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Abstract

Albuminuria represents a hallmark of both early kidney injury and chronic kidney
disease (CKD). The importance of albuminuria as a prognosis marker is demonstrated
by recent observations showing the high correlation of albuminuria with the probability
of developing end-stage renal disease (ESRD).

Prostaglandins are lipid mediators demonstrating a crucial signaling role in various
processes. PGE2z is known to be the most abundant prostaglandin across tissues and
has been found to be implicated in the regulation of renal homeostasis through its EP
(EP1-4) receptors signaling, as well as affecting the incidence and progression of
various kidney diseases. In addition, PGE2 is implicated in proteinuria by affecting
glomerular filtration barrier (GFB) permeability and its elevated levels are linked to
increased fluid flow shear stress (FFSS) in podocytes. Despite the extensively studied
role of PGE2 on kidney physiology, the metabolic products occurring from its catabolism
are considered biologically inactive. Recent in vitro data reported the ability of 15-keto-
PGE:2 to activate EP receptors, however, the potential physiological roles of 15-keto-
PGE-2 need to be investigated. Moreover, the role of PGE2/15-keto-PGE2/EP2/EP4 axis
in kidney biology and glomerular morphology, as well as the potential renoprotective
effect of combined pharmacological blockade of EP2 and EP4 receptors need to be
further investigated.

In this study, | demonstrated that exogenous stimulation of zebrafish embryos with
PGE: resulted in an albuminuria-like phenotype, mimicking the suggested PGE: effects
on GFB dysfunction. Importantly, combined pharmacological blockade of EP2 and EP4
receptors significantly reduced the albuminuria phenotype in both zebrafish and the
Munich Wistar Fromter (MWF) rat, a model of glomerular hyperfiltration (GH) and
albuminuria. Using lipidomic analysis, it was shown that both PGE2 and 15-keto-PGE:2
were present at considerable levels in zebrafish embryos and the latter could bind and
stabilize EP2 and EP4 receptors on the plasma membrane in a yeast model. High-
resolution image analysis revealed that the exogenous treatment with either PGE:2 or
15-keto-PGE2 perturbed glomerular vascularization during zebrafish development.
Specifically, | showed that elevated levels of PGE2 or 15-keto-PGE2 caused
intercalation defects between podocytes and endothelial cells of glomerular capillaries,
significantly affecting the podocyte surface area. Importantly, these defects were
significantly reversed by combined blockade of EP2 and EP4 receptors.
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Altogether, these findings support two key conclusions: a) a confirmed role of PGE2 in
the development of albuminuria in GH, while demonstrating a renoprotective potential of
combined pharmacological blockade of EP2 and EP4 receptors, and b) 15-keto-PGE:2
has a biologically active role and may potentially modulate the EP receptor signaling in

vivo, thus playing a role in kidney biology.
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Zusammenfassung

Albuminurie ist ein Merkmal der frilhen Nierenschadigung als auch der chronischen
Nierenerkrankung (CKD). Die Bedeutung von Albuminurie als Prognosemarker wurde
durch jungsten Studien belegt, in denen gezeigt wurde, dass Albuminurie mit der
Wahrscheinlichkeit der Entwicklung einer Nierenerkrankung im Endstadium (ESRD)
korreliert.

PGE2, dass in allen Geweben am haufigsten vorkommende Prostaglandin, wirkt tber
seine EP(EP1-4) -Rezeptoren, beeinflusst das Auftreten und Fortschreiten
verschiedener Nierenerkrankungen, erhoht die Durchlassigkeit der glomerularen
Filtrationsbarriere (GFB) und kann so zu Proteinurie fihren. Eine Hochregulierung von
PGE:2 in Podozyten ist mit einem erhdhten Scherstress des Flussigkeitsstroms (FFSS)
verbunden, wie er bei glomerularer Hyperfiltration (GH) beobachtet wird. Trotz
umfassender Studien zur Rolle von PGE:2 fur die Nierenphysiologie werden die PGE-2
Metabolite weitgehend als biologisch inaktiv angesehen. Obwohl neue In-vitro Daten
auf eine Aktivierung der EP-Rezeptoren durch 15-keto-PGE:2 hindeuten, blieb bislang
ungeklart, ob 15-keto-PGE2 auch eine physiologische Rolle spielt. Zudem muss
untersucht werden, welche Funktion die PGE2/15-keto-PGE2/EP2/EP4-Achse in der
Nierenbiologie und der glomerularen Morphologie hat und ob eine duale
pharmakologischen Blockade von EP2-/EP4-Rezeptoren eine potenzielle renoprotektive
Wirkung hat.

In dieser Arbeit habe ich gezeigt, dass die exogene Stimulation von Zebrafisch-
Embryonen mit PGE2 einen Albuminurie-ahnlichen Phanotyp hervorruft, welcher die
erwarteten Effekte von PGE:2 auf die GFB-Dysfunktion nachahmt. Eine kombinierte
pharmakologische Blockade von EP2-/EP4-Rezeptoren reduzierte signifikant den
Albuminurie-Phanotyp sowohl in Zebrafischen als auch in der Munich Wistar Fromter
Ratte, einem Modell fir GH und Albuminurie. Lipidomanalysen haben gezeigt, dass
sowohl PGE: als auch 15-keto-PGE: in Zebrafischembryonen in betrachtlichen Mengen
vorhanden sind. 15-keto-PGE2 konnte EP2-/EP4-Rezeptoren in der Plasmamembran
eines Hefemodells binden und stabilisieren. Die exogene Behandlung mit PGE2 oder
15-keto-PGE:2 storte die glomerulare Vaskularisierung wahrend der Entwicklung des
Zebrafisches. Vor allem erhdhte Konzentrationen von PGE:2 oder 15-keto-PGE:2
verursachten Defekte bei der Interkalation zwischen Podozyten und Endothelzellen der

glomerularen Kapillaren, was die Oberflache der glomerularen Filtrationsbarriere
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erheblich beeintrachtigte. Diese Defekte konnten durch die kombinierte Blockade von
EP2-/EP4-Rezeptoren aufgehoben werden.

Insgesamt stlitzen diese Ergebnisse zwei wichtige Schlussfolgerungen: a) die Rolle von
PGE:2 bei der Entwicklung von Albuminurie bei GH wurde bestatigt und zusatzlich wurde
gezeigt, dass die duale pharmakologische Blockade von EP2-/EP4-Rezeptoren einen
renoprotektiven Effekt hat, und b) 15-keto-PGE2 hat eine biologisch aktive Rolle und
kann moglicherweise die EP-Rezeptor-Signallbertragung in vivo modulieren und somit

eine Rolle in der Nierenbiologie spielen.
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Synopsis

Part of the present dissertation has been previously published in the following research

publications:

1.

Kourpa, Aikaterini; Kaiser-Graf, Debora; Sporbert, Anje; Philippe, Aurélie; Catar,
Rusan; Rothe, Michael, Mangelsen, Eva; Schulz, Angela; Bolbrinker, Juliane;
Kreutz, Reinhold; Panakova, Daniela**. 15-keto-Prostaglandin E:2 exhibits
bioactive role by modulating glomerular cytoarchitecture through EP2/EP4
receptors. Life Sciences 2022;310:121114. doi: 10.1016/j.1fs.2022.121114.

Kourpa, Aikaterini*; Schulz, Angela*; Mangelsen, Eva; Kaiser-Graf, Debora;
Koppers, Nils; Stoll, Monika; Rothe, Michael; Bader, Michael; Purflrst, Bettina;
Kunz, Severine; Gladytz, Thomas; Niendorf, Thoralf;, Bachmann, Sebastian;
Mutig, Kerim; Bolbrinker, Juliane; Panakova, Daniela; Kreutz, Reinhold**.
Studies in Zebrafish and Rat Models Support Dual Blockade of EP2 and
EP4 (Prostaglandin E2 Receptors Type 2 and 4) for Renoprotection in
Glomerular Hyperfiltration and Albuminuria. Hypertension. 2023;80:771-782.
doi:10.1161/HYPERTENSIONAHA.122.20392

Mangelsen, Eva.; Rothe, Michael.; Schulz, Angela.; Kourpa, Aikaterini,;
Panakova, Daniela.; Kreutz, Reinhold.; Bolbrinker, Juliane**. Concerted EP2
and EP4 Receptor Signaling Stimulates Autocrine Prostaglandin
E2 Activation in Human Podocytes. Cells 2020;9:1256. doi:
10.3390/cells9051256

(*Authors contributed equally, ** correspondence)
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1. Introduction
1.1 Vertebrate kidney

1.1.1 The human kidney

The human kidney comprises the main blood filtration organ of the body, reabsorbing
water, nutrients, and ions, concentrating the urine, removing waste products and excess
fluid from the body, therefore maintaining a homeostatic balance, and achieving blood
pressure control'3. Human kidney consists of around a million of nephrons, which
constitute the main structural and functional unit of the organ'3# Each nephron
contains 5 essential and distinct segments: the glomerulus (responsible for the blood
filtration), the proximal and distal tubules, the loop of Henle and the collecting duct’-3.
The glomerulus, the part of nephron responsible of the blood filtration, is composed of a
small blood vessels network (capillaries) and contains specialized cells that form the
principal filtration apparatus, called glomerular filtration barrier (GFB)°. The GFB is
comprised by a layer of fenestrated endothelial cells, the glomerular basement
membrane (GBM) and highly differentiated and specialized epithelial cells, the
podocytes®’. The latter are connected through crucial adherence junctions called slit
diaphragms, that allow podocytes and therefore the GFB, to regulate selective filtration
of blood into an ultrafiltrate®. This specialized filter allows the passage and excretion of
molecules of molecular weight of up to 70 kDa, while it prohibits the elimination of larger
molecules, mainly proteins like albumin®. In kidney disease conditions, where the GFB
has suffered vital damage, the albumin is eliminated from the vasculature, leading to the
pathological state of albuminuria, that can be initially diagnosed by the detection of
albumin traces in the urine®10.

Among other vertebrates, the human kidney shares a very similar segmentation pattern
with zebrafish despite important distinct differences associated with the diverse living
environment i.e., terrestrial versus aquatic, that can affect the development and/or
function of different organs, including the kidney''. The high similarity between human
and zebrafish kidney constitutes the latter as a great model for studying kidney
morphology and development and investigating a plethora of kidney related pathological

conditions12-15,

1.1.2 The zebrafish kidney
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During the recent decades, the various experimental tools using zebrafish (Danio rerio)
as an animal model have significantly improved, allowing to expand and perform many
vertebrate developmental and disease studies. This model possesses various strengths
and advantages among which are: high genetic similarity to humans (around 70%), ex
utero fertilization and development of embryos, numerous offspring on weekly bases
with robust growth rate and ease of experimental manipulation, and nearly transparent
embryo’s body that allows monitoring of internal organs and structures'®-'®, The above
characteristics constitute an excellent tool for achieving high-throughput drug
screenings, testing several chemical compounds, and performing detailed phenotypic
analysis'®2°, Due to the close functional analogy between human and zebrafish organs,
the latter has been widely used to gain better insights into different disease conditions,
such as cancer?!, diabetes?223, cardiovascular?*2® and brain?® defects as well as
various kidney pathological states?’—2°.

The zebrafish embryonic kidney, called pronephros, comprises the primary kidney
structure of the organism and displays high similarity to mammalian metanephros3°.
Apart from blood filtration, the pronephros is responsible for water and ions excretion
and osmoregulation maintenance?'. The pronephros consists of only two nephrons
derived from the lateral plate mesoderm, comparably to the intermediate mesoderm of
mammals’*13, The two nephrons consist of two glomeruli that are fused together at the
embryo midline around 48 hours post fertilization (hpf), abutting the dorsal aorta, the
main blood vessel of the embryo for the circulation of oxygenated blood'"'3. The
nephron segmentation in zebrafish resembles that of higher vertebrates including
human; the zebrafish pronephros does not contain specialized regions like the loop of
Henle or the thick ascending limb, however, it contains proximal and distal tubules,
divided into convoluted and straight as well as early and late parts, respectively'30. The
corpuscles of Stannius, responsible for the maintenance of calcium balance, is located
between the distal tubules’ segments3?. The last segment of the nephron is the
pronephric duct which is comparable to the collecting duct in humans, while the tubular
epithelium lining from the glomerulus to the duct is fusing to the cloaca, a common exit
portal for waste products from the gut and pronephros'33°. At 72 hpf, the GFB of the
zebrafish pronephros is complete and functional, containing podocytes with extended
interdigitating foot processes, a fenestrated endothelium and a GBM, covering the
glomerular capillaries, thus demonstrating strong structural and functional similarity to

the metanephric GFB of higher vertebrates.
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All the above in combination with the simplicity of the zebrafish pronephros and the fact
that more than 80% of human disease-associated genes have orthologues in the
zebrafish genome33, render embryonic pronephros as a great model for renal research,
allowing the further investigation of complicated kidney diseases, such as

glomerulopathies, polycystic kidney disease, and FSGS.

1.2 Prostaglandins

1.2.1 Prostaglandin E2

Arachidonic acid (AA), a polyunsaturated omega-6 fatty acid, is the precursor for the
synthesis of prostaglandins (PGs), a group of important bioactive lipid mediators34. AA
is converted to PGs, including prostaglandin E2 (PGE2), F2a (PGF2a) and D2 (PGD2) by
the cyclooxygenases 1 and 2 (COX1, COX2) and specialized enzymes for each of the
PGs types, the prostaglandin synthases343. PGs have been discovered in practically all
tissues of both humans and other vertebrates and a plethora of studies have
emphasized their critical function in a variety of physiological and pathological
conditions, including tissue inflammation, cancer, homeostatic balance regulation and
maintenance, hematopoiesis, and renal physiology®*43. The most prevalent
prostaglandin among them is PGE2, which has been widely studied in recent years, for
its function in various organs, including the kidney3%4344 |t has been extensively
highlighted that PGE: is involved in both normal renal physiology as well as pathogenic
pathways underlying the onset and development of chronic kidney disease (CKD)3%44,
There are two steps involved in the inactivation of PGE2. The first and rate-limiting step
is catalyzed by 15-prostaglandin dehydrogenase (15-PGDH), resulting in the synthesis
of 15-keto-PGE2*°, while prostaglandin reductase (PTGR or A'3-PG-Reductase) is the
responsible enzyme producing 13,14-dihydro-15-keto-PGE2 during the second and last
step of PGE2 degradation*>#6. Both metabolites, 15-keto-PGE2 and 13,14-dihydro-15-
keto-PGE2, were previously thought to have no biologically active role*®>#”. However,
recent in vitro investigations have indicated that 15-keto-PGE2 may operate as a partial
agonist of PGE2 receptors and replace PGE: in the signaling processes by activating
the generation of cAMP#349, Furthermore, recent studies in different models reported
that 15-keto-PGE2 can activate peroxisome proliferator-activated receptor gamma
(PPAR-y), an important receptor implicated in diabetic nephropathies®%-52. Importantly,

there is still debate over the physiological significance of PGE2 metabolites, and more
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specifically 15-keto-PGE2. What role does it play in kidney biology and its ability to

activate PGE2 EP receptors in vivo demands further investigation.

