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Abstract

Background/Aims: Fatty acid oxidation (FAO), the main source of energy produced by tubular
epithelial cells in the kidney, was found to be defective in tubulo-interstitial samples dissected
out in kidney biopsies from patients with chronic kidney disease (CKD). Experimental data
indicated that this decrease was a strong determinant of renal fibrogenesis, hence a focus
for therapeutic interventions. Nevertheless, whether persistently differentiated renal tubules,
surviving in a pro-fibrotic environment, also suffer from a decrease in FAQ, is currently unknown.
Methods: To address this question, we isolated proximal tubules captured ex vivo on the basis
of the expression of an intact brush border antigen (Prominin-1) in C57BL6/J mice subjected
to a controlled, two-hit model of renal fibrosis (reversible ischemic acute kidney injury (AKI)
or sham surgery, followed by angiotensin 2 administration). A transcriptomic high throughput
sequencing was performed on total mMRNA from these cells, and on whole kidneys. Results: In
contrast to mice subjected to sham surgery, mice with a history of AKI displayed histologically
more renal fibrosis when exposed to angiotensin 2. High throughput RNA sequencing, principal
component analysis and clustering showed marked consistency within experimental groups.
As expected, FAO transcripts were decreased in whole fibrotic kidneys. Surprisingly, however,
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up- rather than down-regulation of metabolic pathways (oxidative phosphorylation, fatty acid
metabolism, glycolysis, and PPAR signalling pathway) was a hallmark of the differentiated
tubules captured from fibrotic kidneys. Immunofluorescence co-staining analysis confirmed
that the expression of FAO enzymes was dependent of tubular trophicity. Conclusions: These
data suggest that in differentiated proximal tubules energetic hyperactivity is promoted
concurrently with organ fibrogenesis.

© 2018 The Author(s)

Published by S. Karger AG, Basel

Introduction

In recent years, data have accumulated suggesting that acute kidney injury (AKI) and
chronic kidney disease (CKD) are interconnected [1]. Epidemiological databases, initially
using diagnostic codes and then biological monitoring of patients treated for several
conditions such as septic shock or cardiac surgery, combined to suggest a poor prognostic
value for AK]I, increasing the risk of CKD several-fold overall in the following months [2-4].
Surprisingly, this risk also exists in those experiencing a fully reversible episode of AKI [4,
5]. This has led to a new paradigm in the field of nephrology, that of “maladaptive repair” of
the tubular epithelium, [6] as opposed to the traditional concept of restitutio ad integrum. At
present, animal studies have established three major mechanisms in the tubular epithelium
that explain a high rate of fibrogenesis in the aftermath of an AKI: i) the G2/M arrest of
tubular epithelial cells, [7] ii) a partial epithelial to mesenchymal transition, [8, 9] and iii) the
reduced capacity of epithelial cells to produce energy via fatty acid oxidation (FAO) [10]. All
these mechanisms indicate potential targets for new drugs aiming to prevent AKI-induced
CKD.

With respect to FAO, Hyun Mi Kang et al [10]. were the first to demonstrate that its
defect plays a causal role in renal fibrogenesis. Importantly, this original discovery stemmed
from the differential transcript analysis of tubulo-interstitial samples dissected out in
kidney biopsies taken from control * hypertensive human patients vs. patients with CKD.
By definition, sampling from CKD patients used fibrotic tissue. Experimental data were
then collected using several animal models of kidney injury, including unilateral ureteral
obstruction and folic acid nephropathy, that not only confirmed that FAO decreased in
tubular epithelial cells subjected to an aggression, but also that this decrease was a strong
determinant of renal fibrogenesis. This paper opened up the possibility of a new therapeutic
AKI to delay the progression of CKD.

Here, we used a controlled, two-hit mouse model of renal injury in which we captured
proximal tubules on the basis of the expression of Prominin-1, a brush border antigen, hence
a marker of preserved differentiation. Interestingly, there was a correspondence between
both next generation RNA sequencing of this specific population and immunofluorescence co-
staining analysis, suggesting that, in differentiated proximal tubules, energetic hyperactivity
is promoted concurrently with organ fibrogenesis.

