts relative to the geometric mean per gene. This
allows gene count comparisons between samples/conditions
for differential expression analysis. Differential expression
genes are defined using DESeq2 model involving negative

binomial (GLM) regression, Wald test, and false discovery
rate correction for multiple testing. Functional enrichment
analysis was performed using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID program).

Real-Time Semiquantitative PCR

Fifty micrograms of kidney powder were homogenized in
1 mL NucleoZOL solution (Macherey-Nagel) supplemented
with 400 μL of RNase-free water and incubated at room tem-
perature for 10 min. Lysates were centrifuged at 12,000 g
at 4�C for 15 min. One milliliter of the supernatant was
transferred to a fresh RNase-free tube, and 1 mL of isopro-
panol (100%) was added to precipitate RNA. The mixtures
were centrifuged at 12,000 g at 4�C for 10 min, and RNA
pellets were washed two times with 500 μL of 75% ethanol
before centrifugation at 6,000 g at 4�C for 3 min. Pellets
were finally dissolved in 100 μL of RNase-free water. RNA
concentration and purity were assessed using a NanoDrop
Lite spectrophotometer (Thermo Scientific). All RNA sam-
ples had an absorbance (260 nm/280 nm) ratio comprised
between 1.8 and 2.2. Afterward, cDNAs were generated
using a Reverse Transcription Kit (Promega) according to the
manufacturer’s instructions. Primers used for quantitative
RT-PCR are shown in Table 1. Semiquantitative mRNA
expression levels were calculated using threshold cycle (Ct)
values following the classical 2�DCt equation. The housekeep-
ing gene used for quantitative RT-PCRwas Gapdh.

1H-NMRMetabolomics Sample Preparation

All samples were recorded at 298 K on a Bruker Avance
HD spectrometer operating at 700.17 MHz for the proton
signal acquisition. The instrument was equipped with a
TCI 5-mm cryoprobe with a Z-gradient. Maleic acid was
used as the internal standard for quantification and tri-
methylsilyl-3-propionic acid-d4 (TMSP) for the zero

Table 1. Primers used for quantitative PCR

Gene Direction Primer Sequence (5 0-3 0) Size of the PCR Product, bp GenBank Accession Number