1.2.2 Prostaglandin E2 receptors

PGE:2 functions by binding to the EP1, EP2, EP3, and EP4 G-protein-coupled
prostaglandin receptors®3%4. Their expression and function in human and mammals
have been previously reported in various studies. In zebrafish, EP1 receptor has been
detected mainly in the gill, muscle, brain, but also in the kidney%5%. In contrast, EP3 has
been reported to be hardly expressed in the zebrafish kidney, while it appeared to be
essential for lymphatic vessel development during embryogenesis®°%. The expression
of both EP2 and EP4 receptors in the zebrafish nephron has been highlighted in
previous studies, demonstrating the expression of these receptors in the zebrafish
kidney among other tissues3°"%® as well as supporting their crucial role in
hematopoiesis?’. It has been shown that both receptors demonstrate an important role
in the regulation of pronephric tubules segmentation in the framework of PGE:2
metabolism®”’.

A recent study published in the framework of the present thesis demonstrated the
expression of EP1, EP2 and EP4 in a human immortalized podocyte cell line in vitro,
while EP3 receptor expression was not confirmed®®. Moreover, the functional role of
EP2 and EP4 receptors was supported by using pharmacological blockade of both
receptors, revealing that autocrine PGE:2 activation in human podocytes depends on
concerted EP2 and EP4 signaling®. These receptors may therefore serve as key
targets for the development of therapeutic approaches against a variety of renal

conditions associated with PGE2 signaling.

1.3 Thesis Research questions

My thesis focuses on the role of PGE: pathway in the kidney physiology and
development and targets in vivo the PGE2 catabolic pathway in zebrafish embryos.
Despite the fact that the renal pathological effects of PGE2 have been extensively
studied334344 it is yet to be investigated its potential implications in normal glomerular
morphology and cytoarchitecture. Namely, it is yet to be determined whether PGE:2
affects the podocytes-endothelial cells physiological interactions important for the

establishment of the functional GFB and the overall renal activity. Furthermore, as
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already mentioned above, the metabolic products of PGE2, 15-keto-PGE2 and 13,14-
dihydro-15-keto-PGE2, have been considered biologically inactive until recently547-49,

and their role in kidney pathophysiology needs to be further elucidated.

The research aims of the present thesis are summarized as follows:

1. Study the renal implications of PGE2 and 15-keto-PGE2 by establishing a
zebrafish disease model that mimics the pathological albuminuria state in
glomerular hyperfiltration.

2. Analyze and evaluate the effects of exogenous PGE:2 and 15-keto-PGE:2
stimulation in glomerular cytoarchitecture and ultrastructure.

3. Further study the bioactive role of 15-keto-PGE2 and its ability to bind EP2 and
EP4 receptors.

4. Investigate the potential renoprotective effect of the separate and/or combined
pharmacological blockade of EP2 and EP4 receptors in vivo and analyze their
ability to reverse the adverse effects of PGE2 and 15-keto-PGE:2 stimulation, thus
serving as potential therapeutic targets for PGE2 pathway-associated kidney

diseases.
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2. Methods

2.1 Materials
2.1.1 Equipment and software

Table 1. List of equipment used.

Equipment Manufacturer

Hybridization Oven, HB-1000 Hybridizer | UVP

M165 Fluorescent Microscopy Leica

Zeiss LSM980 Airyscan Zeiss

Zeiss LSM700 Zeiss

MD G33 Brightfield Microscopy Leica

Cryostat microtome Leica

Steamer WMH

Ultracut E ultramicrotome Leica

FEI Morgagni Electron Microscope with EMSIS GmbH

Morada CCD Camera

Agilent 6495 Triplequad mass Agilent Technologies
Spectrometer
MR system Bruker Biospec 94/20, Bruker Biospin,

Ettlingen, Germany

NextSeq 2000 system

lllumina

TapeStation RNA and DNA ScreenTape

Agilent Technologies

Table 2. List of software used.

Software

Vendor/URL

Imaged

https://imagej.nih.gov/ij/

Adobe lllustrator 2021 26.2

Adobe Systems, Inc. (San Jose, US)

Adobe Photoshop 2021 22.4.3

Adobe Systems, Inc. (San Jose, US)
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GraphPad Prism 9 for Mac OS X, GraphPad Software, Inc. (La Jolla, US)

Version 9.0
Microsoft® Excel for Mac Microsoft
ZEN Blue Zeiss

Huygens Professional 22.04 Scientific Volume Imaging (SVI)

Imaris version 9.9 Bitplane AG, Zurich, Switzerland

String database https://string-db.org/

MARS data analysis software

BMG Labtech

2.1.2 Chemicals and reagents

Table 3. List of the chemicals and the reagents used in the experiments.

Chemical/Reagent Source Cat#
Methyl Blue Sigma-Aldrich 319112
Tricaine PharmaQ
ProLong™  Gold Antifade
Mountant with 4’,6-diamidino- | Invitrogen P36935
2-phenylindole (DAPI)

Paraformaldehyde 16% ThermoFisher Scientific 28908
Tissue-Tek O.C.T Compound | Sakura 12351753
TSA Plus Fluorescein PerkinElmer NEL741001KT
TSA Plus Cyanine 3 PerkinElmer NEL744001KT
TSA Plus Cyanine 5 PerkinElmer NEL745001KT
?Siﬂ)amidi“'z'phe”y"”do' Sigma-Aldrich D9542
Antigen Unmasking Solution Vector Laboratories, Inc. H-3300
Dimethylsulfoxide (DMSO) Sigma-Aldrich 276855
2§ﬁ:§aﬂlizr;1)ethyl-PGEz Cayman Cay14750-1
15-keto-PGE:2 Cayman Cay14720-1
EP2 receptor antagonist Sigma-Aldrich PF04418948
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EP4 receptor antagonist Sigma-Aldrich ONO-AE3-208
Indomethacin Sigma-Aldrich 10200000
BSA AlexaFluor555 ThermoFisher Scientific A34786
Methyl cellulose Sigma-Aldrich 1424506
TopVision low melting  point ThermoFisher Scientific R0801
agarose
Uranyl acetate SERVA 77870
2.1.3 Critical commercial assays
Table 4. List of commercially available kits.
Kits Source Cat#

RNAscope Multiplex Fluorescent v2 Kit | Advanced Cell Diagnostics | 323110
CloneAmp HiFi PCR Premix TaKaRa Bio Inc. 639298
5X InFusion® HD Enzyme Premix TaKaRa Bio Inc. 102518
rCutSmart™ Buffer New England Biolabs B6004
ganoGIo® Extracellular  Detection Promega Corporation N2420

ystem
First Strand cDNA Synthesis Kit ThermoFisher Scientific K1612
NEBNext Ultra Il Directional RNA ,
Library Prep Kit for lllumina New England Biolabs E7530

2.1.4 Buffers and solutions

Table 5. List of buffers used.

Name

Composition

E3 Embryo Medium

5 mM NaCl, 0.17 mM KCI, 0.33 mM
CaClz, 0.33 mM MgSOs4; pH 7.4

PBST

1x PBS, 0.1% Triton X-100

Midiprep Tris buffer

Macherey-Nagel
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2.1.5 RNAscope probes

Table 6. List of the probes used for the RNAscope.

Probe Source Cat#
Dr-ptger2a; Accession No: NM_200635.1 | Advanced Cell 859901-C2
Target Region (bp): 2-926 Diagnostics
Dr-ptger4b; Accession No:
NM_001128367.1 Advanced Cell 859911-C3
Target Region (bp): 550-1488 9
2.1.6 Zebrafish (Danio rerio) lines
Table 7. Transgenic zebrafish lines.
Zebrafish Line Source ZFIN-ID

Tg(wt1b:eGFP) it

Reference 60

ZDB-ALT-071127-1

Tg(fabp10a:e GFP) mi1000

Zhou & Hildebrandt

ZDB-ALT-121003-1

(2012)8"
2.1.7 Yeast model
Table 8. Yeast strain used.
Strain Genotype Source

MMY28 strain
(S. cerevisiae)

W303-1A fus1::FUS1-HIS3 FUS1-
lacZ::LEUZ far1A::ura3A gpa1A::ADE2A
sst2A::ura3A MMY9 ste2A::G418R
TRP1:: G,Oa 1/Gas(5

GlaxoSmithKline®?

2.1.8 Plasmids

Table 9. List of plasmids used for the yeast experiments.

Vector

Source

pBiT3.1-N
[CMV/HiBiT/Blast]

Promega Corporation

p42GPD yeast

GlaxoSmithKline®?2
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2.1.9 Primers

Table 10. List of cloning primers used for the yeast constructs.

Construct Forward primer (5'-3') Reverse primer (5'-3")
hEP2-HIBIT CGAGCGGTGGGAATTCGAT | AAGCTTGACCTCTAGATCAAA
GGGCAATGCCTCCAATGAC | GGTCAGCCTGTTTACTGGC
AAGCTTGACCTCTAGATTATAT
. CGAGCGGTGGGAATTCCAT
hEP4-HiBiT GTCCACTCCCGGGGTC ACATTTTTCTGATAAGTTCAGT

GTTTCACT

hEP2-HiBIiT- [ TAGAACTAGTGGATCCATG [ GCTTGATATCGAATTCTCAAAG
p426GDP GTGAGCGGCTGGCGG GTCAGCCTGTTTACTGGC

hEP4-HiBiT-

p426GDP TAGAACTAGTGGATCCATG | GCTTGATATCGAATTCTTATAT

GTGAGCGGCTGGCGG ACATTTTTCTGATAAGTTC
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Table 11. List of primers for the quantitative real-time PCR analysis in the MWF rat. (Adapted from reference 63).

16

Gene Ensembl no. Sense Primer Antisense Primer Amplicon Exon
Adamts4 ENSRNOT0000000471 AACTCCCTGTTCCCCAGACT CCTGCTGCCGTACAAGGATA 230 8+9
Apcs ENSRNOT0000001209 GCTGCTGCTTTGGATGTCTG CTGCAGCGGTTTTTCTAGCC 145 1+2
Car15 ENSRNOT0000000031 ATCTGACGTCCACCTTTGCG ATCTGTGAGTGGTCTGGGGT 221 7+8
Cks2 ENSRNOT0000007615 TCAGACAAGTACTTCGACGAGC TCTTTTGGAAGAGGCCGTCTA 203 1
Col3a1 ENSRNOT0000000495 | TGTTAACGGACAAATAGAGAGTCTT CATCTTGCAGCCTTGGTTAGG 142 48 + 49
Cry1 ENSRNOT0000000912 TGAGGACCTTGATGCCAATCT ACGATGACTTCCACACCAGC 201 2+3
Digap3 ENSRNOT0000001921 CCTCCTGCAGCTCTCCATTG CGCGAGGGCTTCTTTGGTAT 135 11+ 12
Ifi2712b ENSRNOT0000003201 GCCAAGATGATGTCTGCTGC CGAGGGTTAAACTGGTGGAGA 235 3+4
Havcr1 ENSRNOT0000000957 ATTGTTGCCGAGTGGAGAT TGTGGTTGTGGGTCTTGTAGT 125 3+4
Lcn2 ENSRNOT0000001877 GGCCGACACTGACTACGACC GCCCCTTGGTTCTTCCGTAC 106 4+5
Manf ENSRNOT0000001910 ATGATGCCGCCACCAAGATC CCCCCAATCGTCCAGGATTT 200 3+4
Map3k7 ENSRNOT0000000765 ACTCCATCCCAATGGCGTATC GGTCCTTTTCATCCTGGTCCA 201 15-17
Npas2 ENSRNOT0000005957 TCCAAGTCCTGACTCCCACC GTGGAGAGAAGGAGCGAGTC 201 20 + 21
Nphs1 ENSRNOT0000004521 CTGAAGACCATGGAGCTCGG ATCCCAGGATGGTAATGGCG 120 8 +9
Nphs2 ENSRNOT0000009486 TGAATGTGGACGAGGTTCGA AGAGGACAAGAAGCCACTCG 129 1+2
Nrid1 ENSRNOT0000001253 GTGCGGGAGGTGGTAGAATT CGCTGAAGTCAAACATGGCA 235 6+7
Pdpn ENSRNOT0000002031 GACATGGTGAACCCAGGTCT AATGGGAGGCTGTGTTGGTA 108 2+3
Sdr9c7 ENSRNOT0000000591 AGCTGGTTGATAGGGGCATG TCCAGCATTGTTCACCAGGG 200 3+4
Sfn ENSRNOT0000004395 TGTCTGTCCATCCTCGGAGT TCTCTTCAGACCCCTCCTCG 250 2
Tac3 ENSRNOT0000000567 TTGAAGAGAACACCCCCAGC TGGGGGTAGAGGCTGTTCAT 209 6+7
Tmem86a | ENSRNOT0000001868 CATGGTGTCTCCGGTCACTG AGAAGACGAGTCCCGCAAAG 233 1+2
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2.2 Methods

The following methods are included and described in the publication listed in the
reference list as references 63 and 64, that comprise part of my thesis. The LC/ESI-
MS/MS methodology used to characterize the PGE2 pathway in whole zebrafish embryo
and in the rat glomerular tissue was established in the study cited in reference 59.

For both zebrafish and rat models, the ‘Principles of Laboratory Animal Care’ (NIH
publication no. 86-23, revised 1985) and the current version of German Law on the
Protection of Animals and EU directive 2010/63/EU on the protection of animals were

followed.

2.2.1 Zebrafish husbandry

Zebrafish (Danio rerio) were bred, raised, and maintained following the FELASA
guidelines®, the guidelines of the Max-Delbriick Center for Molecular Medicine in the
Helmholtz association and the local authority for animal protection (Landesamt fur
Gesundheit und Soziales, Berlin, Germany). The zebrafish transgenic lines used in the
present thesis were Tg(wt1b:EGFP)" 80 and Tg(fabp10a:gc-EGFP)mi1000 81 Embryos
were kept in E3 embryo medium at 28.5 °C, under standard laboratory conditions in all

the experiments.

2.2.2 Rat breeding

Munich Wistar Fromter (MWF) male rats with an inherited nephron deficiency were used
as a model of GH and albuminuria®®%’. The rats were attained from our MWF/Rkb
(RRID: RGD_724569, laboratory code Rkb, http://dels.nas.edu/ilar/) colony at the
Charité-Universitatsmedizin Berlin, Germany and experiments were performed following
the guidelines of the Charité-Universitatsmedizin Berlin and the local authority for
animal protection (Landesamt fir Gesundheit und Soziales, Berlin, Germany). The
grouping of the rats was based on regular 12 h diurnal cycles with automated light
switching (lights on from 8:00 am to 8:00 pm) and climate-controlled conditions at 22 °C.
The rats were fed a normal diet containing 0.2% NaCl and had free access to food and
water. Urinary albumin excretion in 24-h, creatinine clearance, and systolic blood
pressure by the tail-cuff method in awake rats, was determined as reported®. At the
end of the study (at 12 weeks of age), animals were anesthetized by intraperitoneal

(i.p). injection with ketamine-xylazine (60 mg Ketamin and 12 mg Xylazin per kg body



Methods 18

weight). Blood was obtained retrobulbar and lithium heparinate plasma was used for
creatinine level measurements. Kidneys were obtained, decapsulated, and sieved using
a 125 pm steel sieve. Glomeruli were kept on the sieve, rinsed off with PBS,
centrifuged, snap-frozen, and stored at —80 °C for lipidomic analysis. For transcriptomic
analysis, the dissected cortex of the left kidney was immediately snap-frozen and stored
at -80 °C. For glomerular morphology analysis, the right kidneys (n=6-8/group) were
fixed in 2.5% glutaraldehyde solution and were preserved in 330 mosmol sucrose/1x
PBS + 0.02% NaNs3.