Materials and Methods

Animal model

Ethical and legal approval was obtained from the Comité d’éthique en expérimentation animale
Charles Darwin N°5 (French Ministry of Higher Education and Research #00947.02). All C57Bl6/] mice
were provided by Charles River (Wilmington, MA, USA). Surgery was performed in 8-week-old mice under
thiopental and buprenorphine anesthesia, according to recommendations established to avoid variability
[11] Blood samples were collected during isoflurane anesthesia. Angiotensin 2 (Sigma-Aldrich, Saint-Louis,
MO, USA) was administered via osmotic subcutaneous mini-pumps (Model 2004, Alzet, Cupertino, CA, USA)
also under thiopental anesthesia. During angiotensin 2 infusion, drinking water was enriched with 0.6%
sodium chloride.
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Renal function
Plasma urea and creatinine analysis was performed on a Konelab automate analyzer (Thermo Fisher
Scientific, Waltham, MA, USA) using an enzymatic method.

Histology

Kidneys were fixed in 4% formaldehyde and cut in 4 um sections, for routine histological staining.
Scanned images were obtained using an Olympus device (Tokyo, Japan). A specific Macro was programmed
using the Image ]J® program to perform automatic quantification of fibrosis.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

Total mRNA was extracted from mouse kidneys using miRNeasy Mini Kit (Qiagen, Hilden, Germany).
After digestion by DNase 1, RNA was reverse transcribed using the Fermentas Maxima RT Kit (Thermo
Fisher Scientific, Waltham, MA, USA) and amplified by PCR in a LightCycler 480 (Roche Diagnostics, Meylan,
France) with SYBR Green (LightCycler 480 SYBR Green I Master; Roche Diagnostics) and specific primers for
Hmgcs2 andFabp1. Glucuronidase (Gusb) and Actin b1 (Actb1) served as housekeeping genes. Primers were
designed using the Universal Probe Library Roche website and are presented in Table 5. Quantification of
gene expression was done according to the 224 method.

Library preparation and sequencing

The total RNA concentration was measured with the NanoDrop1000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). RNA integrity was assessed using the Agilent 2100 Bioanalyzer RNA
6000 Nano Chip (Agilent Technologies, Santa Clara, CA, USA). The strand-specific libraries were prepared
according to Sure Select Strand-Specific mRNA Library Preparation Protocol (Agilent Technologies, Santa
Clara, CA, USA) starting from 500 ng of total RNA. Poly(A) RNA was purified from total RNA using oligo(dT)
magnetic beads and then chemically fragmented at 94° C for 8 min to a size appropriate for RNA sequencing
preparation. Cleaved RNA fragments were primed with random hexamers to synthesize first strand cDNA
using transcriptase and random primers. To ensure strand specificity, a fresh Actinomycin D solution
(Sigma-Aldrich, Saint-Louis, MO, USA) was prepared and mixed to First Strand Master Mix according to
manufacturer’s protocol. The double strand c-DNA synthesis was performed with incorporation of d’'UTP
instead of d’'TTP in the second strand. The library construction was further processed from double strand
cDNA fragments, which consisted of the following steps to ligate the necessary 5’and 3’ specific adapters
and incorporate indexes compatible with sequencing on Illumina platforms: End-repair, A-tailing, Adapter
ligation, Size selection and PCR amplification. Previous to final amplification, the d’'UTP marked strand was
selectively degraded by Uracil-DNA-Glycosylase and the remaining strand was amplified to generate a cDNA
library suitable for sequencing. The resulting library was then validated on Agilent 2100 Bioanalyzer DNA
1000 chip and quantified by Quant-iT dsDNA Broad range Assay (Thermo Fisher Scientific, Waltham, MA,
USA). The fifteen barcoded libraries prepared were multiplexed and sequenced on two lanes of the HiSeq
1500 platform (2x100 pb, paired-end) (Illumina, San Diego, CA, USA).