HO1 Forward
Reverse

CACTCTGGAGATGACACCTGAG
GTGTTCCTCTGTCAGCATCACC

115 NM_010442

PECAM1 Forward
Reverse

CCAAAGCCAGTAGCATCATGGTC
GGATGGTGAAGTTGGCTACAGG

155 NM_008816

CuZn-SOD Forward
Reverse

GGTGAACCAGTTGTGTTGTCAGG
ATGAGGTCCTGCACTGGTACAG

114 NM_011434

Mn-SOD Forward
Reverse

TAACGCGCAGATCATGCAGCTG
AGGCTGAAGAGCGACCTGAGTT

133 NM_013671

GAPDH Forward
Reverse

AAGGTCATCCCAGAGCTGAA
CTGCTTCACCACCTTCTTGA

138 NM_008084

NOX2 Forward
Reverse

TGGCGATCTCAGCAAAAGGTGG
GTACTGTCCCACCTCCATCTTG

150 NM_007807

NOX4 Forward
Reverse

CGGGATTTGCTACTGCCTCCAT
GTGACTCCTCAAATGGGCTTCC

160 NM_015760

ALK5 Forward
Reverse

CTGCCATAACCGCACTGTCA
AAATGAAAGGGCGATCTAGTGATG

186 NM_009370

HSP70 Forward
Reverse

ACAAGTCGGAGAACGTGCAGGA
GTTGTCCGAGTAGGTGGTGAAG

160 NM_010479

HSP27 Forward
Reverse

GCTCACAGTGAAGACCAAGGAAG
TGAAGCACCGAGAGATGTAGCC

150 NM_013560

VEGF Forward
Reverse

GTCCTGTGTGCCGCTGAT
AGGTTTGATCCGCATGATCT

97 NM_001025250

ALK5, activin receptor-like kinase 5; CuZn-SOD, superoxide dismutase; HO1, heme oxygenase-1; HSP27, heat shock protein 27; HSP70,
heat shock protein 70; Mn-SOD, manganese superoxide dismutase; NOX2, NADPH oxidase; NOX4, NADPH oxidase 4; PECAM1, platelet
endothelial cell adhesion molecule-1; VEGF, vascular endothelial growth factor.
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calibration. Powders of the kidneys were suspended in 500
μL of deuterated phosphate buffer (pH 7.4), placed on an
ice bath, and then subjected to sonication with a vibrating
probe (Vibra-Cell, Sonics and Materials) for two periods of
20 s. The mixture was centrifuged (13,300 rotations/min)
at 4�C for 10 min to partially eliminate membranes and
cell residues. Then, 500 μL of the supernatant were centri-
fuged a second time through an AMICON ultra 0.5-mL 10-
kDa filter tube (13,300 rotations/min, 4�C for 1 h). An ali-
quot of the filtered sample was withdrawn and added to an
adjusted volume of deuterated buffer in a way to keep con-
stant the amount of kidney lysate (±154 mg) in a volume of
300 mL. The adjusted volume was supplemented with 50 μL of
a 5 mM solution of maleic acid and 2 μL of a 5 mg/mL TMSP
D2O solution. Samples were lyophilized for 24 h and supple-
mented with 300 mL of deuterated buffer. 1H-NMR spectra
were acquired using a 1-D NOESY sequence with presatura-
tion. The Noesypresat experiment used an RD-90�-T1-90�-
Tm-90�-acquire sequencewith a relaxation delay of 4 s, amix-
ing time of 10 ms, and a fixed T1 delay of 4 μs. Water suppres-
sion pulse was placed during the relaxation delay. The
number of transients was 128 (64 k data points). Data were
processed with Bruker Topspin 4.0.8 software with a standard
parameter set. Phase and baseline corrections were performed
manually over the entire range of the spectra, and the d-scale
was calibrated to 0 ppm using the internal standard TMSP.
For statistical analysis, optimized 1H-NMR spectra were auto-
matically baseline-corrected and processed using MestReNova
software (version 14.1.1, Mestrelab Research SL). The spectral
intensities were normalized to the maleic acid peak and
reduced to integrated regions of equal width (0.02 ppm) corre-
sponding to the 0.5- to 9.00-ppm region. Because of the resid-
ual signals of water and maleic acid, regions between 4.7 and 5
ppm (water signal) and between 5.6 and 6.2 ppm (maleic acid
signal) were removed before analysis. The reduced and nor-
malizedNMR spectral data were imported into SIMCA (version
16, Umetrics, Umea Sweden). Multivariate analysis [principal
component analysis-X and orthogonal partial least squares dis-
criminant analysis (OPLS-DA)] models of stool metabolomes
were used to identify outliers and separation between the
groups, respectively. The quality of OPLS-DA models was
determined by the predictability calculated on the basis of the
fraction correctly predicted in one-seventh cross validation
(Q2); the more this value is near to 1, the better is the model’s
predictive accuracy. From the OPLS-DA discriminant model, a
list of variable importance of projection was generated.
Variable importance of projection scores larger than 1 indicate
“important” X-variables for the discrimination in classes.
Metabolite identification was next performed using the open-
access database NMR suite 9.0 (Chenomx), the free web-based
tool HMDB (http://www.hmdb.ca), and tables. Eachmetabolite
identified was finally confirmed by performing peak correla-
tion plots from 2-D NMR spectra (COSY and HSQC). For uni-
variate analysis of kidney lysates, a one-way ANOVA Kruskal–
Wallis test was used formultiple comparisons, whereas Mann–
Whitney tests were used for comparisons between two groups.

Histology and Immunostaining

Kidney tissues were fixed in paraformaldehyde for
24 h and then embedded in paraffin. Kidney sections (5