2.2.3 HiBiT-tagged hEP2/hEP4 receptor constructs.

To generate hEP2-/ hEP4-HiBiT constructs with a HiBiT-taq, the full-length human
Prostaglandin E Receptor 2 (hEP2) and 4 (hEP4) cDNAs were cloned into the pBiT3.1-
N [CMV/HiBiT/Blast] vector including a short linker attached to the N-terminal receptor
sequences. This was done by first preparing the cDNA from conditionally immortalized
human podocytes®®, and designing primers that spanned either the start codon
(forward-primers) or stop codon (reverse-primers) of the hEP2/ hEP4 receptor
sequences. Full-length hEP2 and hEP4 cDNA sequences were amplified using
CloneAmp HiFi PCR Premix and the designed cloning primers. Primer sequences are
listed in 2.1.9. Restriction digestion of the pBiT3.1-N [CMV/HIiBiT/Blast] vector was
performed using CutSmart™ Buffer and EcoRIl and Xbal restriction enzymes (New
England Biolabs). The PCR products were integrated into the vector using the 5X In-
Fusion® HD Enzyme Premix and the resulting plasmid was transformed into One
Shot™ TOP10 chemically competent E.coli (Thermo Fisher Scientific). Sanger
sequencing (LGC genomics) was used for the confirmation of the plasmid sequences.
Apart from the pBiT3.1-N vector, the hEP2-/hEP4-HiBIiT constructs were also cloned
into the p426GPD yeast plasmid®? using cloning primers of Table 10. The forward
primer was designed with a 5’ flanked complementary to the yeast plasmid, spanning a
BamHl| restriction site and the HiBiT-tag start codon. The reverse primer was designed
with a §’overhang spanning a restriction site close to the stop codon of the hEP2/ hEP4
sequence as well as the respective stop codon. Purified pBiT3.1-N [CMV/HiBiT/Blast]
vector with integrated hEP2/ hEP4 sequences was used as a template for PCR

amplification. Ligation, transformation, and sequencing performed as described above.
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2.2.4 Yeast culture and transformation.

Prior to transformation, yeasts stored on glycerol beads at -80°C were thawed and
plated on YPD plates for 2 days at 30°C before liquid pre-cultures were incubated in
YPD medium shaking overnight at 30°C. Transformed yeasts grew on WHAUL plates
supplemented with histidine (WHAUL-His) for three days. Three clones were picked and
transferred on new WHAUL-His plates and incubated overnight at 30°C. On the next
day, clones were pre-cultured in WHAUL-His medium overnight shaking at 30°C in flat
96-well plates (TPP).

The p426GPD plasmids carrying either hEP2-HIiBIiT or hEP4-HiBiT construct were
transformed into S.cerevisiae (MMY28 yeast model) using lithium acetate (LiAc)/ single-
stranded DNA (ssDNA)/ polyethylene glycol (PEG) method®?.

Brief description of the method:

100mL of yeast extract peptone dextrose (YPD) medium was inoculated with 1.5mL
yeast pre-culture and incubated for 2 hours shaking at 30°. Yeast cultures were
centrifuged and washed, and the pellets were suspended in 1mL LIAcTE. For
transformation, 5uL of ssDNA (10mg/mL, Sigma-Aldrich), 1ug plasmids and for mock-
transformed controls the corresponding volume of Midiprep Tris buffer solution
(Macherey-Nagel), 50uL yeast solution and 300uL LiAc PEG TE were mixed and
incubated at room temperature for 10 min and then subjected to heat shock at 42°C for

20 min. The yeast solutions were then plated on WHAUL-His plates.

2.2.5 Expression of the receptors on the yeast membrane.

The expression of hEP2 and hEP4 receptors on the yeast membrane was studied using
the NanoGlo® Extracellular Detection System. This system focuses on detecting the
expression of HiBiT-tagged protein/receptor. Incubation with the NanoGlo®
Extracellular reagent results in a luminometry signal that reflects the number of
receptors on the plasma membrane. If the ligand of interest can bind the HiBiT-tagged
receptor, a modification in the receptor's expression is triggered, causing a change in
the luminometry signal. The yeast pre-cultures were diluted 1:5 in WHAUL- medium and
5 pL of yeast dilution were incubated with 100uL WHAUL- medium supplemented with
BU Salts for 20h. Following 20h incubation, yeasts were stimulated for 20 min with
100nM PGE2, 1uM 15-keto-PGE2 or plain medium for untreated control. Nine
transformed colonies and one mock-transformed colony that served as a negative

control, were tested at a time. Then, yeasts were treated with the Nano-Glo®
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Extracellular Detection System according to the manufacturer's instructions. Briefly,
yeast solutions after stimulation were transferred to white 96-well plates (Corning Inc.).
Thereby, one stimulated yeast solution was split into 2 wells after mixing. Equal volume
of the reagent (consisting of NanoGlo® Extracellular Detection Buffer, NanoGlo® HiBiT
Extracellular Substrate diluted 1:50 and LgBiT Protein diluted 1:100) was added to the
yeast solutions. After shaking for 5 minutes, luminescence was measured using a
FLUOstar Omega microplate reader (BMG Labtech) and analyzed with Optima and
MARS software (BMG Labtech). Colonies with luminescence values lower than the
medium control and the negative yeast control were considered unsuccessful

transformations and excluded from analysis.

2.2.6 Lipidomic analysis of whole zebrafish embryo and MWF rat glomerular tissue.

The lipidomic analysis was performed by liquid chromatography electrospray ionization
tandem mass spectrometry (LC/ESI-MS/MS) following the protocol reported recently®°.
The zebrafish embryos at two different developmental stages, 48 hpf and 120 hpf, as
well as, isolated glomeruli of young MWF at the onset of albuminuria (8 weeks of age)
and of albuminuria resistant spontaneously hypertensive rats (SHR) were frozen using
liquid nitrogen and analyzed using an Agilent 1290 HPLC system with binary pump,
multisampler and column thermostat with a Zorbax Eclipse plus C-18, 2.1 x 150 mm,
1.8 um column using a solvent system of aqueous acetic acid (0.05%) and acetonitrile.
A gradient starting with 5% organic phase was used, which was increased within 0.5
min to 32%, 16 min to 36.5%, 20 min to 38%, 28 min to 98% and held there for 5 min,
was used for the elution. The flow rate was set at 0.3 mL/min and the injection volume
was 20 pyL. The HPLC was coupled with an Agilent 6495 Triplequad mass spectrometer
with electrospray ionization source. Source parameters: Drying gas: 115 °C/16 L/min,
Sheath gas: 390 °C/12 L/min, Capillary voltage: 4300 V, Nozzle voltage: 1950 V, and
Nebulizer pressure: 35 psi.

2.2.7 Pharmacological approach used for the analysis of glomerular morphology and
GFB integrity.

For the phenotypic evaluation of the zebrafish embryonic kidney and the functional
assessment of GFB integrity, the transgenic lines Tg[wt1b:EGFPJF® and Tg[fabp10a:gc-

EGFPJ' were used, respectively. The glomerular morphology was evaluated using
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Tg[wt1b:EGFP] zebrafish embryos that allow the observation of podocytes and parietal
epithelial cells of the glomerulus, as well as part of the proximal pronephric tubules®®.
For the evaluation of GFB integrity, Tg[fabp10a:gc-EGFP] larvae were used. This strain
expresses the fluorescent albumin surrogate (gc-EGFP), consisting of a vitamin D
binding protein fused to enhanced green fluorescent protein in the liver from which it is
released into the blood stream and circulates in the blood®' under normal conditions,
allowing its observation in the trunk vasculature. Upon GFB damage, gc-EGFP will leak
through the glomerular filtration barrier, which results in a decrease of the fluorescence
in the trunk vasculature of the embryos, mimicking thereby an albuminuria-like
phenotype.

The drugs were applied to the zebrafish embryos between 6 hpf and 48 hpf for the early
treatment and between72 hpf and 96 hpf for the late treatment. For the drug treatments,
the E3 media was completely drawn off the embryos and the desirable solution of
DMSO vehicle control, dmMPGE-:2 (a long-active derivative of PGE2) or 15-keto-PGE2, PF-
04418948, ONO-AE3-208 and Indomethacin in E3 water was applied on zebrafish
embryos. For the PGE2 and 15-keto-PGE:2 stimulation, 125 yM and 500 pM
concentrations were used, respectively. For the separate and combined blockade of
EP2 and EP4 receptors, 20 uM EP2 and 20 yM EP4 receptors antagonists in E3 water
with either 125 yM dmPGE2 or 500 pM 15-keto-PGE2 were used. For blocking the COX
activity, 30 yM Indomethacin with 125 yM dmPGE2 was used. Controls were treated
only with DMSO (% adjusted to the solvent ratio in drug solution) in E3 water. The
embryos were placed in a 28.5°C incubator until phenotypic analysis. At the end of the
late treatments, embryos were categorized based on the fluorescence signal as “GFP
+” (visible gc-EGFP fluorescence signal in the trunk vasculature) or “albuminuria-like
phenotype” (partial or complete loss of gc-EGFP fluorescence signal in the trunk
vasculature).

For the in vivo imaging, 48 hpf and 96 hpf zebrafish larvae were anesthetized with 0.1%
tricaine in E3 solution and embedded in methyl cellulose. Fluorescent images were

acquired using Leica M165 stereomicroscope with a Leica DFC450 camera attached.

2.2.8 Subcellular analysis and 3D reconstruction of the glomerulus.
For the confocal microscopy imaging, the pronephros of fixed Tg[wt1b:eGFP]

zebrafish embryos at 48 hpf or 96 hpf were used. Prior to the fixation, the anesthetized
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embryos (in 0.02% tricaine (w/v)) were injected in the sinus venosus or the descending
cardinal vein with 20 mg/ml BSA Alexa Fluor555 conjugate diluted in in 150 mM NaCl.
The injected embryos were fixed after 20 min in 4% PFA and 0.1% Triton-X 100 in PBS
buffer for 2 h at RT or overnight at 4°C. Nuclei were stained using DAPI overnight at
4°C. After removal of the yolk and mounting in 0,8% low-melting point agarose, the
kidneys of whole-mount fixed embryos at 48 hpf or 96 hpf were imaged using a
Confocal Zeiss LSM 980 Airyscan microscope with a LD C-Apochromat 40 x NA1.1
water objective and Zen Blue v.3.2 software. Confocal z-stacks of all channels were
acquired sequentially with identical parameters and similar 3D orientation for all
samples. Images were analyzed using Imaged software.

The 3D confocal images were first deconvolved using Huygens Professional 22.04
software. The 2D segmentation, an important step for the creation of the 3D glomerular
surface, was performed using Imaris software (version 9.9). A 3D surface covering the
total glomerular volume was created by tracing the surface outline of EGFP-positive
cells for every second section of the z-stack manually, while as a next step the surface
creation was achieved using the automated segmentation feature. As regards the
EGFP-signal, the fluorescence derived by EGFP-positive cells inside the glomeruli was
included, while the green-fluorescent signal coming from the early part of proximal

tubules was excluded.

2.2.9 Cryosectioning and immunofluorescence in situ hybridization (RNAscope)

For the preparation of the samples for the cryo-tissue cutting, 48 hpf Tg/wt1b:EGFP]
embryos were fixed in 4% PFA in PBS overnight at 4 °C, washed with PBS for 3 x 10
min and treated overnight with 30% sucrose in PBS. The embryos were then positioned
vertically and frozen in Tissue-Tek O.C.T Compound (Sakura) on dry ice. Using a
cryostat | cut tissue slices of 7 um. Slides containing the tissue slices were stored at -80
°C until further processing.

Fluorescent in situ hybridization (RNAscope) was used to visualize single mRNA
molecules expressed in individual cells in the zebrafish embryonic kidney. The assay
was performed according to the manufacturer's instructions for fixed frozen tissues. The
7 um cryo-sections were dried for 30 min at room temperature and then washed with
PBS for 5 min. Next, the slides were incubated at 99°C for 15min with an antigen

retrieval solution (ACD) using a steamer. The Dr-ptger2a and Dr-ptgerd4b probes were



Methods 23

used, while for the signal development TSA plus fluorophores fluorescein, Cyanine3
and Cyanine5 were applied in a dilution ratio 1:1000. The slides were mounted with
ProLong Gold antifade reagent with DAPI. For the imaging, the Zeiss LSM700 confocal
microscopy was used and image analysis was performed with the ImageJ/Fiji and

Photoshop software.

2.2.10 Electron microscopy analysis in zebrafish and rat kidney

The ultrastructural analysis of the glomeruli was performed in 96 hpf zebrafish embryos
with a modified method as recently reported®®. The embryos were embedded in
Poly/BedR? 812 (Polysciences, Eppelheim, Germany) and cut with Ultracut E
ultramicrotome. Ultrathin sections (70nm) were drawn on a copper grid and
counterstained with lead citrate 3% stabilized solution (ULTROSTAIN 2, Leica) for 30
min and uranyl acetate for 5 min in the Leica EM AC20 contrasting device. Images were
acquired with a FEI Morgagni electron microscope and a Morada CCD camera.

The quantification of podocyte foot process width and number of slit diaphragms per um
of the GBM in both zebrafish embryos and MWF rats was performed as previously
described®®. ImageJ/Fiji software was used for the measurement of the length of the
GBM and the counting of the number of slit diaphragms overlying the GBM. The mean
of foot process width (Wep) was calculated as the total GBM length (XGBM) measured
in one glomerulus divided by the total number of slits (2Slits) counted and multiplied by
11/4, that serves as a correction factor for the random orientation of the foot processes
sectioning, following the formula:

_m IZGBMlength
P4 zslits

2.2.11 Reverse transcription and gPCR

Quantitative real-time PCR (qPCR) was used to assess targeted mRNA expression
analysis of selected candidates that were associated with GFB function and kidney
injury in the setting of GH and albuminuria®®. First-strand cDNA synthesis was carried
out on 2 pg of total RNA using the First Strand cDNA Synthesis Kit following the
manufacturer’s protocol. Isolated glomeruli of rat strains were analyzed at week 4 and
week 8%. qgPCR of each gene was performed in a 7000 Real-Time PCR System
(Applied Biosystems) with version 1.2.3 software or a 7500 Fast Real-Time PCR
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System with version 2.0.6 software (Applied Biosystems) using the comparative
quantification cycle method as reported (Fast SYBR® Green Master Mix or Power
SYBR® Green PCR Master Mix; Applied Biosystems)®6.