Bioinformatics analyses

Raw data were first cleaned by excluding all quality control-failing reads and trimming bases from
poor-quality ends of reads using fastq_illumina_filter_0.1 [12] and sickle_1.200 tools [13]. Reads were
then aligned to the GRCm38 version of the mouse genome using the TopHat_2.0.11 program [14] and
post-processed in order to remove all singletons, as well as fragments exceeding a defined size using
samtools_0.1.18 [15].. These cleaned reads were finally used to quantify the expression level of genes and to
perform the differential analysis using Cufflinks_2.2.1 [16] and CummeRbund_2.12.0 [17] software. For each
of these steps a quality control was performed using numerous utilities such as FastQC_0.11.2, samstat-2.0,
bamUtil_1.0.12 and R-3.2.2. Pathway analysis was performed using Lrpath [18, 19] and REVIGO, [20]
available online.

Results

Course of renal fibrosis is dependent on a history of AKI after ischemia/reperfusion in mice
We provide amodel of AKI-related CKD where animals were subjected to ischemic tubular
necrosis, given time to recover, and then challenged with a second and more chronic type of
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injury (ie. angiotensin 2-induced hypertension) (Fig. 1A). A right nephrectomy and then a
left renal ischemia (20-minute clamping of the pedicle (Fig. 1B)) transiently deteriorated the
renal function of C57BI16/] 8-week-old mice, as assessed by blood urea nitrogen and plasma
creatinine, when compared to mice subjected to a right nephrectomy and sham surgery of
the left kidney (Fig. 1A & Fig. 2A). Mice experiencing AKI also displayed typical histological
features of acute tubular necrosis (ATN), predominantly at the cortico-medullary junction:
Giemsa staining revealed a well-defined area where cells were devoid of nuclei, and Periodic
Acid Schiff staining showed evidence forloss of brush borders (Fig. 2B). Atday 28, tissue repair
was complete, as assessed by usual colorations. By that time, renal function was still slightly

altered in the AKI
group (Fig. 2A),
but extracellular
matrix deposition
(assessed  under
a polarized
microscope after
Sirius red staining)
was barely
detectable (Fig.
2B). At this stage
of resolved AKI (i.e.
day 28 post-AKI
or sham surgery),
1 pg.kgl.min
of angiotensin 2
was continuously
administered via
subcutaneous
pumps and animal
water was enriched
with 0.6% sodium
chloride to induce
hypertension.
Arterial pressure
and heart rate
responded
similarly in both
groups (Fig.
3A). Mice were
euthanized at
day 56, to assess
renal fibrosis.
Twenty-eight days
of angiotensin
2 resulted in
interstitial
fibrosis, albeit of
significantly more
intensity in the
group of mice with
a history of AKI
(Fig. 3B), assessed
by two blinded
operators (Fig. 3C)
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Fig. 1. Modeling chronic on acute injury in C57BI6/j mice. (A) AKI-related model
of CKD in adult (8 w/0) male C57Bl6/j wild type mice. Left nephrectomy and
subsequent, 20-min long ischemia-reperfusion injury of the right kidney cause a
significant but reversible alteration of renal function with pristine kidneys by day
28. Subjected to a continuous infusion of angiotensin 2, mice develop hyperten-
sion, and significantly more fibrosis than mice with a history of left nephrectomy
plus sham surgery of the right kidney. (B) Ischemia-reperfusion model 20 min-
utes of renal ischemia was performed using right pedicle clamping. Decoloration
and recoloration of the kidney was closely monitored.
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and an automated
morphological
technique (Fig. 3D),
with good correlation
between techniques
(Fig. 3E). At this time
point, plasma urea
and creatinine were
similar between
groups (Fig. 3F). Of
note, in mice with or
without a history of
AKI but not subjected
to a second hit,
fibrosis at day 56
was comparably mild
(p=0.1355). Overall,
this controlled
mouse model of
AKI-dependent,
angiotensin
2-induced interstitial
fibrosis may be
used to study the

tubular epithelial
program placed
under a common

stress (hypertension)
following successful
renal repair, and as
such is relevant to
human disease.