mm) were dewaxed and gradually hydrated before hema-
toxylin and eosin and periodic acid-Schiff staining. I/R-
induced acute tubular necrosis was blindly scored fol-
lowing the Jablonski score. For immunohistochemistry,
sections were subjected to antigen retrieval in sodium ci-
trate buffer (pH 6.0, No. S2031, Dako) or target buffer
(No. S1699, Dako) or EDTA buffer (No. S2367, Dako).
Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide (30%, No. 107209, Merck) for 20 min
at room temperature. Nonspecific binding was con-
strained by incubation for 30 min with either normal
goat serum or for 10 min with protein block reagent (No.
X0909, Dako). Sections were then incubated for 60 min
at room temperature with the following primary anti-
bodies: monoclonal mouse antiproliferating cell nuclear
antigen (PCNA; No. M0879, Dako, 1/2,500), anti-F4/80
(No. 74383, Abcam, 1/1,000), anti-CD11b (No. 7546
Abcam, 1/6,000), and anti-CD31 antibodies (No. 28364,
Abcam, 1/200). After being washed, sections were incu-
bated for 30 min with goat anti-mouse or rabbit biotin-
conjugated secondary antibodies (Envision anti-Rabbit/
HRP, No. K4003, Dako, 1/400), washed, and exposed to
horseradish peroxidase-conjugated streptavidin (1/500) for 30
min. Immunoreactivity was detected using DAB (No. K3468,
Dako) or AEC (No. K3464, Dako). Immunohistochemistry
scoring was achieved blindly: four randomly selected fields of
the corticomedullary region (magnification: �20) were con-
sidered per kidney. Staining was reported to the global num-
ber of cells in the considered region (i.e., per cells/mm2). CD31
immunostaining was quantified blindly on digital images
(NanoZoomer 2.0 HT, Hamamatsu). Using the particle plugin
for vascular density on the Fiji program (version 1.52i, Wayne
Rasban, National Institutes of Health), the images were proc-
essed by color deconvolution using a set of macros. The color
deconvolution separates the image to isolate the signal from
the histological dyes (DAB staining signal), which marks the
vessels. A constant threshold was used to exclude the back-
ground for all images. The percent area obtained was defined
as a percentage of the area of CD31-positive vessels (white pix-
els) to the total area of the slice. The following formula was
used to calculate vascular density: vascular density = vessel
area/total area� 100%.

Drug Preparation and Administration

Sunitinib malate/SU11248/SUTENT was purchased from
LC Laboratories (Woburn, MA). Sunitinib (4mg/mL) was sus-
pended in vehicle consisting of 0.5% carboxymethylcellu-
lose, 1.8% NaCl, 0.4% Tween 80, 0.9% benzyl alcohol, and
ultrapure water adjusted to pH 6.0. Drug aliquots were
stored in the dark at �20�C. Animals were administered
daily by oral gavage with vehicle or sunitinib (40mg/kg/day)
for 14 days before I/R.

Statistical Analyses

Data are expressed as means ± SD. Data normality was
measured using four normality tests (D'Agostino-Pearson,
Anderson–Darling, Shapiro–Wilk, and Kolmogorov–Smirnov).
An unpaired-parametric t test or ordinary one-way ANOVA
(Tukey’s multiple-comparisons test) were used in case the
normality test was passed, and an unpaired nonparametric
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test (Mann–Whitney) or Kruskal–Wallis test (Dunn’s mul-
tiple-comparisons test) were used in case the normality
test was not passed. A v2-test was used to compare discrete
variables with a P value of � 0.05 considered as the statis-
tically significant threshold. Analysis of data was per-
formed using GraphPad PRISM software (GraphPad
Software, La Jolla, CA).

RESULTS

Kidney-Centered Irradiation Attenuates Renal I/R Injury
at 28 Days Postirradiation

Renal ischemic injury is classically associated with an
increased accumulation of AKI biomarkers in blood, including
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Figure 2. A: dimensionality reduction of RNA-sequencing analysis, in which the following three groups are shown: “left kidneys of left-irradiated mice” for the
kidneys that were directly irradiated (n = 11; irradiated group), “right kidneys of left-irradiated mice” for the kidneys that were not directly irradiated (n = 11; con-
tralateral nonirradiated group), and “right kidneys of nonirradiated mice” for kidneys frommice that were not irradiated at all (n = 5; untreated group). B: quanti-
tative real-time PCR quantification of mRNA expression levels of vascular endothelial growth factor (VEGF), transforming growth factor-b receptor I [activin
receptor-like kinase 5 (ALK5)], platelet endothelial cell adhesion molecule-1 (PECAM1 or CD31), heme oxygenase-1 (HO1), cytochrome b-245 [NADPH oxidase
2 (NOX2)], NADPH oxidase 4 (NOX4), heat shock protein 70 (HSP70), heat shock protein 27 (HSP27), manganese superoxide dismutase (Mn-SOD), and super-
oxide dismutase (CuZn-SOD). C: cross sections of kidneys labeled for CD31-positive vascular density in irradiated and untreated groups (magnification: x40).
Irradiated mice showed higher renal vascular density. An unpaired parametric test was used to assess statistical significance. �P < 0.05, ��P < 0.01, and
���P< 0.001. D: biological analyses at day 28 after bilateral renal irradiation without renal I/R. Serum levels of blood urea nitrogen (BUN) and creatinine (SCr)
in irradiated (n = 7) and untreatedmice (n = 8) are shown. Data are presented as means ± SD. FC, fold change; I/R, ischemia-reperfusion.
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SCr and BUN, and with inflammation of the renal paren-
chyma assessed by cell proliferation (PCNA) and infiltra-
tion of inflammatory cells (CD11b and F4/80). One
month after kidney-centered bilateral irradiation (Fig. 1A),
SCr and BUN levels were significantly lower in preirradi-
ated compared with untreated animals following I/R (SCr:
0.5 ± 0.2 vs. 2.4 ± 0.4 mg/dL and BUN: 148.4 ± 41.6 vs.
495.7 ± 13.5 mg/dL, P < 0.01; Fig. 1B). The renal infiltra-
tion by CD11b-positive cells (187 ± 32 vs. 477 ± 20/mm2)
and F4/80 macrophages (110 ± 22 vs. 212 ± 25/mm2) as well
as the number of proliferating PCNA-positive cells
(131 ± 53 vs. 545 ± 257 cells/mm2) were significantly
reduced in preirradiated kidneys (P < 0.001; Fig. 1C).
Furthermore, the Jablonski score of acute tubular necro-
sis on periodic acid-Schiff-stained kidney sections was
significantly lower in the irradiated group (P < 0.01;