2.2.12 Bulk RNA-seq analysis

Unbiased transcriptome analysis by RNA-seq analysis was performed in (n=5/group) for
all groups of MWF rats obtained at the end of study period following a modified recently
reported protocol66. The mRNA expression was further validated using qPCR and
network analysis of protein-protein interactions was done using STRING software. The
cDNA library was prepared using NEBNext Poly(A) mRNA magnetic isolation and
sequencing was done on NextSeq 2000 system. Quality control of the RNA and library
was done using TapeStation RNA and DNA ScreenTape.. Initial quality control of the
demultiplexed raw data was performed using FastQC version 0.11.9. Trimmomatic
version 0.39 was used for quality trimmed of raw reads utilizing a sliding window of 4 nt
with a minimal average quality of 15. Adapter sequences and low-quality ends (minimal
quality: 3) were removed. Reads below a minimal read length of 15 nt after trimming
were dropped. The resulting reads were aligned to the Ensembl Rnor_6.0 reference
genome using HISAT270. The aligned reads were sorted using samtools version 1.9
and gene counts were determined using HTSeq version 0.12.4 and the Ensembl
annotation version 104.6. DESeq2 R package version 1.32.0 was used for differential
expression analysis. Genes with absolute fold change value <1 were excluded. Genes
were considered significantly differentially expressed if the adjusted P-value was <0.05.

PCA plots and heatmaps were created using pcaExplorer and gplots R packages.

2.2.13 Magnetic resonance imaging (MRI) analysis of MWF rat kidney

For MRI analyses, animals (n=14-15 per group, each) were anaesthetized with 6 ml/kg
body weight i.p. Urethan 20% in H20. MRI data were acquired on a 9.4 Tesla small
animal MR system using a linear radiofrequency volume resonator and a 4-channel
surface coil array tailored for rats. T2 maps were acquired using a multi-slice multi-echo
spin echo (MSME) protocol (TR = 500 ms, flip angle a=90, first echo time and interecho
time TE1 = ATE= 6.4 ms, 13 echoes). A multi-gradient echo (MGE) protocol was used to
acquire T2* maps (TR = 50 ms, flip angle a=16, first echo time and interecho time TE1 =

ATE= 2.1 ms, 10 echoes, 4 averages). MR data acquisition used an in-plane spatial
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resolution of 230 x 450 ym?, a 1.4 mm slice thickness and respiration gating for motion

compensation.

2.2.14 Statistics

Statistical analysis was performed using GraphPad Prism version 6.07 or 9 or SPSS
Statistics 28.0.0.0.2. The following statistical tests were used for normally distributed
data: Wilcoxon test, two-tailed unpaired t test with Welch’s correction, one-way ANOVA
with Tukey’s multiple comparisons post-test or Bonferroni’'s post hoc analysis, and two-
way ANOVA with Tukey’s multiple comparisons post-test.

For not normally distributed data, the tests used were: Kruskal-Wallis test with Dunn’s
post-hoc analysis and Mann-Whitney test. Data were tested for normal distribution using
Shapiro-Wilk test, while the identification of outliers was performed by Grubbs’ outliers
test (a = 0.05).

In all graphs error bars are presented as means +SD and P < 0.05 were considered
statistically significant. Specific details of the statistical analyses performed are given in

Figure legends.
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3. Results

3.1 PGE2 pathway is conserved in zebrafish.

Prostaglandins (PGs) are synthesized from AA with participation of COX and respective
PGs synthase enzymes (Fig 1A). In this study, the physiological significance of PGE:2
and its metabolite 15-keto-PGE: in living organisms was explored by using the zebrafish
model. To determine the prostaglandin levels and analyze the total prostaglandin
metabolic pathway in the zebrafish embryos, | used a LC/ESI-MS/MS-based method at
two time points: 48 and 120 hpf, prior to and after the GFB formation, respectively. The
use of the zebrafish model was beneficial, as it allowed for examination of the effects of
small molecules and metabolites in the organism. It is worth mentioning here that, the
zebrafish embryo's nourishment relies on its yolk content during early stages’’, making
the lipidomic study of the whole embryo reliable and accurate’? as it was not impacted

by exogenous factors like food intake.
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Figure 1. Lipidomic analysis of the main PGs. (A) Synthesis of the three main PGs, PGE2, PGF2a and
PGD: from AA with the participation of cyclooxygenases and specific prostaglandin synthases. Lipidomic
levels of (B) PGE2 (P=0.0002), (C) PGF2a (P=0.0001) and (D) PGD: at 48 hpf (N=11, n=275) and 120 hpf
(N=6, n=150). Less points in some graphs indicate missing values due to non-detectable levels; n
represents biologically independent samples over N independent experiments. For the statistics: two-
tailed unpaired t-test with Welch'’s correction was performed; Values plotted as mean +SD and P<0.05
considered significant. One outlier was identified and removed among the lipidomic PGE:2 values at 48 hpf
together with the respective values for the two metabolites in Figure 2A and B. Adapted from reference
64.
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All main prostaglandins, namely PGE2, PGF2a and PGD2 as well as their catabolic
products were detected in the wild-type zebrafish whole embryo extracts (Fig. 1B-D, 2).
PGE2 appeared to be the most abundant prostaglandin in both 48 and 120 hpf (Fig.
1C). PGE2 and PGF2a mean levels at 120 hpf (2522.13 ng/g and 1427.59 ng/qg,
respectively) were approximately one order of magnitude higher than at 48 hpf (209.36
ng/g and 165.98 ng/g, respectively) (Fig. 1C, D), while PGD2 levels remained constant
(Fig. 1E). 15-keto-PGE2 metabolite was present, but at roughly 10-fold lower levels than
PGE2, with mean levels of 16.82 ng/g and 77.37 ng/g at 48 hpf and 120 hpf,
respectively (Fig. 2A). At 48 hpf, 15-keto-PGE:2 levels were higher than 15-keto-PGF2a
levels, but both metabolites were present at similar levels at 120 hpf (Fig. 2A, C). The
downstream metabolites of 15-keto-PG, 13,14-dihydro-15-keto-PG, exhibited a similar
pattern. (Fig. 2B, D, E).
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Figure 2. Lipidomic analysis of the main PGs' metabolites. (A) 15-keto-PGE2 (P=0.0018), (B) 13,14-
dihydro-15-keto-PGE2 (P=0.0008), 15-keto-PGF2a (P=0.0025), 13,14-dihydro-15-keto-PGF2a (P=0.0028)
and (E) 13,14-dihydro-15-keto-PGD2 (P=0.0175) at 48 hpf (N=11, n=275) and 120 hpf (N=6, n=150). Less
points in some graphs indicate missing values due to non-detectable levels; n represents biologically
independent samples over N independent experiments. For the statistics: two-tailed unpaired t-test with
Welch’s correction was performed; Values plotted as mean +SD and P<0.05 considered significant.
Adapted from reference 64.
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To confirm whether the PGE2 pathway is metabolically conserved between zebrafish
and higher vertebrates including humans, | performed pharmacological inhibition of
COX enzymatic activity using indomethacin, a well-characterized non-selective COX
inhibitor’3. Indeed, COX inhibition that normally leads to reduction in PGE2 production,
profoundly reduced the PGE:2 levels (7.2+1.6 ng/g, 87.8% suppression) in zebrafish
embryos at 48 hpf (Fig. 3), indicating the conserved prostaglandin metabolism in
zebrafish. Thus, the quantitative analysis demonstrated here, showed that like in other
animal models and humans’’7, PGE: is the predominant prostaglandin in zebrafish
embryos and its metabolite, 15-keto-PGEz2, is also comparatively abundant, highlighting

its potential function in organismal physiology.
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Figure 3. PGE2 metabolism is conserved in zebrafish. Lipidomic analysis graph demonstrating
significantly lower levels of PGE2 (P=0.0416) after COX inhibition with 30uM Indomethacin (N=5,
n=125); DMSO used as vehicle control (N=3, n=75). Two-tailed unpaired t-test with Welch’s correction;
Values plotted as mean +SD and P<0.05 considered significant. Adapted from reference 63.

3.2 EP2 and EP4 receptors are expressed in the zebrafish pronephros.

To investigate and confirm the expression of EP2 and EP4 receptors prior to the
pharmacological treatments, | performed fluorescent in situ hybridization (RNAscope
assay, see Methods section for details) to visualize single mMRNA molecules expressed
in individual cells at 48 hpf in the zebrafish Tg[wt1b:EGFP] embryos labeling the
glomeruli and the primary part of the pronephric tubules. Both EP2 (ptger2a) and EP4
(ptgerdb) receptors are expressed in the glomerulus and tubules of the zebrafish
pronephros (Fig.4). Markedly, the semi-quantitative analysis revealed a higher

abundance of both receptors in the tubules (Fig.5).
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Figure 4. Fluorescent in situ hybridization of zebrafish embryo at 48 hpf. (A) Histological section of 48
hpf zebrafish embryo processed with “cutout” filter, demonstrates primary organs including glomerulus
and kidney tubules; HB, hindbrain; N, notochord; DA, dorsal aorta; G, glomerulus, PT, pronephric
tubules; P, pancreatic islet; Y, yolk. (B) RNAscope of EP2 (ptger2a) (yellow) and EP4 (ptgerdb) (red)
receptors in the zebrafish embryonic kidney at 48 hpf sectioned from the zebrafish transgenic line
Tg[wt1b:EGFP]; DAPI used for nuclei staining. Scale bar = 34 um; dashed rectangle indicates the region
of interest (ROI); dashed circles show the glomerulus and arrowheads indicate the pronephric tubules.

Adapted from reference 63.

3.3 Both PGE:2 and 15-keto-PGE: bind EP2 and EP4 receptors in vitro.

[The experiments in the yeast were conducted in collaboration with the PhD student
Debora Kaiser-Graf (AG Kreutz, SFB-1365)].

The activation of both EP2 and EP4 receptors by PGE: is widely investigated in
numerous studies®357.59.78-80  however only recently its metabolite, 15-keto-PGE2, (Fig.
6A) was shown to be able to bind both receptors in vitro*®4%. The Nano-Glo® HiBiT
extracellular detection system (see Methods for details) was used, to better understand
the interaction between 15-keto-PGE2 and the EP receptors. The assay was applied in
the MMY28 yeast strain®?, in which the single GPCR was replaced upon transformation
to express individually HiBiT-tagged human EP2 (hEP2) and EP4 (hEP4) receptors
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(Fig. 6B). This allowed the quantification of the relative membrane expression of hEP2
and hEP4 receptors, before and after prostaglandin ligand stimulation (Fig. 6B). The
transformed yeast cells were incubated with either 100nM PGE2 or 1uM 15-keto-PGE-2
for 20min (Fig. 6B). The receptor count on the membrane was significantly increased,
for both receptors, after the stimulation with both PGE2 and 15-keto-PGE2 as compared

to the non-stimulated (absence of ligand) control condition (Fig. 6C, D).
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Figure 5. Semi-quantitative analysis of the fluorescence intensity. Analysis of (A) EP2 and (B) EP4
transcripts expressed in the GFP positive cells in the kidney area of Tg[wt1b:EGFP] embryos used for
the histological sections on which the RNAscope analysis was performed (N=3, n=5); Two-tailed
unpaired t test with Welch’s correction; values are plotted as mean = SD. Adapted from reference 63.
Our in vitro experiments indicated that apart from the well-established role of
PGE2%357:59.78-80  15.keto-PGE: is also able to bind both EP2 and EP4 receptors and

stabilize them on the plasma membrane, in agreement with recently published data®°.

3.4 Exogenous exposure to 15-keto-PGE: affects the early kidney development.
PGE2 has been extensively reported to regulate the kidney development in
zebrafish%81-83, However, the potential biological effects of its metabolite, 15-keto-
PGE-2, remain unresolved. Here, | opted for investigating the potential role of 15-keto-
PGE: in zebrafish kidney biology. The pharmacological approach used for this purpose
is similar to drug screenings that have previously demonstrated prostaglandin effects in
the kidney morphogenesis®”.

| used the transgenic line Tg[wt1b:EGFP] to perform phenotypic assessment of the
embryo development as well as kidney formation using brightfield and fluorescence
microscopy (Fig. 7). Prior to the formation of GFB, namely from 6 hpf to 48 hpf, the
embryos were exposed to the DMSO vehicle and 15-keto-PGE2 (500 uM) (Fig. 7B).

After early treatment with 15-keto-PGE-2, no profound phenotypic defects were detected
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in the embryos at 48 hpf, with the exception of mild fluid accumulation (edema)
observed in the yolk area, characteristic of kidney dysfunction (Fig. 7B, C). Overall, the
morphology of the embryonic kidney was significantly affected and associated with the

impaired glomerular development and defects in the pronephric tubular angle (Fig. 7B).
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Figure 6. PGE2 metabolic product, 15-keto-PGE:2 binds EP2 and EP4 receptors in vitro. (A) Inactivation
pathway of PGE2, highlighting the 15-keto-PGE: metabolite. (B) Schematic of Nano-Glo® HiBiT
Extracellular Detection system assay for the measurement of the receptors membrane expression. First,
either PGE2, 15-keto-PGE2, or an equal volume of medium (non-stimulated control), was used for the 20
min stimulation of the HiBiT-tagged hEP2 or hEP4 receptors on the yeast membrane to allow ligand
binding. As a second step, the number of receptors on the membrane was quantified by the Nano-Glo®
HiBIiT extracellular reagent (containing Buffer, substrate, and LgBiT protein), resulting in generated
luminescence by structural complementation of LgBiT proteins with extracellular displayed HiBiT-tags; N
represents cell nucleus. Quantification graphs of the cell membrane expression of (C) HiBiT-tagged hEP2
and (D) HiBiT-tagged hEP4 receptors, after 20 min stimulation with PGE: (dark grey) and 15-keto-PGE:
(light grey). Statistics were performed with the Wilcoxon test and Mann-Whitney tests. For EP2: non-
stimulated vs PGE2 P=0.0063; non-stimulated vs 15-keto-PGE2 P<0.0001; PGE: vs 15-keto-PGE:2
P=0.0366. For EP4: non-stimulated vs PGE2> P=0.0012; non-stimulated vs 15-keto-PGE2 P<0.0001; PGE:
vs 15-keto-PGE2 P=0.0095. Values are plotted as mean + SD; P < 0.05 is considered significant; one
outlier was identified among EP2-transfected and two outliers among EP4-transfected yeasts (for all yeast

experiments conducted on the same day). Adapted from reference 64.
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3.5 PGE2, but not 15-keto-PGE: causes albuminuria-like phenotype in vivo.