Transcriptome of

proximal tubular

cell analysis after

kidney injury

In each mouse
group we isolated
ex vivo the fraction
of proximal tubules
which were persis-
tently differentiated,
according to a tech-
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Fig. 2. Biological and histological features of a reversible acute kidney injury.
(A) Plasma urea and creatinine at day 2 and day 28 post nephrectomy and
AKI or Sham surgery. Data were obtained from 4 different experiments, each
including at least 5 mice per group. (B) Light microscopy of control kidneys
(i.e. the left kidney harvested before the AKI procedure); histological features
of tubular necrosis are shown at day 2; recovery at day 28. Original magnifica-
tion 40x.

nique we have previously published [21]. In brief, this technique profits from the expres-
sion of Prominin-1 in the brush border of proximal tubular cells. We isolated cells at three
different time points (Fig. 4A): the right kidney removed at day 0 (control, n=3), the left
kidney from mice euthanized at day 28 post-AKI (AKI, n=3) or post-sham surgery (Sham,
n=3), and the left kidney from mice subjected to 28 days of angiotensin 2 after a reversible
AKI (AKI-angio2, n=3) or after a sham surgery (Sham-angio2, n=3). The procedure resulted
in a 81-87% pure population of Prominin-1"" cells (Table 1), and allowed for the isolation
of high-quality RNA (i.e. appropriate for high throughput sequencing (Table 2)). Biological
samples were processed using I[llumina® RNA-seq technology. A mean of 46 million reads
were generated for each sample and aligned to the mouse reference genome. This mapping
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Fig. 3. Fibrosis intensity after 28 days under angiotensin 2 is determined by a history of resolving AKI. (A)
Blood pressure and heart rate were measured invasively in different groups at day 56. A control group with
a past history of ischemic AKI but without administration of angiotensin 2 is added. No difference between
AKl-angio2 and Sham-angio2 groups was noted. Data were obtained from 4 mice in the AKI-angio2 and
Sham-angio2 group and from 3 mice in the AKI-only group. (B) Histological comparison of fibrosis between
Sham-angio2 and AKI-angio2 groups. Sirius red staining was used under polarized light microscopy. Dif-
ferent magnifications are shown (20x and 40x). Data were obtained from 4 different experiments, each
including at least 5 mice per group. (C) Comparison of extracellular collagen deposition at day 56 in the
AKl-angio2 and Sham-angio2 groups, by polarization light microscopy, assessed by two blinded operators.
A significant increase in fibrosis was observed in AKI-angio2 mice when compared to Sham-angio2 mice.
(D) Automatic evaluation of fibrosis using Image J. Quantitative evaluation of fibrosis was performed using
a specifically designed Image ] macro, using kidney sections analyzed under polarized microscopy. Data
obtained from 3 different experiments, each including at least 5 mice per group. (E) Correlation between
manual and automatic evaluation of fibrosis. Solid line: regression line; dashed line: 95% confidence inter-
vals. Data obtained from 3 different experiments, each including at least 5 mice per group. (F) Plasma urea
and creatinine at day 56 in AKI or Sham surgery mice. Data were obtained from 4 different experiments,
each including at least 5 mice per group.

was possible for 90% of the reads, out of which 95% had a high quality score (certainty
>0.999). Overall similarity between samples belonging to the same experimental group was
assessed by principal component analysis (PCA) (Fig. 4B & Fig. 4C).