Fig. 1D). Of important note, no difference was observed
between sham-operated preirradiated and untreated ani-
mals in the AKI biomarkers SCr and BUN (Fig. 2D).
Altogether, these data suggest that kidney-centered irra-
diation 28 days before I/R induces IPC and promotes re-
sistance against I/R injury, with preserved functional and
structural properties of the kidney.

Comparative Transcriptomics Reveals a Significant
Upregulation of Signaling Pathways Involved in
Angiogenesis and the Stress Response Following
Kidney-Centered Irradiation

To decipher the mechanisms by which renal irradiation
establishes the observed IPC, we performed unilateral renal
irradiation without I/R (Fig. 1A). Total RNAs were extracted to

Table 2. Upregulated signaling pathways mostly impacted by irradiation per se (i.e., in the left kidneys) after subtrac-
tion of the influence of remote exposure of the contralateral right kidneys: cross analysis between “irradiated kidneys
vs. untreated kidneys” against “contralateral nonirradiated kidneys vs. untreated kidneys

Upregulation P Value Genes Fold Enrichment

Regulation of angiogenesis 0.002 ALK5, HMOX1, TGFBI, ITGB1, XBP1, ITGB3, SPHK1,
SERPINE1, STAT3, ITGB2, GAB1, PIK3CD, HSPB1, SIRT1,
RHOB, STIM1, PTK2B, PRKD2

2.8

Regulation of cell cycle 0.003 CDKN1A, HSP90AB1, PTEN, FBXL22, RASSF1, MYC, EPC1,
SFN, SKIL, CLIC1, HSPA8, JUN, NPM1, STAT3, OVOL2,
GADD45G, BOP1, SFPQ, RGCC, MORF4L2, DDIT3, GAS2,
SGK1, BIRC2

2.2

Regulation of cell proliferation 0.03 YAP1, ITGB1, CSF1R, PTEN, YBX1, EGFR, PLAC8, EDNRB,
MYC, PDGFD, GCNT2, S1PR1, PTK2B, AKIRIN2, JUN,
XBP1, NPM1, TGFB3, SPHK1, F2R, STAT3, CCDC117,
OSMR, SIRT1, ACER2, FABP4, CLDN7, KIF20B,
SLC25A33, CACUL1, ATF3, BCL2L1, HBEGF

2.3

Vascular endothelial growth factor signaling
pathway

0.01 XBP1, SPHK1, GAB1, HSPB1, PRKD2, NUS1, PIK3CA, C5AR1,
EIF2AK3, ATF4, C3, SULF2, XBP1, VCAM1, HSPB1,
PRKD2XBP1, VCAM1, HSPB1, PRKD2

6.2

Stress response 0.001 HSPA1B, HSPA1A, PPP1R15A, HSPA8, XBP1, HSP90AA1,
HSP90AB1, HSPB8, HSPA4L, AHSA2, EIF2AK3, AHSA1,
HSPB1, HSPE1, MANF, DNAJB1, HSPH1, DDIT3, CHORDC1,
SERPINH1

6.1

Cellular response to transforming growth factor-b
stimulus

0.008 ALK5, CREB1, TGFB3, STAT3, ZYX, GCNT2, JUN, MTMR4,
SKIL, SIRT1, FERMT2, ATF3, APAF1, EGFR

3.1

Cellular response to hypoxia 0.002 NPM1, PTEN, STC1, AK4, MIEF1, CFLAR, FOXO3, SIRT1,
VASN, ZFP36L1, BBC3, RGCC, CR1L, MYC, ANKRD1,
UBQLN1, PCK1