After confirming that the PGE2 pathway is conserved in zebrafish and its catabolism
yields considerably high levels of 15-keto-PGE-2, which is able to bind and stabilize both
EP2 and EP4 receptors in vitro, | proceeded with the exogenous pharmacological
treatments to test its potential physiological role in vivo. In order to investigate and
characterize how PGE2 and its metabolite affect GFB integrity at functional level, | used
a zebrafish transgenic line Tg[fabp10a:gc-EGFP] that allows the evaluation of GFB
defects by monitoring the excretion of gc-EGFP, thus mimicking the albuminuria-like
phenotype in the developing zebrafish embryos®’. The vitamin D protein tagged with
green fluorescent protein (gc-EGFP) is normally present in the vasculature of healthy
embryos, but upon GFB damage leaks through the glomeruli resulting in an

albuminuria-like phenotype.
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Figure 7. Early treatment with 15-keto-PGE: affects zebrafish embryonic kidney at 48 hpf. (A)
Pharmacological early exposure to 15-keto-PGEz, starting from 6 hpf until 48 hpf. (B) Brightfield and
fluorescence microscopy images of Tg/wt1b:EGFP] embryos at 48 hpf, after exposure to DMSO 0.88 %
(upper panel) and 15-keto-PGE2 500 pM (lower panel). Scale bar: 500 ym for brightfield images and
200 um for fluorescent images. (C) Phenotypic analysis (N = 3, n = 30 for each condition) of 48 hpf
zebrafish embryos, grouped in two categories: “no phenotype” (pronephros morphology remains
unaffected after DMSO treatment) or “affected pronephros + yolk edema” (affected pronephros after
exposure to 15-keto-PGE-2); Percentage values are plotted as mean + SD; n represents biologically
independent samples over N independent experiments; Ordinary two-way ANOVA with Tukey's multiple

comparison test (P = 0.0002); P < 0.05 considered significant. Adapted from reference 64.
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The embryos were exposed to either a long-acting derivative of PGE2, dmPGE:2
(125uM), or 15-keto-PGE2 (500uM) from 72 hpf to 96 hpf, i.e., after the complete
formation of the functional GFB (Fig. 8A). Zebrafish embryos appeared normal after
stimulation with PGE2 and exhibited only lack of swim bladder formation (Figure 8B)
when inspected with brightfield microscopy. However, a marked reduction of EGFP
fluorescence in the trunk vasculature of Tg[fabp10a:gc-EGFP] embryos exposed to
PGE2 was observed when compared to the control conditions, thus mimicking an
albuminuria-like phenotype and indicating the leakage of the gc-EGFP protein and a
functional permeability defect of the GFB (Fig. 8B, 9A). Exogenous exposure to 15-keto-
PGE:2 resulted in the defects of the body axis in the embryos at 96 hpf, the absence of
the swim bladder formation, and the expansion of the liver (Fig. 8C). Interestingly, in
contrast to PGE2 treatment, no significant GFB permeability defects (albuminuria-like
phenotype) were observed as the GFP signal was comparable between the control and
15-keto-PGE2-treated embryos (Fig. 9B).
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Figure 8. Late pharmacological exposure to dmPGE: and 15-keto-PGE.. (A) Late treatment
experimental design, starting from 72 hpf until 96 hpf. (B) Brightfield and fluorescence microscopy
images of Tg[fabp10a:gc-EGFP] embryos at 96 hpf, after exposure to DMSO vehicle 0.32 % (upper
panel) and dmPGE2 125 uM (lower panel). N=6, n=120 for each condition; Scale bar: 1 mm. (C)
Brightfield and fluorescence microscopy images of Tg[fabp10a:gc-EGFP] embryos at 96 hpf, after
exposure to DMSO vehicle 0.88 % (upper panel) and 15-keto-PGE2 500uM (lower panel). N=3, n=60 for
each condition; arrowhead indicates liver expansion; Scale bar: 1mm. n represents biologically

independent samples over N-independent experiments. Adapted from reference 64.



Results 34

3.6 EP2 and EP4 antagonists rescue the albuminuria phenotype in both zebrafish
and rat models.

Based on recent in vitro data highlighting the importance of PGE2/EP2/EP4 signaling in
human podocytes injury and glomerular hyperfiltration (GH)%°, | aimed to study the
effects of the same pathway in vivo. Since | demonstrated that exogenous PGE:2
exposure resulted in albuminuria-like phenotype in vivo (see section 3.5), indicating the
implication of this pathway in the albuminuria development, | was prompted to
investigate the potential renoprotective role of separate or combined pharmacological
blockade of EP2 and EP4 receptors, which concerted signaling has been previously
reported to play a crucial role in podocytes injury®®. It has been shown that MWF rat, an
established animal model of albuminuria/proteinuria and hypertension, demonstrates
elevated levels of glomerular PGE2 in young MWF at the onset of albuminuria (8 weeks

of age) as compared to albuminuria resistant spontaneously hypertensive rats (SHR)>°
(Fig. 10).
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Figure 9. Exposure to PGEz, but not 15-keto-PGE: causes albuminuria-like phenotype. (A) Quantitative
analysis of Tg[fabp10a:gc-EGFP] zebrafish embryos’ phenotype at 96 hpf after exposure to either
dmPGE:2 (A) or 15-keto-PGE:2 (B). Significant fluorescence reduction was observed after treatment with
dmPGE2, while no profound fluorescence signal change was detected after exogenous exposure to the
metabolite. Statistics performed with ordinary two-way ANOVA with Tukey's multiple comparison test
(P <0.0001 for graph A and P = 0.8438 for graph B). In both graphs, embryos are categorized as “GFP
+” (fluorescence signal (gc-EGFP) observed in the trunk vasculature) or “albuminuria-like phenotype”
(partial or complete loss of gc-EGFP fluorescence signal in the trunk vasculature); Percentage values
are plotted as mean £ SD; P < 0.05 considered significant. Adapted from references 63 and 64.

Here, | followed similar pharmacological approach, as described in section 3.5, for
separate and combined blockade of EP2 and EP4 receptors in vivo using the PF-
04418948 and ONO-AE3-208 antagonists, respectively. Apart from the Tg[fabp10a:gc-
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EGFP] zebrafish embryos, treated from 72 hpf to 96 hpf, MWF rats (experiments
performed by Dr. rer. medic. Angela Schulz, AG Kreutz, SFB-1365) were also exposed
to the same EP receptors antagonists, starting the treatment at the onset of albuminuria
at 4 weeks and continue until 12 weeks. The time-course analysis of the albuminuria
phenotype in urine samples collected in metabolic cages for 24h% was performed at 4,

8 and 12 weeks of age.
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Figure 10. Lipidomic analysis on MWF rat glomeruli. Measured levels of PGE: (grey), 15-keto-
PGE:2 (dark grey), and 13,14-dihydro-15-keto-PGE: (light grey) in the glomeruli of MWF (triangles) and
SHR (circles) rats at 8 weeks of age. Elevated levels of glomerular PGE2 and 15-keto-PGE2 in MWF
compared to SHR, while for 13,14-dihydro-15-keto-PGE: no significant changes in the glomerular levels
were detected between the strains. Each data point represents a single animal; values plotted as mean +
SD per rat strain consisting of n=9-10 animals each; Two-tailed Student’s t-test; P< 0.01; P <0.05
considered significant. Adapted from reference 59.

In zebrafish, the albuminuria-like phenotype caused by exogenous PGE2 exposure was
significantly reversed by either separate or combined blockade of EP2 and EP4
receptors, as well as by indomethacin treatment (Fig. 11A, B). In MWF rat, albuminuria
was not significantly reduced by the separate EP2 or EP4 blockade. However,
combined EP2 and EP4 blockade resulted in a profound and significant suppression of
albuminuria compared to the control and single EP4 receptors blockade at 8 weeks,
while at 12 weeks there was a significant difference compared to all groups (Fig. 11C).
Importantly, the dual blockade induced no changes in either systolic blood pressure

(Fig. 12A) or creatinine clearance (Fig. 12B).
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Figure 11. Combined pharmacological blockade of EP2 and EP4 receptors rescues albuminuria in both
zebrafish and MWF rat.

(A) Brightfield and fluorescence microscopy images of Tg[fabp10a:gc-EGFP] embryos at 96 hpf,
following pharmacological treatments: (a, a’) DMSO (vehicle) 0,32 %, (b, b’) dmMPGE2 125 uM, (c, C)
dmPGE2 125 pM + PF-04418948 20 pM, (d, d’) dmPGE2 125 pM + ONO-AE3-208 20 pM, (e, €’) dmPGE:
125 uM + PF-04418948 20 uM + ONO-AE3-208 20 uM, (f, f) dmPGE2 125 uyM + indomethacin 30 uM;
N=6, n=120 for each of the conditions except treatments ¢ and d (N=3, n=60); Scale bar = 1mm. (B)
Quantitative analysis of the phenotype observed in drug-treated Tg[fabp10a:gc-EGFP] embryos at 96 hpf.
Embryos are categorized as “GFP +” (green fluorescence signal visible in the trunk vasculature) or
“albuminuria-like phenotype” (partial or complete loss of gc-EGFP fluorescence signal in the trunk
vasculature). Percentage data are plotted as mean + SD; n represents biologically independent samples
over N independent experiments; Ordinary two-way ANOVA with Tukey’s multiple comparison test. (C)
Time-course analysis of urinary albumin excretion in male MWF rats during the onset of albuminuria
between week 4 and 12. Rats per group n=7-8 for each condition; Two-way ANOVA with Bonferroni’s
post hoc analysis, used for the statistical analysis, showed a significant correlation between treatment
groups and the different time-points (P=0.002) regarding albuminuria levels. Albuminuria was significantly
increased over time, with the dual blockade group demonstrating a significant difference compared to all
other groups (P<0.01, respectively). Adapted from reference 63.
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Overall, the in vivo pharmacological experiments performed in both animal models,
reveal the importance of PGE2/EP2/EP4 signaling in GH and albuminuria and highlight

the renoprotective role of combined EP receptors blockade as potential therapeutic

targets.
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Figure 12. Time-course analysis of systolic blood pressure and creatinine clearance. (A) systolic blood
pressure (SBP) and (B) creatinine clearance (CrCl) in male MWF rats at 12 weeks of age. Rats per
group n=7-8 for each condition; One-way ANOVA with Bonferroni’'s post hoc analysis. Adapted from
reference 63.

3.7 Glomerulus development and vascularization in the zebrafish pronephros.

| aimed to understand the changes in glomerular structure resulting from different
pharmacological treatments (dmPGE2, 15-keto-PGE2, and EP receptor antagonists)
using 3D high-resolution confocal microscopy imaging to resolve the cytoarchitecture of
the glomerulus at a subcellular level. Previous visualization of glomerular morphology
changes during kidney development in zebrafish has been limited®-%°. In the present
thesis, | used the Tg[wt1b:EGFP] zebrafish line to study the critical stages of glomerulus
formation. The analysis followed five developmental stages (30, 48, 52, 72, 120 hpf)
and in addition bovine serum albumin (BSA) marked with AlexaFluor555 was used to
label the glomerular vasculature (endothelial cells-formed capillaries) as previously

reported®.
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Figure 13. Morphological visualization of zebrafish embryonic glomerulus. Representative 3D high-
resolution confocal microscopy images (single confocal section) of the Tg[wt1b:EGFP] zebrafish
glomeruli at five different developmental stages (30 hpf, 48 hpf, 52 hpf, 72 hpf and 120 hpf). The
glomerular podocytes and parietal epithelial cells presented in grayscale (top panels) and in green (in
merge, lower panels), while the glomerular endothelial cells-capillaries are shown in magenta (BSA-
AlexaFluor555, in merge), and cells nuclei in blue (DAPI, in merge). Podocyte protrusions
(arrowheads) start surrounding the glomerular capillaries are observed at 52 hpf. Dorsal aorta (da)
and characteristic glomerular cleft (gc) are observed at the early developmental stages of the
glomerulus. Scale bar = 10 ym. Adapted from reference 64.

At 30 hpf, in nephron primordia stage (the most immature stage of the nephrons), the

glomeruli appear as a non-vascularized group of cells directly abutting the dorsal aorta
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at the embryo midline (Fig.13, 30 hpf). During the next developmental steps, at 48 hpf,
endothelial cells slowly begin to invade and occupy the area between the nephron
primordia, thus driving the invagination of the podocytes and establishing the
characteristic glomerular cleft (Fig.13, 48 hpf). In the following developmental stage, at
52 hpf, the intricate intercalation of podocytes spreads around the steadily expanding
glomerular capillaries (Fig.13, 52 hpf), resulting at 72 hpf in the formation of podocytes
finger-like projections intertwining with forming capillaries, similar to the interlaced
fingers of clasped hands (Fig.13, 72 hpf). At this stage the formation of GFB is complete
in zebrafish'-8491  The complicated intercalation between endothelial cells and
podocytes persists until 120 hpf (Fig.13, 120 hpf). In the end, the glomeruli and
functioning filtration system are fully matured as a result of the increasing infoldings of

the GBM caused by cell-cell contacts between endothelial cells and podocytes.

3.8 Kidney defects after exogenous PGE: stimulation - glomerular
cytoarchitecture and ultrastructure analysis.

It has been shown that increased fluid flow shear stress in glomeruli results in elevated
levels of PGE:2 that causes podocyte damage and potential albuminuria®®.

As described in section 3.5, | established a zebrafish disease model that mimics the
pathological albuminuria state by exposing zebrafish embryos to dmPGE: after the
complete formation of GFB, namely from 72 hpf to 96 hpf (Fig. 8B, 11A). | performed a
detailed analysis of the glomerular cytoarchitecture using Tg[wt1b:EGFP] transgenic
line in combination with angiography using BSA conjugated with AlexaFluor555 to mark

the endothelial cells of glomerular capillaries.



Results 40

A B P=0.0011
GFP DAPI : —
‘ i | ‘ BSA AlexaFluor555 “ o Rt | 60000 P = 0.0227

: E 500004
w2z

£ g 400004
e

joh=1 § 3 300004
== 838

a& £ 20000

“ 100004

U-

W)
il c
5° 160000
t .
2
@ -
g 120000
3 By
s ? 800004
< 8
@ =4
. £ 40000
W @ S
o 5 a
E o n-
© ..E N
. £ & S
b o & Qb?\@n’
" &
x g
& x
&
#

Figure 14. Exogenous PGE: treatment affects glomerular cytoarchitecture and the podocyte surface
area. (A) High-resolution confocal microscopy analysis of the glomerulus at 96 hpf after DMSO vehicle
0.96% (top) (N = 3, n = 6) dmPGE2 125 yM (middle) (N = 3, n =7), and dmPGEz 125 pM + PF-04418948
20 yM + ONO-AE3-208 20 uM (bottom) (N = 3, n =5); Representative 2D grayscale and pseudo-colored
images (left and middle panels, respectively) and 3D glomerular reconstruction (right panels) of
Tg[wt1b:EGFP] zebrafish glomeruli at 96 hpf; Scale bar = 10 ym; dashed circle indicates the podocyte
intercalation defects. (B,C) Quantitative graphs of podocytes surface area and the glomerular volume of
the glomeruli analyzed for the different pharmacological treatment groups; Ordinary one-way ANOVA
with Tukey’s multiple comparison test was performed for both graphs; in graph B: DMSO vs dmPGE:2 (P
= 0.0227), dmPGE:z vs dmPGE2 + PF-04418948+ ONO-AE3-208 (P = 0.0011) and DMSO vs dmPGE: +
PF-04418948 + ONO-AE3-208 (P = 0.2748). No significant changes were observed in glomerular
volume. Values are plotted as mean + SD; P < 0.05 is considered significant. In all confocal microscopy
images, the glomerular podocytes and parietal epithelial cells are shown either in greyscale or in green
(EGFP); endothelial cells of glomeruli capillaries are marked in magenta (BSA-AlexaFluor555) and cells
nuclei in blue (DAPI). One sample from DMSO and two samples from the combined EP2 and EP4
blockade were excluded from the analysis as the imaging resolution did not provide distinct glomerular
GFP positive boundaries for proper surface outline of the glomeruli. Adapted from reference 63.