Comparing the AKI group to the Sham group gave the following results: at day 28, among
the 548 genes differentially regulated, 301 were up-regulated (8 more than 3-fold) and 247
were down-regulated (4 more than 3-fold) (Fig. 4D & Table 3). At day 56, i.e. after 28 addi-
tional days of angiotensin 2, 1258 genes were differentially regulated. A history of AKI was
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Table 1. Data obtained on samples used to confirm correct Prominin-1"¢" cells isolation from flow cytom-
etry, using anti-Prominin1 antibody coupled to Allophycocyanin and a Hoechst gating to detect intact cells

Total number of cells in % of Prominin-1high cellsin ~ Total number of cellsin % of Prominin-1high cells in
dissociated kidney dissociated kidney isolated fraction isolated fraction

Control 5820 000 13.30 726 000 82.86
Control 7 020 000 12.48 673 000 83.15
Control 9260000 13.87 689 000 85.56
Sham 15820 000 9.36 1050000 80.69
Sham 9360 000 14.06 972 000 86.16
Sham 11 460 000 18.55 1290 000 88.69
AKI 8240 000 15.52 975 000 81.25
AKI 8 640 000 18.40 722 000 88.00
AKI 9080 000 17.89 787 000 87.13
Sham- 11 240 000 7.21 310000 84.63
angio2
Sham- 10 769 000 11.56 597 000 87.46
angio2
Sham- 7 560 000 14.28 721000 85.25
angio2
AKI._ 8520000 11.67 416 000 87.79
angio2
AKI-

. 10 320 000 14.21 767 000 86.59
angio2
AKI._ 9500000 14.46 587 000 84.54
angio2

) ] Table 2. Data obtained from BioAnalyzer, (Agilent Technologies, San-
aSS_OCIated with the up-regu- 3 Clara, CA, USA) on samples after RNA isolation from Prominin"g"
lation of 502 genes (among  cels using miRNeasy Mini Kit (Qiagen, Hilden, Germany)

which 21 were more than

. RNA trati 1
3-fold), and down-regulation concentration (he/iD

rRNA Ratio [28s/18s]

RNA Integrity Number

of 756 genes (among which 18196
29 genes reached 3-fold 108
variation) (Fig. 4D & Table 175
4]. Remarkably, dendrogram 164
analysis (Fig. 4E & Fig. 4F) 225
revealed that sham-operated 1:2
mice and mice with a his- 219
tory of AKI 28 days earlier 79
were transcriptionally close. 103
More variation was seen in 35
mice exposed to angiotensin 68
2, whether or not mice had 12:

1.7
1.4
1.8
1.3
1.2
1.4
1.8
1.4
1.4
1.4
13
1.3
1.2
1.3
1.4

8.6
8.3
8.7
8.1
8.2
8.2
8.4
8.2
8.1
8.0
8.2
8.3
7.9
8.0
8.0

a history of AKI. PCA then
singularized three groups of
mice: 1) day 0 control mice, 2) day 28 Sham, day
28 AKI, and 3) day 56 AKI-angio2, day 56 Sham-an-
gio2 mice (Fig. 4B & Fig. 4C). Strikingly, mice at day
28 were close, with a greater difference between
AKI-angio2 and Sham-angio2 mice than between
AKI and Sham mice.

Molecular pathways associated with a history of

ischemic AKI

A gene pathway analysis was performed to
identify biological pathways differentially regulat-
ed in mice with/without a history of resolving AKI
and subjected to a second ‘hit’. Paradoxically, this
analysis highlighted metabolic pathways as up-reg-
ulated (metabolic pathways, fatty acid metabolism,
oxidative phosphorylation, glycolysis/gluconeo-
genesis, PPAR signaling pathway, peroxisome) and

KARGER

Table 3. Comparing groups at day 28, 8
genes were up-regulated more than 3 fold
and 4 were down- regulated more than 3
fold in the AKI group compared to the Sham

group

Gene name Log2 fold change r?:rrr:ee Log2 fold change
Col3al 2.99951 Zbtb16 -1.85055
Cd200 2.30715 Cish -2.84367
Bcl6 1.91868 Hspala -3.48842
Irx2 1.78838 Hspalb -3.88204
Hsd11b2 1.77242