3.8

Table 3. Downregulated signaling pathways mostly impacted by irradiation per se (i.e., in the left kidneys) after sub-
traction of the influence of remote exposure of the contralateral right kidneys: cross analysis between “irradiated kid-
neys vs. untreated kidneys” against “contralateral nonirradiated kidneys vs. untreated kidneys”

Downregulation P Value Genes Fold Enrichment

Oxidoreductase activity 0.03 FADS6, SCD2, FADS1, PECR, MIOX, HSD3B2, GPX3, ACADSB, CYP2D26,
NOX4, CHDH, GPD1, PYROXD2, ALDH5A1

9.4

Glutathione metabolic process 0.03 GSTM1, GSTO2, TXNRD3, ETHE1, IDH1, GSTA2, GSR, CBR1, GSTM1, GSTO2,
GSTA2, PTGES

2.8

Regulation of JNK cascade 0.03 MAPK9, MAP3K1, MAP3K7, TLR3, MAP3K12, ZEB2, VANGL2, MAP3K1, FZD8,
MAP3K7, MAP3K12, EDAR, GADD45A, DIXDC1, DUSP15, MAPK8IP1

3.4

Regulation of catalytic activity 0.02 APOBEC1, ALAS2, RSAD2, MOCOS, GMPR, NMNAT3, SLC3A2, KLHL3, ACCS,
ACACB, KYNU, PGGT1B, ALPL, HACL1, CKB, MOCS1, CAMK1G, BCAT2, FDFT1,
PCGF2, PRKAG2, ELMOD3, GPT2

1.5

Positive regulation of cell migration 0.02 PDGFRB, SEMA6C, SEMA4A, ABCC1, SYNPO2, SEMA6D, SEMA3B, LAMB1, IGF1,
ETS1, CXCL12, PODXL, PLP1, KDR, ITGA6

1.7

Positive regulation of vasoconstriction 0.003 TBXA2R, GJA5, AVPR2, PTGER3, TBXAS1, ABL1, SMTNL2, SMAD6, ADRA1A 4.9
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A

B
IHC/Fiji

Positive 
Cells/mm2

Renal inflammation 
post-I/R No treatment D7 post-irradiation D14 post-irradiation 

PCNA-positive-cells 563.0 ± 38.62 * 242.4 ± 69.16 111.9 ± 36.04 *
CD11b-positive-cells 502.7 ± 34.01* 262.2 ± 62.99  203.2 ± 31.10 *
F4/80-positive-cells 269.7 ± 18.32 * 201.3 ± 28.74 138,0 ± 23.27 *

RTqPCR

Relative 
mRNA 

expression 
to 
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Angiogenesis and stress 
response markers No treatment D7 post-irradiation D14 post-irradiation 

VEGF 0.024 ± 0.004 *$ 0.041 ± 0.004 * 0.057 ± 0.007 *$
ALK5 0.007 ± 0.001 *$ 0.010 ± 0.001 * 0.037 ± 0.005 *$

PECAM1 0.006 ± 0.002 *$ 0.012 ± 0.002 * 0.070 ± 0.013 *$
HO1 0.005 ± 0.001 * 0.007 ± 0.002 0.016 ± 0.002 *
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Figure 3. A: renal function and damage assessed by serum creatinine (SCr), blood urea nitrogen (BUN), and Jablonski score after 48-h postischemia-
reperfusion (I/R) in untreated mice and irradiated mice 7, 14, and 28 days after bilateral renal irradiation (n = 7/group). Renal function was significantly pro-
tected after 14 days postirradiation. B: quantification of cell proliferation [proliferating cell nuclear antigen (PCNA)], infiltration of inflammatory cells
(CD11b), and total macrophage population (F4/80) on I/R kidneys of untreated and irradiated mice 7 days (D7) and 14 days (D14) postirradiation. Values
are represented as means ± SE. �P< 0.05 by one-way ANOVA. C: quantitative real-time PCR (RTqPCR) quantification of mRNA expression levels of vas-
cular endothelial growth factor (VEGF), transforming growth factor-b receptor I [activin receptor-like kinase 5 (ALK5)], platelet endothelial cell adhesion
molecule-1 (PECAM1 or CD31), heme oxygenase-1 (HO1), heat shock protein 70 (HSP70), and heat shock protein 27 (HSP27) in kidneys from untreated
and irradiated mice 7 and 14 days postirradiation. Values are represented as means ± SE. �$P < 0.05 by one-way ANOVA. D: renal vascular density
assessed by the CD31-positive network in untreated mice and irradiated mice 7 and 14 days postirradiation. Renal vascularization significantly increased
14 days postirradiation. One-way ANOVA (Kruskal–Wallis test) was used to assess statistical significance. �P < 0.05, ��P < 0.01, and ���P < 0.001. IHC,
immunohistochemistry.
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perform comparative high-throughput RNA-Seq between the
following three experimental groups: irradiated (n = 11), con-
tralateral nonirradiated (n = 11), and untreated (n = 5). Among
24,411 genes, 1,818 genes were found to be differentially