The exogenous stimulation with PGE2 had a profound impact on the maturation of the
glomeruli in zebrafish embryos at 96 hpf (Fig. 14). High-resolution confocal imaging
allowed me to observe the cellular defects arising after the PGE2 exposure, by revealing
impaired podocyte intercalation around the glomerular capillaries (Fig. 14A, middle

panels). Importantly, apart from the profound reduction of the albuminuria-like
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phenotype described above, the glomerular morphology was also restored after
combined pharmacological blockade of EP2 and EP4 receptors (Fig. 14A, bottom
panels). | used 3D reconstruction and surface rendering to quantify the defects in the
GFP-labeled glomeruli using segmentation techniques. Additionally, | measured
glomerular volume and podocyte surface area in three different conditions: DMSO-
treated, dmPGE2-treated and dmPGE2+EP2/EP4 blockade (Fig. 14B, C). This analysis
revealed a significant increase of podocyte surface area in response to dmPGE:
exposure (Fig. 14B), which might consequently affect GFB function. Importantly, both
podocyte intercalation and surface area defects were restored after combined blockade
of EP2 and EP4 receptors (Fig. 14A, B), supporting the importance of the
PGE2/EP2/EP4 signaling axis for GFB integrity.

A B 0.8+
|3
=)
£ 0.6 -f—
o] S
2 = | E T
" A
5 @ 0.4
Q
g
o 0.2
B
o
(e
0.0 . .
O i
9 (<)
3 <
Q &
£
Ll
W]
o
£
-

Figure 15. Ultrastructural analysis of 96 hpf zebrafish glomeruli after exposure to PGE-:.
Pharmacological treatment with (A) DMSO vehicle 0.32% (top) and dmPGE2 125 yM (bottom); Scale
bar=1um; fe, fenestrated endothelium; fp, foot processes; C, capillaries; P, podocyte cell body. GBM is
indicated with the colored line. (B) Quantitative analysis of foot process width (n = 3 for each condition)
indicative of potential foot process effacement; Two-tailed unpaired t test with Welch’s correction (P =
0.1303). Values are plotted as mean + SD; P<0.05 is considered significant. Adapted from reference 63.

Ultrastructural analysis of the glomeruli was performed in both zebrafish embryos at 96
hpf and MWF rats at 12 weeks of age, using EM.



Results 42

Control

PF-04418948
+ ONO-AE3-208

(@)
O

°
>
1

0.4

® Control
A PF-04418948
+ ONO-AE3-208

e
Y
1

0.2+

Foot process width (um)
Foot process width (um)
5
1

e
=)

0.0 T T T 1

10 20 30 40 50 60
¢5 Albuminuria

e
(o) (mg/24h)

",

%

'v"ad)
(=]

Figure 16. Ultrastructural analysis of MWF rat glomeruli after combined pharmacological blockade of EP2
and EP4 receptors. (A) Representative brightfield images of semi-thin renal sections from MWF control
(top, panels a, c) and MWF+PF-04418948+ONO-AE3-208 (bottom, panels b, d) rats, show no obvious
differences in glomerular morphology between the groups; original magnification x10 (panels a, b) and
x200 (panels c, d). (B) Representative EM images of MWF control (left) and dual EP receptors blockade
(right); Scale bar = 1 uym; fe, fenestrated endothelium; fp, foot processes; C, capillaries; P, podocyte cell
body. GBM s indicated with the colored line; asterisk (*) indicates foot process effacement. (C)
Quantitative analysis of foot process width (n = 9 glomeruli per group, obtained from 3 animals for each
condition). The glomeruli derived from one animal are labeled with different shades of red for the control
and blue for the antagonists-treated group. Two-tailed unpaired t test with Welch’s correction (P = 0.149);
Values are plotted as mean + SD; P<0.05 is considered significant. (D) Spearman correlation plots show a
significant correlation between albuminuria levels (mg/24h) and foot process width; correlation (r=0.599,
P=0.0086); color code is the same as in graph C. Adapted from reference 63.
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The qualitative analysis did not reveal any statistically significant alterations or defects
in the GFB and glomerular capillaries in neither of the animal models (Fig. 15, 16B-D).
Furthermore, the examination of kidney structure through light microscopy showed no

alterations in response to EP2 and EP4 blockage in young MWF rats (Fig. 16A).
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Figure 17. Glomerular morphological analysis after exposure to 15-keto-PGE-:. (A) Representative high-
resolution confocal images of DMSO 0.88%- and 15-keto-PGE2 500uM- treated Tg[wt1b:EGFP] embryos
at 48 hpf (top two panels) and at 96 hpf (bottom two panels). For 48 hpf: N=2, n=5 for both conditions;
For 96 hpf: N=3, n=7 for DMSO and N=3, n=6 for 15-keto-PGE-2; dotted-line circle indicates podocyte
intercalation defects. (B, C) Quantification graphs showing the percentage of imaged glomeruli with
affected morphology at 48 hpf and 96 hpf, respectively, after exposure to DMSO (no glomerular defect)
and 15-keto-PGE: (4 out of 5 imaged glomeruli showed affected morphology at 48 hpf and 5 out of 6
imaged glomeruli were affected at 96 hpf). In all images, the glomerular podocytes and parietal epithelial
cells are shown either in greyscale or in green (EGFP), endothelial cells of glomeruli capillaries are

marked in magenta (BSA-AlexaFluor555) and cells nuclei in blue (DAPI); Scale bar=10 um. Adapted
from reference 64.
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The quantitative analysis showed that the foot process width in the dmPGE2-treated
embryos was found to be numerical increased as compared to the DMSO condition, but
no profound foot process effacement was observed in the EM images (Fig. 15). The
same applied for the MWF rat, for which | performed a quantitative analysis by
comparing the MWF control vs MWF/EP2+EP4-treated groups. The analysis showed a
numerically lower mean value of the width of podocytes foot processes in response to
combined EP2/EP4 blockade as compared to untreated MWF control, in three randomly
selected animals from each of the two groups (Fig. 16C). Notably, a significant positive
correlation between albuminuria and foot process width (r = 0.599, P = 0.0086) was
detected indicating that treatment-induced albuminuria decrease has a beneficial effect
on podocyte damage (Fig. 16D). Altogether, although the ultrastructural analysis did not
reveal profound foot process changes, e.g., effacement, the subcellular analysis
performed in zebrafish glomeruli supports that the albuminuria-like phenotype reported
here, might arise as a result of the changes in the cellular interactions between

podocytes and endothelial cells in response to elevated PGEo:.

3.9 Kidney morphological defects after exogenous 15-keto-PGE: stimulation.
Following the same approach as for the dmPGE:2 treatment, | proceeded with the
analysis of the glomerular cytoarchitecture after early (from 6 hpf to 48 hpf) and late
(from 72 hpf to 96 hpf) treatment with the PGE2 metabolite, 15-keto-PGE2. Early
exposure to the drug resulted in overall pronephric defects (see section 3.4), while the
late treatment did not induce the albuminuria development (see section 3.5).
High-resolution confocal imaging used for detailed subcellular analysis, revealed
impaired podocyte intercalation around the forming glomerular capillaries after 15-keto-
PGE:2 exposure in both 48 hpf and 96 hpf (Fig. 17). Notably, the glomerular morphology
was restored after combined pharmacological blockade of EP2 and EP4 receptors at 96
hpf (Fig. 18A). For the quantification of the glomerular defects, | performed, as in
dmPGE:2 condition, a 3D reconstruction and surface rendering of the glomeruli labeled
with GFP.
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Figure 18. Exogenous 15-keto-PGE: treatment affects glomerular cytoarchitecture and the podocyte
surface area. (A) High-resolution confocal microscopy analysis of the glomerulus at 96 hpf after DMSO
vehicle 0.96% (top) (N=3, n=6) 15-keto-PGE2 500 uM (middle) (N=3, n=5), and 15-keto-PGE2 500 uM +
PF-04418948 20 yM + ONO-AE3-208 20 uM (bottom) (N=2, n=7); Representative 2D grayscale and
pseudo-colored images (left and middle panels, respectively) and 3D glomerular reconstruction (right
panels) of Tg[wt1b:EGFP] zebrafish glomeruli at 96 hpf; Scale bar = 10 ym. Quantitative graphs of
podocytes surface area (B) and the glomerular volume (C) of the glomeruli analyzed for the different
pharmacological treatment groups; Ordinary one-way ANOVA with Tukey’s multiple comparison test
was performed for both graphs; in graph B: DMSO vs 15-keto-PGE2 (P=0.0165), 15-keto-PGE: vs 15-
keto-PGE:2 + PF-04418948+ ONO-AE3-208 (P=0.0021) and DMSO vs 15-keto-PGE:z + PF-04418948 +
ONO-AE3-208 (P=0.6048). No significant changes were observed in glomerular volume. Values are
plotted as mean + SD; P < 0.05 considered significant. In all images, the glomerular podocytes and
parietal epithelial cells are shown either in greyscale or in green (EGFP), endothelial cells of glomeruli
capillaries are marked in magenta (BSA-AlexaFluor555) and cells nuclei in blue (DAPI). One outlier was
identified in the glomerulus surface area analysis for the DMSO and 15-keto-PGE: condition that were
excluded from both the surface area and the glomerular volume analysis. Adapted from reference 64.

The glomerular volume and podocyte surface area were measured in three different
conditions: DMSO-treated, 15-keto-PGE2-treated and 15-keto-PGE2+EP2/EP4 blockade
(Fig. 18B, C). In contrast to dmPGE: treatment, the analysis revealed a significant
decrease of podocyte surface area in response to 15-keto-PGE:2 exposure as compared
to DMSO condition (Fig. 18B), while the glomerular volume was only numerically lower

in 15-keto-PGE2-treated group. Importantly, both podocyte intercalation and surface
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area defects were restored after combined blockade of EP2 and EP4 receptors in vivo
(Fig. 18A, B).

3.10 MRI analysis did not reveal significant changes of blood oxygenation levels.
[MRI analysis was performed in collaboration with Dr. Thomas Gladytz and Prof. Thoralf
Niendorf].

In parallel, a group of MWF rats, whose albuminuria levels were measured (Figure 19A,
B) was used for MRI analysis® to detect potential differences in renal hemodynamics
and oxygenation between MWF control and MWF/EP2+EP4-treated groups.

MRI examination showed that there were no significant changes in the T2* and T2
relaxation times of the blood oxygenation level dependent signal after the EP receptor
blockade (Fig. 19C), even though MWF kidneys had shorter relaxation times than
historical normal Wistar rats®2. Only a minor yet significant difference in T2* time in the
outer medulla was seen. Additionally, changes in body weight, left ventricular weight
(both absolute and relative to body weight), and kidney weight were also assessed.

However, no significant changes were observed (Table 12).

Table 12. Rat parameters analyzed.

PF-04418948
Parameter Control PF-04418948 | ONO-AE3-208 + ONO-AE3-208
BW (g) 3289+24.1| 325.4+15.3 326.5+12.8 309.6 +15.5
LVW (9) 0.72+0.07 | 0.68+0.03 0.72+0.04 0.65+0.05
LVW/BW 221+0.09 | 2.11£0.07 2.21+0.12 211+£0.13
KW (g) 213+0.27 | 2.07+0.20 2.08+0.14 1.91+0.17
KW/BW (mg/g) | 6.47 £0.44 | 6.34 +0.39 6.37 £ 0.28 6.16 £ 0.30

BW, body weight; LVW, left ventricular weight; KW, kidney weight. Values presented as means
+ SD. Rats per group (n=6-8, each); One-way ANOVA with post hoc Bonferroni’'s multiple
comparisons test. Adapted from reference 63.
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Figure 19. MRI-based assessment of renal oxygenation in the MWF rat after dual blockade of EP2 and
EP4 receptors. Urinary albumin excretion of MWF control (n=15) vs MWF/EP2+EP4 (n=14) rats at week
4 (A) and week 12 (B) of age; one-way ANOVA with post hoc Bonferroni’'s multiple comparisons test. (C)
T2 and T2* relaxation times of control MWF and MWF/EP2+EP4 rat kidneys in four kidney layers were
compared (Cortex, cortical-medullar Interface, and outer and inner Medulla). On top are examples of T2
and T2* maps for both groups; Wilcoxon test was used to compare group differences in the two
measured parameters. Adapted from reference 63.

3.11 RNA-seq analysis of MWF rat kidney cortex revealed a potential role of

circadian clock genes.
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[Preparation of the rat kidney samples, and gPCR analysis were performed by Dr. rer.
medic. Angela Schulz (AG Kreutz, SFB-1365), while RNA-seq was conducted in
collaboration with Nils Koppers and Prof. Monika Stoll].

To gain deeper insight into how PGE:2 signaling inhibition mediates renoprotective
effects, a transcriptome analysis of renal cortex tissue was performed on MWF control
rats and MWF rats treated with EP2 and EP4, using bulk RNA-seq.
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Figure 20. RNA-seq analysis of MWF rat.

(A) Volcano plot showing the comparison of the transcriptome analysis between MWF control and
MWF/EP2+EP4-treated rats. The analysis showed 16 genes (in red) with differential expression (including
Cry1 with a logz fold change value=0.994). Vertical dotted lines (purple) show the log- fold change of < -1
and > +1, while horizontal dotted line (green) demonstrates the -logio of the adjusted P value; P<0.05
considered significant. (B) Unscaled heatmap demonstrates the expression differences between the
significantly differentially expressed genes in the MWF/EP2+EP4-treated group vs the MWF control.
Adapted from reference 63.
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Figure 21. Network and gPCR analysis supporting the involvement of the circadian clock genes.

(A) qPCR analysis showed consistent significant differential expression for three of the main genes
responsible of the circadian rhythm regulation, namely Cry1, Npas2 and Nr1d1; Gene data were tested
for normal distribution using Shapiro-Wilk test (not normally distributed) and were analyzed using Kruskal-
Wallis test with Dunn’s post-hoc analysis. (B) STRING protein network obtained from the 9 significantly
differentially regulated genes (RNA-seq and qPCR confirmation analysis; Car15 is not included in the
network as it was not recognized from the STRING database) derived from the comparison between the
MWF control and MWF/EP2+EP4-treated group. CLOCK, PER1/2, NCOR1, FBXL3 and TAC3R appear
as STRING predicted functional partners. The network shows known interactions: curated databases
(blue), experimentally determined (magenta), text mining (green) and protein homology (purple); high
confidence interaction score (0.70). (C) The differential expression of Car15 and Tac3 identified by the
transcriptome analysis was also confirmed by the qPCR analysis as demonstrated in the present graphs.
Data were analyzed by one-way ANOVA with Bonferroni’'s post hoc test. The genes presented in the
graphs are also annotated in the Volcano plot in Figure 18. In all graphs: rats per group (n=6-8, each);
data are displayed as mean + SD; P<0.05 considered significant. Adapted from reference 63.
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Only a small number of significantly (adjusted P<0.05) differentially regulated genes

was identified by the transcriptome analysis in MWF/EP2+EP4-treated animals

compared to MWF control (Fig. 20, Table 13).

Table 13. List of the 16 significantly differentially regulated genes identified from the

transcriptome analysis of the MWF control vs MWF/EP2+EP4-treated rat kidney.