AI838599 1.76239

Plala 1.64685

Ighm 1.64164
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Fig. 4. Transcriptome analysis of
proximal tubular cells in the con-
text of organ fibrosis triggered by
acute kidney injury. (A) Number
of mice subjected to Prominin-1"¢"
tubular cells ex vivo analysis. 3
mice per group were included at 3
different time points: at day 0 (left
kidneys), at day 28 (right kidney
from AKI and Sham groups), and
at day 56 (after 28 days of angio-
tensin 2). (B) Principal component
analysis of each of the 15 mice.
Principal component 1 and 2 are
plotted here. Mice subjected to AKI
are identified as “IR”. Angioten-
sin 2 is indicated as “Angio2”. (C)
Principal component analysis of
each of the 15 mice. Principal com-
ponent 2 and 3 are ploted (Please
note that mice from the AKI group
are identified as IR and mice from
AKI-angio2 group are identified as
IR-angio2). There was a good sepa-
ration in between Control, day 28
and day 56 mice, with more differ-
ence in between AKI-angio2 and
Sham-angio2 mice than AKI and
Sham mice. (D) Genes significantly
differently up- or down-regulated
by the analysis. In the red-orange
scale, genes significantly up-reg-
ulated in between groups (e.g.
2443 genes were significantly up-
regulated in the AKI-angio2 group
when compared to the Control
group). In the dark blue-blue scale,
genes significantly down-regulated
between groups (e.g. 2484 genes
were significantly down-regulated
in the AKl-angio2 group when
compared to the Control group).
(E) Gene clustering of each of the
15 mice. Each group has been cor-
rectly identified except one Sham-
angio2 mouse, which was closer
to the group of mice euthanized at
day 28. (F) Gene clustering of the 5
mouse groups.
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pro-fibrotic pathways as down-regulated
(TGF-beta signaling pathway and Wnt
signaling pathway) (Fig. 5A & Fig. 5B).
Only the PPAR signaling pathway was
already detectable at day 28 post-AKI
(data not shown).

Identification of Prominin-1 positive

tubular cells up-regulating metabolic

enzymes Hmgcs2 and Fabp1

We focused on two genes -
3-hydroxy-3-methylglutaryl-Coenzyme
A synthase 2 (Hmgcs2) and fatty acid
binding protein 1 (Fabp1) - specifically
up-regulated at the transcriptional level
in mice with a history of AKI (Fig. 6A &
Fig. 6B) because they come into play at
the two extremes of lipid metabolism.
Fabp1 plays a role in fatty acid transport
and uptake and Hmgcs2 catalyzes
the first reaction of ketogenesis after
lipid oxidation. While PCR performed
on whole kidney extracts showed a
down-regulation of these transcripts
throughout our model as expected (Fig.
6C), opposite results were obtained
in Prominin-1"¢" cells (Fig. 6B).Using
immunofluorescence in whole Kkidney
sections we observed that Prominin-1
expression faded with progression of
tubular atrophy (Fig. 6D) while Hmgcs2
was up-regulated in proximal tubules
from mice exposed to angiotensin 2 (Fig.
6E), suggesting metabolic hyperactivity
of differentiated proximal tubular cells
facing a second insult.

Discussion

Table 4. Comparing groups at day 56, 21were up-reg-
ulated more than 3 fold and 29 were down- regulated
more than 3 fold in the AKI-angio2 group compared to
the Sham-angio2 group

Gene name Log2 fold Gene name Log2
Tmem254a Inf Kantr -
Hmgcs2 3.72207 Hspalb -
Cbr3 3.25058 Rpl30 -
Zbtb16 2.79495 Hspala -
Aqp2 2.70909 Ifi47 -
Fabp1 2.5585 Olfr56 -
Cyp4al4 2.51887 Ppia -
Rarres2 2.37899 Gm11407 -
Hist1h2bg 2.17734 Derl3 -
Apela 2.11269 Gm6977 -
Trim60 2.11269 Cxcl10 -
Foxql 2.0027 Gm13202 -
Acotl 1.78963 Gbp10 -
Slc5a10 1.77876 Gbp6 -
1190002F15Ri 1.77807 Gm12185 -
Pcsk6 1.71984 Tgtpl -
Cyp4al0 1.71379 Gm13675 -
Chrdl2 1.70973 Fos -
Krt19 1.65688 ligp1 -
Lcn2 1.62058 Ighm -
Clic6 1.61823 BC023105 -
Gm27875 -
Jpx -
Gm11408 -
Gm11410 -3.663
Egrl -
St7 -
Gm9763 -Inf
Gm4462 -Inf