expressed 28 days following irradiation. We further applied
multidimensional scaling to order samples in a two-dimen-
sional scatterplot. The three groups of mice did not overlap,
meaning a distinct transcriptomics pattern, specific to each
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group (Fig. 2A). Renal irradiation was significantly associated
with the upregulation of signaling pathways involved in
angiogenesis, cell proliferation, and the stress response and
downregulation of oxidoreduction (Tables 2 and 3).

Real-time quantitative RT-PCR was used to further charac-
terize the identified pathways. Markers of angiogenesis [vascu-
lar endothelial growth factor (VEGF), activin receptor-like
kinase 5 (ALK5), heme oxygenase-1 (HO1), and platelet endo-
thelial cell adhesion molecule-1 (PECAM1)] and the stress
response [heat shock protein 70 (HSP70), heat shock protein 27
(HSP27), and NADPH oxidase 2 (NOX2)] were highlighted with
a significant increase in the irradiated group compared with
the untreated group (P < 0.01; Fig. 2B). Following these obser-
vations, we evaluated the renal vascular network. Nonischemic
irradiated kidneys were characterized by an increased surface
of the CD31-positive vascular area compared with untreated
kidneys (11.2±2.5 vs. 31.5±1.8, P< 0.001; Fig. 2C).

Renal Protection and Vascularization Are Significantly
Induced 14 Days Postirradiation

Our data suggest that 8.5-Gy irradiation focused on the
kidneys is associated with 1) renal IPC against an episode of
I/R occurring 1-mo postirradiation (Fig. 1) as well as 2) an
increase in renal vascularization (Fig. 2, B and C). To deter-
mine the shortest efficient delay to induce renal IPC, renal
I/R was performed at 7, 14, and 28 days after bilateral renal
irradiation. Following I/R, BUN and SCr levels as well as
renal damage were significantly lower in irradiated mice
compared with untreated mice starting from day 14 postir-
radiation (Fig. 3A). Similarly, renal inflammation after I/R
was significantly attenuated at day 14 postirradiation
(Fig. 3B). No significant renal IPC was observed at day 7 pos-
tirradiation. Nonischemic irradiated kidneys were character-
ized by increased expression of the vascular markers ALK5,
VEGF, and PECAM1 at the mRNA level compared with
untreated kidneys, as early as day 7 postirradiation (Fig. 3C).
The CD31-positive vascular area was significantly increased
from day 14 following irradiation (Fig. 3D). Taken together,
these observations suggest that renal irradiation promotes
renal angiogenesis within 14 days postirradiation, which
may participate in the observed IPC.

Irradiation-Induced Renal Protection Is Blunted by the
Antiangiogenic Drug Sunitinib

Angiogenesis may be implicated in irradiation-induced
renal IPC. We used a classical pharmacological approach
based on sunitinib malate, a multitargeted inhibitor of
VEGFreceptors, platelet-derived growth factor receptors,
and other coactivators of angiogenesis, to block neoangiogen-
esis, and tested the impact of irradiation on renal IPC under
such conditions (21). The following four groups were

compared: mice irradiated (8.5 Gy on both kidneys) and
treated with sunitinib (group 1), mice irradiated (8.5 Gy on
both kidneys) and treated with vehicle (group 2), control mice
not irradiated and treated with sunitinib (group 3), and con-
trol mice not irradiated and treated with vehicle (group 4).