Symbol Name log2foldchange | qPCR analysis
Nr1d1 Nuclear receptor subfamily 1, -1,659077854 +
group D, member 1
Cry1 Cryptochrome circadian regulator 1 0,99431141 *
Tmem86a Transmembrane protein 86A -1,669995696 *
Dlgap3 DLG associated protein 3 -1,289196191 )
Map3k7 Mitogen activated protein kinase 4.975186668 -
kinase kinase 7
Apcs Amyloid P component, serum -1,420401151 *
Adamts4 ADAM metallopeptidase with -1,661107855 -
thrombospondin type 1 motif, 4
Npas2 Neuronal PAS domain protein 2 -1,063183984 *
Car15 Carbonic anhydrase 15 3,900118665 +
Manf Mesencephalic astrocyte-derived -1.132092089 -
neurotrophic factor
Cks2 CDC28 protein kinase regulatory -1,123091492 -
subunit 2
Short chain +
Sdroc? dehydrogenase/reductase family -1,070641151
9C, member 7
Ifi2712b Interferon, alpha-inducible protein -1.07962446 +
27 like 2B
Tac3 Tachykinin precursor 3 -1,569761 *
Ascl4 Achaete-scute family bHLH -1,359300585 No amplification
transcription factor 4

Symbols in the “gPCR analysis” column indicate either confirmed (+) or not confirmed (-)
significantly altered gene expression in MWF/EP2+EP4-treated as compared to untreated MWF
control rats. Adapted from reference 63.
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Among the differentially expressed genes occurred by the RNA-seq analysis, | detected
three of the main regulatory genes of the circadian rhythm including Cry71, NpasZ2, and
Nr1d1 (Fig. 20, 21A, B) suggesting a potential clock shift as a result of the combined
EP2/EP4 receptors blockade (Fig. 22). In addition, gPCR analysis was used as a
second step for the validation of the clock genes together with several selected genes
identified by their differential expression in RNA-seq analysis (Fig. 21A, C, Fig. 23,
Table 13).

Proposed model
cryl 4
MWF rat :
Glomerular PGEET lT P Renoprotection
rd s
| \| EP2 & EP4  Circadian clock® _ _
blockade 4 Npas2 § ! shift ?
Glomerular = L7 Decreased
hyperfiltration & TJ, T albuminuria
albuminuria
Nridl 4

Figure 22. Proposed model arising from the transcriptome analysis. The model suggests a potential
circadian clock shift observed in the MWF/EP2+EP4-treated rat compared to the MWF control,
supporting the beneficial renoprotective effects of the combined EP2 and EP4 receptors blockade.
The dashed ellipse shape and arrow indicate the main speculation suggested here; blue arrows show
the up- or down-regulation of the circadian genes that demonstrated significantly differential
expression in the transcriptome analysis, while green arrows and red inhibition arcs indicate well-
known interactions among the circadian rhythm genes. Adapted from reference 63.
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Figure 23. Confirmatory gPCR analysis for the genes identified by RNA-seq analysis in the MWF rat
kidney. Relative mRNA expression levels for 10 genes from overall 16 genes identified with significant
differential expression in RNA-seq analysis performed in the MWF control MWF/EP2+EP4-treated
animals. Adrenoceptor beta 3 (Adrb3) showed very low mRNA expression in qPCR analysis, thus
excluding a further quantitative analysis. Ascl4 could not be amplified using the transcript ID
ENSRNOTO00000044252.3 listed in Ensembl (Ensembl Release 105, Dec 2021). Rats per group (n=6-8,
each); data are displayed as mean + SD; the data were tested for normal distribution using Shapiro-Wilk
test; Not normally distributed data were analyzed using Kruskal-Wallis test with Dunn’s post-hoc analysis
(Adamts4 and Tmem@86a), while the rest of the data (normally distributed) was analyzed by one-way
ANOVA with Bonferroni’s post hoc analysis; P<0.05 considered significant. Adapted from reference 63.
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4. Discussion

4.1 Brief summary of the results

In the present thesis, | investigated the role of prostaglandin E2 catabolic pathway and
specifically of the first metabolite synthesized during PGE: inactivation, 15-keto-PGEvx,
highlighting the implications of both molecules in renal pathophysiology. In parallel, the
potential renoprotective effect of the combined pharmacological blockade of EP2 and
EP4 receptors was examined and evaluated in vivo, by performing concerted
experiments in zebrafish and MWF rat models. In summary, | showed that exogenous
exposure of zebrafish embryos to both PGE2 and 15-keto-PGE2 exerted significant
defects on glomerular cytoarchitecture in vivo, mainly affecting podocyte intercalation
and surface area and therefore GFB integrity at different stages of renal development,
namely at 48 hpf and 96 hpf. Furthermore, | performed for the first time, a detailed 3D
high-resolution glomerular morphological analysis of the zebrafish embryonic kidney,
revealing that the development of the GFB occurs in distinct stages which are
dependent on complex cell-cell interactions between endothelial and podocyte cells.
Importantly, both main hypotheses investigated in the framework of the present thesis
were confirmed. First, my experiments revealed for the first time the bioactive role of 15-
keto-PGE2 in vivo in the kidney and supported its importance in glomerular and
podocyte biology. In addition, the experiments performed in both zebrafish and MWF
rats confirmed the second hypothesis, as they revealed a significant suppression of
albuminuria phenotype after the dual EP2 and EP4 receptors blockade in vivo, thus
supporting their renoprotective role. Moreover, bulk transcriptome analysis executed in
kidney samples of the MWF rat suggested a potential shift of the renal circadian rhythm

in response to the pharmacological blockade of EP2 and EP4 receptors.

4.2 Interpretation of the results

PGE: pathway has been extensively studied for its role in kidney physiology and
disease, with the majority of the studies focusing on the PGE:2 synthesis, highlighting
the renal COX/PGE: implications®®93-%, However, the importance of PGE2 degradation
and its catabolic products, 15-keto-PGE2 and 13,14-dihydro-15-keto-PGE2, in the
physiology and/or pathophysiology of the kidney has not been previously investigated.
Intriguingly, numerous studies have been conducted to determine the renal implications

of 15-hydroprostaglandin dehydrogenase (15-PGDH), the enzyme that catalyzes the
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initial step of PGE: inactivation and produces 15-keto-PGE2. 15-PGDH activity has
been observed in the kidney of various animal, including the cortex of rabbit
kidneys®-%8, maternal rat kidney, fetal rat and lamb kidneys®. Inhibiting 15-PGDH
protects mice from acute kidney injury (AKI)'0.101 and acute liposaccharide (LPS)-
induced renal injury'®, The present thesis provides evidence for the role of 15-keto-
PGE: in binding EP2 and EP4 receptor and potentially modulating their signaling.
Furthermore, | demonstrated a novel biologically active role of 15-keto-PGE2 in
glomerular morphology and podocyte biology. These results are in agreement with the
reported elevated levels of 15-keto-PGE: in the isolated glomeruli of the MWF rat>® and
a recently published study supporting 15-keto-PGE:2 bioactive signaling via these
receptors in vitro*®, further supporting a potential role of this metabolite in kidney
pathological states.

Given PGE2 complex significance in the kidney®, | first investigated whether this
molecule can in fact induce albuminuria in vivo in a non-diabetic model. Therefore, |
established a zebrafish model that mimics the pathological state of albuminuria in vivo.
In addition, the combined pharmacological blockade of EP2 and EP4 receptors
significantly reverted the PGE2-induced albuminuria phenotype in both zebrafish and
MWEF rat, a model which demonstrates increased GH with endogenous elevated levels
of glomerular PGE2%°. These results are compatible with the reported renoprotective
effects of EP4 inhibition in diabetes'®® and in 5/6 nephrectomy renal mass
ablation'04195 as well as with recent in vitro data showing a synergistic inhibitory effect
on COX2/PGE:2 upregulation by dual EP2 and EP4 blockade in response to fluid flow

shear stress in human podocytes®.

4.3 Embedding the results into the current state of research.

The primary PGE:2 catabolic product, 15-keto-PGE2 was, until recently, considered to be
biologically inactive*>*’. In recent years, its potential bioactive role has attracted
increased research focus®0:52.106-108 \whijle its effects have been reported to be
principally mediated through the peroxisome proliferator-activated receptor gamma
(PPAR-y)%0:52.1% 15-keto-PGE-: various functions through PPAR-y activation, have been
reported in fungal pathogenesis®, in Kupffer cells'®, in macrophages in mice with
experimental sepsis'®, as well as in different types of cancer, such as in the
upregulation of p21 promoter activity in hepatocellular carcinoma® and in the

suppression of breast cancer'®. The experiments | performed provide a novel role of
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15-keto-PGE:2 in renal physiology and enhance the existing knowledge regarding 15-
keto-PGE2 EP2/EP4-mediated implications in glomerular cytoarchitecture and podocyte
biology.

As recently demonstrated by employing dual endothelin receptor blockade hypertension
treatment'%®, simultaneous blockade of G-protein-coupled receptors offers an intriguing
therapeutic alternative. In agreement with the latter, the results presented in my thesis
reveal a novel renoprotective effect of the combined blockade of EP2 and EP4
receptors in vivo, in the setting of GH and albuminuria under non-diabetic conditions. In
partial agreement, a role of EP2 but not EP4 inhibition has been recently supported as a
novel opportunity to delay the progression of hyperfiltration-associated CKD'0.
Interestingly and in agreement with the data of the present thesis, a highly specific dual
EP2 and EP4 antagonist, namely TPST-1495, has been developed and is currently
tested in a phase 1 study in patients with solid tumors'"', demonstrating a more efficient
suspension of tumor proliferation and stimulation of anti-cancer immunity, compared to
separate EP2/EP4 receptors blockade or even concerted inhibition of all four EP

receptors’.

4.4 Suggestions for practice and/or future research

In the framework of the present thesis, | showed that 15-keto-PGE2 exerts an important
role on physiological glomerular development and impairs podocyte intercalation around
glomerular capillaries, a defect that was reverted by combined pharmacological
blockade of EP2 and EP4 receptors. However, essential questions arise and warrant
further investigation: (a) how exactly 15-keto-PGE2 modulates EP receptors signalling?
(b) Does this process involve full receptor activation or (c) does 15-keto-PGE2 act in
dominant negative manner? In the same context, based on the bioactive effects of 15-
keto-PGE: in glomerular morphology, more studies are required to explore the potential
-secondary to PGE: effects- role of 15-keto-PGE2 in renal hemodynamics and
glomerular vascularization, as well as in glomerular hypertension. In addition, the
impaired podocyte intercalation occurring after exogenous exposure to 15-keto-PGEz,
raises the issue of the potential contribution of this metabolite in the fine-tuning of the
complex interactions between podocytes and endothelial cells and therefore proper
GFB maturation, as well as its implication in potential alterations of podocyte-endothelial
cell interactions under pathological conditions. Furthermore, the opposite effect that 15-

keto-PGE2 causes to the podocyte surface area, compared to PGE2, suggests a
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potential altered downstream signaling process of the metabolite, however, this needs
to be further investigated.

The renoprotective role of the combined EP2 and EP4 receptors blockade was studied
here under non-diabetic conditions. Thus, it would be important to investigate, whether
the positive effects of dual EP2 and EP4 blocking could be replicated in analogous GH-
based experimental settings in diabetes. Moreover, it is yet to be elucidated, how
receptor modulation in podocytes and the kidney, as well as downstream signaling and
mechanisms, contribute to the positive effects of combined EP2 and EP4 blockade.
Lastly, the circadian rhythm shift hypothesis emerged from the transcriptome analysis of
the MWF rat kidney underlines the importance of focusing on the circadian clock genes
regulation in different cell types of the kidney, including podocytes. The establishment
and utilization of transgenic zebrafish or rat lines targeting cell-specific circadian genes

in the kidney would improve the current state of knowledge.
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5. Conclusions

In the present thesis, | investigated the role of PGE2/15-keto-PGE2/EP2/EP4 axis in the
glomerular cytoarchitecture, podocyte biology and GFB integrity, as well as in the
setting of glomerular hyperfiltration and albuminuria in vivo. | showed that both PGE-2
and 15-keto-PGE:2 affect the glomerular development and podocyte intercalation around
the glomerular capillaries and therefore the podocyte surface area in the zebrafish
embryonic kidney. | have shown here that both PGE2 and 15-keto-PGE2 bind EP2 and
EP4 receptors in vitro, and importantly, the combined pharmacological blockade of
these receptors reversed the glomerular morphological defects resulted from the
exogenous prostaglandin exposure.

| have established a zebrafish model that mimics in vivo the pathological state of
albuminuria. Concerted experiments in both zebrafish and MWF rat models
demonstrated significant suppression of albuminuria phenotype under non-diabetic
conditions by combined EP2 and EP4 receptors blockade, highlighting a novel
renoprotective role in vivo and supporting the dual blockade of EP receptors as an
important therapeutic target. The combined EP receptors blockade caused only
marginal changes in the transcriptome analysis of the MWF rat kidney, however,
aroused an interesting hypothesis suggesting a shift of the circadian clock after the
pharmacological blockade, indicating the potential involvement of the circadian rhythm
genes in the albuminuria suppression.

The work presented here, boosts and extends the current state of knowledge, regarding
the biologically active role of 15-keto-PGE:2 in renal biology and supports a novel
renoprotective effect of combined EP receptors blockade in kidney pathophysiology. In

addition, raises new issues paving the way for future research in this area.
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Ky Aims: Prostaglandins are important signaling lipids with prostaglandin Ez (PG E;) known to be the most abun dant
Proviglica s prostaglandin across tissues. In kidney, PGEz plays an impartant role in the regulation of kidney homeostasis
15-keno-PGEy through its EF recepior signaling. Catabalism of PGEz yields the metbolic products thar are widely considered
“‘“’ﬁ“‘ blalegically inactive. Although recent in vt evidence suggested ihe ability of 15keioPGE: (2 dawnsiream
Fodoevies metabolite of FGES) io activate EF receptars, the question whether 15-kein<PGE; exhibics physialogical roles

remains unresolved.

Marertals and methmds Pharmacological trestment was performed in transgenic 2ebrafish embryns using SO0 ph
15:keeo-PizEx and 20 pM EF receptors antaganists' solurions during zebrafish embryonic development. After the
exposure period, the embryos were fixed for oonfocal microascopy imaging and glomerular marphalogy analysis.
Key findings Here, we show that 15-keto-PGE; can bind and stzhilize EF2 and EP4 recepions on the plasma
membrane in the yeast model. Using lipidomiz analysis, we demonstrace boch PGEz and 15-ketnPGEa ars prazsnt
at constderable levels in xebrafish embeyas. Our higheresalutian image analysis reveals the exogenows treatment
with 15keto-PGEz perturts glomerular vasmalarzation during zebrafish development. Specifically, we shaw that
the increased levels af 15:keto<FGEz canse intercalation defeces between podocytes and endothelial cells of
glomerular capillaries effecitvely reducing the surface area of glomerular filiration barmier. Imporiamily, 15:keto-
FliEz-dependent defects can be fully reversed by combined blockade of the EP2 and EF4 receptars.
Sigrificance: Altogether, our results reveal 15-keto-PGE; tor be a bictogically acive meabaolite thar modulates the

EP recepeor sigmaling dn vive, thus playing a potental role in kideey biology.