Table 5. Primers for mRNA quantitative RT-PCR

In mammalian tubular =
epithelial cells from kidneys  genes

recovering from injury, an  Hmges2
altered capacity to synthe-  Fabp1
size the enzymes required  Gusb
for the oxidation of fatty  Acb

Sense Antisense
5’-CTGTGGCAATGCTGATCG-3’ 5’-TCCATGTGAGTTCCCCTCA-3’
5’-CCATGACTGGGGAAAAAGTC-3’ 5-GCCTTTGAAAGTTGTCACCAT-3’
5’-CTCTGGTGGCCTTACCTGAT-3’ 5’-CAGTTGTTGTCACCTTCACCTC-3’
5’-CTAAGGCCAACCGTGAAAAG-3’ 5’-ACCAGAGGCATACAGGGACA-3’

acids, a major source of en-
ergy, is causally associated

with renal fibrogenesis. The present animal study adds granularity to the understanding
of the metabolic phenotype of proximal tubules existing in a fibrotic environment. Our data
thus indicate that, in contrast to the metabolic signature of the kidney as a whole organ,
where FAO is globally decreased - in atrophic tubules in particular - the signature of pre-
served (Prominin-1"8") proximal tubules is dramatically different. Here, while metabolic en-
zymes are poised for activation, pro-fibrotic genes are silent, FAO being the most enriched
gene pathway when comparing hypertensive mice with or without interstitial fibrosis.
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Fig. 5. Cell pathways regulation given by the transcriptome analysis. (A) Pathway differentially regulated
comparing AKI-angio2 and Sham-angio2 groups. A false discovery rate (FDR) cut-off of 0.01 was used to
select pathways. In red, pathways up-regulated in AKI-angio2 vs Sham-angio2; in blue, pathways down-
regulated. (B) REVIGO visualization of Gene Ontology Biological Pathways up-regulated in the AKI-angio2
group compared to the Sham-angio2 group. Main signal was towards up-regulation of metabolism and oxi-

dative phosphorylation.

At first sight, these results might seem contradictory to those reported previously in the
literature [10]. However, the pro-fibrotic role of the down-regulation of fatty acid metabolism
was discovered by dissecting out atrophic tubules in fibrotic kidneys. In contrast, we

KARGER

1347


http://dx.doi.org/10.1159%2F000490819

Cellular Physiology Cell Physiol Biochem 2018;47:1338-1351
DOL:

. . : 10.1120/000400219 © 2018 The Author(s). Published by S. Karger AG, Basel
and B|ochem|5try Published online: June 22, 2018 |wwwAkarger.com/cpb

Bataille et al.: FAO in Injured Kidneys

Fabp1 Hmges2

Day 56

v -
significantly different genes.
Fabpt  Hnges2
3

=

log10[p-value)
3
\
i
|
I

Fabp1 Hmgesz

‘‘‘‘‘‘

N

ayse vayse o vz oarse 0ayse
A Stamangez  A-engoz Shum < Samanpz  A-enga:

MRNA level (AJ)
MRNA level (AJ)

Fig. 6. High expression of metabolic enzymes in Prominin-1+ cells. (A) Volcano plot of AKI-angio2 and
Sham-Angio2 gene expression. Up-regulation of FABP1 and HMGSC2 is shown in Prominin-1"¢" cells in the
AKl-angio2 group. (B) mRNA expression level of Fabp1 and Hmgcs2 in total kidney normalized to house-
keeping genes (Actb and Gusb). (AU : arbitrary unit). (C) Fabp1 and Hmgcs2 in Prominin-1"¢" cells: indi-
vidual values given by transcriptome analysis. (FPKM: fragments per kilobase of exon per million fragments
mapped). (D) Immunofluorescence of Prominin-1 at day 56 in a fibrotic kidney. Different magnifications
are shown: 20x (right) and 40x (left). (E) Co-localization of HMGCS2 (red) with megalin (green) and DAPI
(blue), here used as a marker of Prominin-1"¢" proximal tubular cells at day 56 in a normal (right) and fi-
brotic kidney (left). Original magnification 20x.