One-way ANOVA followed by Tukey’s test showed that, fol-
lowing I/R, serum levels of SCr and BUN were significantly
lower in irradiated compared with 1) untreated mice (BUN:
106.1 ±33.6 vs. 352.2±54.3 mg/dL and SCr: 0.3±0.13 vs. 1 ±0.2
mg/dL) and 2) irradiated mice treated with sunitinib (BUN:
106.1 ±33.6 vs. 408.4±54.9 mg/dL and SCr: 0.3±0.12 vs.
1.5±0.3 mg/dL; Fig. 4A). No difference was observed between
irradiated mice treated with sunitinib and untreated mice.
Jablonski severity score was lower in the irradiated group
compared with the irradiated group treated with sunitinib
and the untreated group (P< 0.01; Fig. 4A). Of note, the group
treated with sunitinib also showed a nephroprotective profile
compared with the untreated group. At the mRNA level, renal
expression of VEGF and PECAM1 was increased in the irradi-
ated group and sunitinib-treated group (P< 0.01). At the histo-
logical level, the CD31-positive vascular area was significantly
increased only in the renal parenchyma of the irradiated
group (Fig. 4B).

NMR-Based Metabolomics Reveals Distinct Metabolic
Patterns of Renal IPC Following Renal Irradiation or
Exposure to Sunitinib Malate

OPLS-DA applied to the 1H-NMR spectra data of the four
abovementioned experimental groups showed a significant
discrimination between untreated versus both irradiated
and nonirradiated sunitinib-treated kidneys (Fig. 4C). The
previously identified (22) metabolomics signature of renal
I/R was found in both untreated and irradiated sunitinib-
treated groups, with increased levels of creatine, lactate,
and isoleucine and decreased levels of choline, taurine,
and myo-inositol. In contrast, this metabolomics signature
was attenuated in irradiated and nonirradiated sunitinib-
treated groups (Fig. 5A). More importantly, comparative
metabolomics both at baseline (Fig. 5B) and after I/R
between irradiated and nonirradiated sunitinib-treated
groups did not overlap, indicating distinct metabolic pat-
terns of renal IPC in each group.

DISCUSSION

The management of AKI remains complex, and a better
understanding of the pathophysiology of AKI may help to
find innovative pharmacological targets and cell-based
therapies (6, 23), or lipotoxicity attenuation (8, 24). Our pres-
ent study investigated the impact of kidney irradiation on
kidney function, structure, and vascularization following I/R

Figure 4. A: renal functional and structural damage assessed by serum creatinine (SCr), blood urea nitrogen (BUN), and Jablonski score after 48 h post-
ischemia-reperfusion (I/R) in untreated mice, irradiated mice treated with vehicle, irradiated mice treated with sunitinib malate, and mice only treated
with sunitinib malate (n = 8). B: quantitative real-time PCR quantification of mRNA expression levels of vascular endothelial growth factor (VEGF) and pla-
telet endothelial cell adhesion molecule-1 (PECAM1) and renal vascularization assessed by the CD31-positive network. One-way ANOVA (Tukey’s test)
was used to assess statistical significance. �P < 0.05, ��P < 0.01, and ���P < 0.001. C: score plot from orthogonal partial least squares discriminant
analysis (OPLS-DA) applied to 1H-NMR spectra of kidney lysates following renal I/R and corresponding treatment (on the axes the principal components
explaining the variance). C, top left: OPLS-DA for no treatment vs. irradiation groups (n comp = 3, R2 = 0.842, Q2 = 0.855). C, top right: OPLS-DA for no
treatment vs. sunitinib groups (n comp = 8, R2 = 0.982,Q2 = 0.867). C, bottom left: OPLS-DA for no treatment vs. irradiation þ sunitinib-treated groups (n
comp = 2, R2 = 0.723,Q2 =�0.712. C, bottom right: OPLS-DA for irradiation vs. sunitinib-treated groups (n comp = 2, R2 = 0.886,Q2 = 0.312).
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Figure 5. A: univariate analysis for the most relevant metabolites of kidney lysates following renal ischemia-reperfusion (I/R) and the corresponding treat-
ment (�P < 0.05, ��P < 0.01, and ���P < 0.001). B: score plot from orthogonal partial least squares discriminant analysis (OPLS-DA) applied to 1H-NMR
spectra of kidney lysates following irradiation or treatment with sunitinib malate (n comp = 3, R2 = 0.831, Q2 = 0.548) (on the axes the principal compo-
nents explaining the variance). C: univariate analysis for several relevant metabolites of kidney lysates following irradiation or treatment with sunitinib
malate (�P< 0.05, ��P< 0.01, and ���P< 0.001). ns, not significant.
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in mice. We used the SmART microirradiator device, which
has been shown to be effective in the precise targeting of a
specific organ in small animals including rodents (20, 25).
We observed that kidney-centered irradiation performed at
least 14 days before the ischemic insult was nephroprotective
against I/R, with reduced serum levels of SCr and BUN in
irradiated mice after 30 min of ischemia and 48 h of reperfu-
sion. This protection was associated with a significant reduc-
tion of the 4-grade Jablonski score (based on the extent of
proximal tubule necrosis), which has been validated in the
assessment of I/R-induced acute tubular necrosis (26, 27).
Following I/R, the inflammatory response, as measured by
PCNA, CD11b, and F4/80 inflammation markers, was also
attenuated in the renal parenchyma in irradiated kidneys.
This irradiation-induced renal IPC was associated with the
activation of angiogenesis pathways, and it was blunted by
the oral administration of the antiangiogenic agent suniti-
nib. Therapeutic angiogenesis for the treatment of renal dis-
ease has been reported in a previous study (28). Several
reports have demonstrated that VEGF treatment protects
rats from widespread necrosis, glomerular injury, and apo-
ptosis of glomerular and tubulointerstitial cells in rat models
of renal thrombotic microangiopathy (29, 30). Engel et al.
(30) showed that kidney-specific VEGF therapy in experi-
mental renovascular disease in pigs triggers the recovery of
renal function. In a similar mouse model of renal I/R, we
have recently demonstrated that dual-specificity phospha-
tase 3 deletion induces renal IPC associated with increased
renal vascular density, increased phosphorylation of pep-
tides involved in VEGF-related angiogenesis, and reduced
renal inflammation (31).

In addition to the inflammatory response, the hypoxia
that follows I/R may activate angiogenic factors, such as
VEGF, and may be beneficial by stabilizing the microvascu-
lature and favoring local blood supplies (32, 33). Previous
work has shown that irradiation induces increased vasculari-
zation in renal tissue (34–36). Our comparative transcrip-
tomics highlights an upregulation of angiogenesis circuits
after kidney-centered irradiation. Furthermore, the CD31-
positive vascular network was significantly increased in the
renal parenchyma of irradiated mice compared with con-
trols. We noted increased mRNA expression levels of the
angiogenesis markers ALK5, VEGF, HO1, and PECAM1,
whichmay participate in the renal IPC observed in irradiated
mice. To investigate this hypothesis, we used the antiangio-
genic drug sunitinib malate to block neovascularization pos-
tirradiation, by comparing irradiated mice treated or not
with sunitinib malate with controls. Significant IPC was con-
firmed in irradiated mice, whereas such nephroprotection
was blunted in irradiatedmice treated with sunitinibmalate.
Unexpectedly, the group of animals with no irradiation but
with exposure to sunitinib malate showed an attenuation of
renal I/R injury. Previous studies have pointed to the fact
that sunitinib, which is classically used to block tumor neo-
angiogenesis, could be proangiogenic in normal tissue via
the stimulation of VEGF expression (37, 38). Our quantitative
RT-PCR analyses compared with control kidneys detected
increased expression of VEGF in the irradiated group and in
the nonirradiated group treated with sunitinib, with no sig-
nificant changes in the group that combined irradiation and
sunitinib treatment. The extent of the CD31-positive vascular

network was only significantly increased in the irradiated
group. Of important note, the sunitinib used in our study was
in the form of a malate salt. The pharmacological influence of
various salts in the IPC process has been previously suggested
(39). In particular, malate is an agonist of the succinate recep-
tor (40), which may be potentially involved in IPC (41). In our
comparative metabolomics, the renal I/R metabolic signature
(22) was attenuated after I/R surgery following irradiation or
sunitinib malate treatments. Interestingly enough, the com-
parative metabolomics at baseline and after I/R between irra-
diated versus nonirradiated sunitinib-treated groups revealed
distinct metabolic patterns. Such a sunitinibmalate-mediated
nephroprotection against I/R deserve further in-depth
characterization.

As a whole, modulating/expanding the renal vasculature
may help accelerate the perfusion and oxygenation of the
organ following an ischemic insult (4, 33). Renal irradiation
leads to expanding vascularization, which potentially plays a
role in such an established renal IPC against I/R.

Perspectives and Significance

Our observations indicate that kidney-focused irradiation
activates angiogenic pathways in the renal parenchyma and
is nephroprotective in case of I/R-induced AKI. The modula-
tion of the molecular targets of irradiation-induced renal IPC
may open new avenues in the development of innovative
pharmacological strategies against a major medical problem,
which is perioperative acute ischemic kidney injury.
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