captured tubules that exist in a fibrotic environment but still express a differentiation marker,
Prominin-1. In addition, the report by Kang et al [10]. that etoxomir, an agent that further
inhibits FAO, has a pro-fibrotic effect, necessarily implies that this metabolic pathway is still
active in some cells in fibrotic kidney. These results have been confirmed elsewhere [22].
Our results identify Prominin-1"&" proximal tubules as cells that are, indeed, metabolically
hyperactive. The long-term consequences of this hypermetabolic state are unknown, either
at the cellular or whole organ level.

The differential evolution of epithelial cell sub-populations is one of the discoveries of
our approach. It is in line with results from the literature that may seem contradictory. We
could consider a heterogeneity of epithelial populations in response to aggression and that
there is a kind of metabolic switch that explains the differences highlighted by our study.
Cell signalling of mitogen-activated protein kinases (MAPKs) is illustrative [23]. MAPKs are
differentially involved in renal responses to hypoxic/ischemic stress. They provide signals of
growth, proliferation and cell differentiation, but also apoptosis and fibrosis.
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At the organ level, the mechanisms of cellular adaptation and repair operate from the
ischemic phase [24]. Ischemia-reperfusion causes cell apoptosis that can be reduced by
pharmacological agents [25]. A better understanding of the kinetic mechanisms of survival
and repair and metabolic adaptations could allow to better influence the cell fate.

Cell selection using a surface protein is an important step in our approach. There are
indeed phenotypic changes in tubular cells and the expression of surface molecules including
transporters is well documented. For instance, the decline in the expression of Organic Anion
transporter 1 and 3 is transcriptionally mediated by COX1 metabolites after ischemia [26].
If it appears that the uremia is an influence on the expression of these epithelial proteins,
[27] in our case, it is indeed a consequence of the first ischemic hit, because the levels of
uremia are relatively low. We remain nevertheless dependent on the model developed here.
We do not address here the potential link between metabolic hyperactivity and tubular
fate in general, and this is one limit of our study. Understanding the biological mechanisms,
and the long-term consequences of this peculiar program, will undoubtedly require further
exploration.

Another interesting aspect of our study is that, by taking an unbiased approach, we have
consolidated the recent theories that even a functionally and histologically reversible episode
of ischemic AKI has long-term consequences, and sensitizes the kidney to an accelerated
fibrotic process if a second hit occurs. Not only did the PCA correctly assemble the mice
according to their history, but it also revealed that proximal tubular cells from mice exposed
to angiotensin 2 have a different program, depending on whether they have a history of AKI
or of sham surgery.

Our results are consistent with therapeutic lines recently raised. Mitochondrial
dysfunction secondary to ischemia-reperfusion accounts for the metabolic dysfunction. A
protective action to limit the oxidative stress or to limit the mitochondrial susceptibility
in healthy hypermetabolic differentiated cells could be effective: nitro-arachidonic acid
administration before angiotensin II-induced mitochondrial dysfunction has participated to
less cell damage [28] and a specific rescue action could be done cells with FAO dysfunction:
silymarin improves oxidative stress and preserve mitochondrial dysfunction by preventing
accumulation of lipids in the kidney [29].

Abbreviations

AKI (acute kidney injury); CKD (chronic kidney disease); ATN (acute tubular necrosis);
PCA (principal component analysis); Hmgcs2 (3-hydroxy-3-methylglutaryl-Coenzyme A
synthase 2); Fabp1 (fatty acid binding protein 1).
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