Oloinerules viesskiFization

1. Introduction concentration and excretion of the urine [1,7.4]. The ghmrulu con.

taing various specialized cells responsible for forming the capillaries

The human kidney eonsisis of about a2 million af nephrons thae
comprise the basic siroctural and functional unit of the kidney [1=3].
Exch nephiron containg a glomerulus, the main blood filtration appa-
ralus, a system u.rptmi:rnal and distal wbules, the loop af Henle, as well
s the collecting duct, which are resporsible for the nutrients, water and
ioms reabsorplion, the mainenance of the normal fluid fow, amd the

* Comesponding author.
Emm addrace danicla panakeva@mde:berdinde (D, Pandkava).

brirpesfdoiarg/ 10101 G 1B 2022 121114

network and the glamerular filtration barrier (GFB), the principal blood
filtratiom system. The GFE consists of podocytes, the glomerular bage.
ment membrane [(GOM) and the fenestrated endothelivm [5.6]. In
physialogical conditions the GFB demanstrates relative impermeability
1o profeing with molecular weight above 70 kDa and other macromol-
ecules thersfore prevents the excretion of blood cells and brge proteing
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inter the wrine [7]. Upon damage of the GFE, i permeability to the
maberules of increasing sime is affected resulting in the presence of
maberules like albumin or larger in the urine, a pathological comdition
Enown as albuminuoria [7_ 8],

Despite the distinct differences betwesn fish and mammals in the
formation and/or function of kideey arsing most notably from the
diverse living environment L= terrestrial vesis aquabic, the human
nephron shares a similar segmentation pattern with the zebrafish ems
bryonic kidney (pronephros) [9] thus rendering the tber as an impars
tant model] for studying kidney development and physiology as well as
various forms of remal diseases [10=13]. The developing zebrafish pros
nephros consists of two nephrons with bilateral glomemli, kidoey tos
bules and a collecting dwct [11,14]. In zebrafish, the onsst of glomerular
filtration takes place at 4B hours post fectilization (hpd), while the
glomerular capillarization and the formation of the GFB is completed by
72hpf [9,14,15].

Prostaglandins (PG) induding PGE,, PGFs, and PGy, are impartant
active lipid mediators synthesized from arachidonic acid (AA) with the
participation of cyclooxygenases 1 and 2 (O0X]1, COXNE) and specialized
prostaglandin synthases [16,17]. They have been found in almost every
tissue in humans as well as other vertebrates. Several reports highlight

Lifie Selenees BP0 (2022p 121124

their crucial role in both physiological and pathological conditions
inchuding inflammatory response, cancer, homeostasis regulation, bes
matopoiesis, and kidney physiclogy [18<215]. Among them, prostas
glandin Ex (PGEz) is the most abundant prostaglandin in various argans
inchuling the kidney, where the role of PGEx has been extensively
studied in the past years [17,25,26]. PGEy contributes 1o the normal
renal physiology as well as pathogenic mechanisms undedying the
initixtion and progression of chronic kidney disease (CED) [17.27]0
PGE, acts through is four Geprotein—coupled prostaglandin res
ceptars (EPk EP1, EP2, EPS and EP4 [13,29]. Recently, we showed that
combined FP2 and EP4 signaling is important for aotoorine PGEs actis
vation in buman podocytes [50]. Thus, these receptors could be
impartant @rgets for the development of therapeutic strategiss against
multiple remal complications ascribed to prostaglandin signaling
117,25-27,31]. The catabolism of PGE; invelves two steps [32]
(Fiz. la). The Arst and also rate-limiting step is catalyzed by 15.prostas
plandin dehydmogenase (15PGDH) and results in the synthesis of 15-
keta=PGEs [32]. The enzyme that catalyzes the second step of the
complete PGEs inactivation & prostaglandin reductss (PTGR o A'PG.
Reductase) and yields 13,14-dibydro-15-kete-PGEz [32.33]. Untl
recently, these catabalic products, 15-keto-PGE; and 13, 14-dihydro-15-
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Fig. 1. 15-keto-PGE; binds EP recepiors in viro. (a) PGE; degradaticn pathway highlighiing the first synibesized metabelic produsct, 15-keto-PGE;. (B) Schematic of
the experimental assay 1o measure rece peor membrane expression using ihe Nano-Glok HIBT Extracellular Detectdon System. The HiBIT-tagged recephor is syn.
thesized, processed and relesssd from the endaplasmde retdoulum (ER) and ransported by secretory vesicles to the cell membrane. Yeost expressing BHBT-tagged
hEFZ or HibiT-ogged hEF4 recepiors on the membrane were stmulated with eicher 100 nM FliEy, 1 pM 15:kem-PGEz or equal volume of medium for mon-
stimulaced concrols far 20 min to allow Hgand bindicg. Adding of Manc-Glo#: HIBIT Extracellular Reagent [containing Buffer, subsorate and LgBIT protein) gener-
ared luminescence by scruciural complemenmtion of LEEIT proweins with exta<cellular displayed HiBiT-tags, and thus allowing quandfimoon of the number of
receptons in the membrane; N represents cell nucleus. Quantification graphs of the () HIBIT-tagged hEP2 and (d) HiBIT-agged hEPS receptors cell membrane
expression after 20 min stimulation with FGE, (dark grey) and 15-keto-PGE . (light grey). Wiloooon rest and Mann-wWhimey tests were performed. Values are plocted
as mean = 50; P < 005 consldered significant.
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ketoePGEs, were widely considered as biologically inactive [32,34]. 2. Resulis

Latest in vitro stodies have, however, suggested that 15«keto-PGE; can

activabe the production of cAME vio EP receptors [15], and may act as a 21 15ekemepP (s bimds EPZ mnd EP4 recepiors in vitro

partial agonist of EF2, taking over the sgnaling roles of PGE; [36]. In

addition, new evidence indicates 15-keto-PGE: is able o sbmuolabe Although mecent én viro studées demonstrated 15-keto-PGE;, the

peraxisome proliferatoractivated receptor gamma (PPARy) in various metabalic product symthesizsd during the PGE, inactivation (Fig- 1a), is

madels [57-39]. Importantly, the physiological importance of the PGE, able to stimulate Ge-proteins-coupled EP receptors | 25,556], its prospective

metabalites, and specifically, 15ketoaPGEs. in the kidney biology and signaling role is not fully resolved. To better understand the intermction

its patenbal to activate EP recepiors in s remains unresolved. between 15keto=PGEs and the EP receptors, we used the NanoeGlof
EeTe, we use the yeast moded expressing human EPZ (REF2) and EP4 HiBiT extracellular detection system (see Materizl and methods for dee

(hEP4)] receptars and the developing zebrafish kidmey to examine the tails) applied in the yeast maodel, in which the singles GPCH of the yeast

signaling potential of 15-keto-PGE;. We investigate whether 15=ketos (MMY2E strain) [40] was replaced wpon transformation to expoess

PGEs is capable of stimuolating the EP receptors @n wivo and further individually HiBiTstagged human EF2 (hEP2) and EP4 (hEP4) receptors

elucidate the potental role of prostaglandin cotabalic pathway in kidney (Fig. 1b} This system allowed us to gquantfy the relative membrane

biology with the focus on GFE formation and function. expression of hEP2 and hEPY4 receptors before and after prostaglandin
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Fig. 2 Prostaglandin lipidomic profiles of developing zebrafish embryos. (a-h) Lipidomic analysis of whole rebrafish embryos at two different developmenial stages

{44 hpf and ]..'.I:l hpe) :ihuwmg thie levels of the madn prostaglandins and cheir metabalites: (a) FGEz (P = 00002, (b) 15-ket0-PGE (F = (.001E), () 13,14-dibydro-
15:keta-PGE; [P = 0.0008], (d) PGEz, (P = OUWI0L), (£} 15-keto-FliFa, (P = 0.0025), (f) 12,14-dibydro-15-ket0-PGE sy, (P = OUOEL), (g) FGDy (P = .5006) and (k)
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ligand stimulation (Fig. 1b). We incubated the transformesd yeast cells
with 100 nM PGEzor 1 M 15-keta=-PGE;z for 20 min (Fiz. 1c, d). For bath
hEFZ and hEP4, receptor count on the membrane was significantly
increased after the stimulation with PGEs as well as with 15-keto-PGEs
as compared to nonestimulated {(absence of ligand} control condition
(Fig. lc, di These observations suggest that apart from the wells
established role of PGEs in activation of both EP2 and FP4 recepbors
[28,30,41=44], 15=ket=PGE; has ako a potential of binding both EP2
amd EP4 recepiors and is able to stabilize their membrane localization.

In summary, our in vifro experiments indicate 1 5=keto-PGE; & able to
bind both EF2 and EP4 recepiors in agreement with other data [36].
Although 15-keto-PGE; has been shown o activate the produdiion of
cAMP via EF receptors [35], its downstream steps of receptor activation
ami signaling require further bicchemical mvestigations. Whether 15.
keto-PGE; has the bisactive potential to modulate the EP cignaling in
wivo needs to be elocidated.

22 PGE; is the most abundont prostogiendin during sebrofish emiryonic
developmemnt

Toinvestigate the physiological rale of 15:keto=PGEz in vivo, we used
the rebrafish model having several advantageous attributes when it
comes to testing the biological effects of small molecules and metabos
lites. First, we set out to determine what were the kevels of 15-keto-PGE,
in developing rebrafish embryos using the whole embryo lipidomic
amalysis. It is important to note that throughout the first developmental
stages, i.e. until around 1 30 hpf, mebrafish embryo’s nutrition depends on
the yolk content [45]. Due o this dependency, metabolites and nutrients
are not affected by exogenous factors like food intake, rendering the
whiole embryao lipidomic analysis relisble and fairly accurate [46].

We used the non-targeted metabodomic method based on liguid
chromatography electrospray fonization tandem mass spectrometry
(LC/ESIMS /MS) to analyze the total prostaglandin metabolic pathway
in the zebrafish embryops at two time points: 48 and 120 hpd, prior toand
after the GFB formation, respectively (Fiz. Za.h) We determined the
presence of all main prostaglanding, namely PGEz, PGPz, and PGD; as
well as their catabolic products in the wildstype zebrafish whole embryo
extracts (Fig. Zash). PGEs appeared to be the mast abundant prostas
glandin in both developmental stages (Fig. Za). Markedly, the mean
levels of PGEs and PGFs, at 120 hpf (252213 ngsg amd 142759 ng/fpy,
respectively) were approximately by one order of magnitude higher
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compared to 48 hpf (209.36 ngfg and 165598 ngfg. respectively)
(Fig. Za, d), while the levels of PGD: remained constant (Fig. 2g).
Compared to PGEz, its metabolite 15-keto-PGE: was also present bat at
approccimately 10-fold lower bevels than PGEs, with the mean levels of
16.E2 ng/g and 7737 ng/g at 48 hpf and 120 hpf, respectively (Fig. 2b).
15akoeto=PGEs showed higher levels compared to 15:keto=PGFs, metab.
olite at 48 hpf, while both metabolites were present at similar levels at
1220 hpf (Fig. 2b, e). The downstream metabolites of 15-ketoaPG, Le.
13, 14=difyd row] Seboeto=PG followed similar pattern (Fig. 2c, £ h)

O datan provide the guantitative amalysis of the prostaglandin
pathway during zebrafish development. We showed PGE; is the main
prostaglandin present in the rebrafish embryos comsistent with other
animal modeks and humans [47-50]. [is metabolite, 15-keto=PGE; is alse
redatively highly abundant underseoring it potential role in organismal
physiclogy.

23 15«keinPGE; exposure results in kidney morphological chonges

Since PGEs has been reported to regulate the kdney development in
zebrafish [44 51=52], we opted for investigating the potential biologscal
role of 15=keta-PGE; in the kidney formation in this model. We followed
a pharmacological approach similar o0 drog screenings that have pre.
viously established prostaglandin effects in the kidney morphogenesis
[44]. Embryos were exposed to the DMS0 vehide and 15keto-PGEs
(S0 M) prior to the formation of GPB, from 6 hpf to 48 hpf (Fig. Za).

W used the transgenic line Tghwt]beGFP], in which the parietal
epithelinum and podocytes of the glomeruli are labeled with GFF fluo.
rescence, to perform phenotypic t of the embryo devel opment
as well as kidney formation by the combination of brightfield and
fAuprescence microscopy (Fig. Ib) Apart from the mild fuid accums.
lation {edema) observed in the yolk area at 48 hpf, no other major
phenotypic defects were detected in the embryos after early treatment
with 15-keto-PGEy (Fiz. 3b). Importantly, cardiac development and
function including bloed circulation did mot show any impairment,
suggesting no major changes in the overall hemodynamics. However,
the pronephros morphology was significantly affected and associated
with the impaired glomerular development and defects in the pro.
mephric tubules angle (Fig. 3h, cl

The observed defects in the kidney morphogenesis after 15-keto-
PGEs exposure sugpest, this metabolite may play a potential role in
kidney biology. OF note, other organs inchading liver may be affected as

Fig. 3. Zebrafish promephros is affecied after early
treptment  with  15-keto-PGEz.  (a) Experimental
design of the eardy ph logical I,
starting from & bpf until 48 hpf. (b)) Brightfield and
fluorescence microscopy images of TgfwelbceGFF)
embryns at 48 hpf, following pharmacological et
menits with 0850 vehicle 0.88 % (upper pansl) and

B o phenotype 15:keto-PGE; 500 pM (lower panel]l Scale bar 500
[ afectnt provephiog P8 fior brighifield images and 200 ym for flucrescent
+ yolk edema images. {c) Fhenorypic guandiative analysis of

zehrafish embryos ar 28 hpf. Embryos are eateporizsd
as “mo phenotype™ (pronephros morphology remains
unaffected afier 0MS0 treatment) or “affected pro-
mephros 4 yolk edema™ (kidney phenotype oherved
afier exposure to 15keto-PGEZ); N = 3, 0 = 30 for
both conditions; Fercentage walues are plobied as
mean + 50; n represents biologically independent

ples over N ind demt exp Ordinary

mwo-way ANOVA with Tukey's multiple comparison
test [P o= (LO00E) P < 0005 considered signdficant.
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well, but were not focus of this study.

24. Development and vascularzotion of glomerules in the zebrofich
embryonic kidney

To better understand the marphological changes in the glomembus
after the 1 Sketo=PGE: exposore, we decided to resolve the glomerular
cytarchitecture at the subcellular resolution using 30 confocal laser
scamming micrascopy. Glomerular morphology alters to a great extent
during early kidney development, buot its detailed visualization in the
developing zebrafish is sparse [14.54-58]. We therefore Arst analyzed
the critical steps in glomerular formation in Tglwelh-EGFP] in mone
detail {Fig. 4). In addition to the labeled podocytes and parietal
epithelial cells in these transgenics, we performed the angiography using
bovine serum albumin (BSA) conjugated with AlexaFluorS55 to mark
the emdothelial cells of glomeralar capillaries as previcusly described
[59]. We visualized glomeruli development and its vascularization
throughout five different stages; at 30, 48, 52, 72, 120 hpf. At 30 hpd, in
nephron primardia stage (the most immature stage of the nephrons) the
glomeruli appear as an unvascularized group of cells directly abutting
the dorsal aocta in the midline of the embrya (Fig. 4, 30 hpd). At 48 hpf,
endothelial cells start invading the space between the bilateral nephiron
primordia, forcing the invagination of the podocytes resulting in the
formation of the glomerular cleft (Fig. 4, 48 hpfl. A few hours later, at
52 hpk, the progressive nvasion of endothelial cells drives the elabos
rated intermlation of podeocybes around the continoously growing
glomerular capillaries (Fig. 4, 52 hpd). At 72 bpf, the pedocytes form
fingerlike projections interwoven with forming capillades {Fig. 4, 72
hpf), resembling interlaced fingers of dasped hands. At this stage the
formatiom of GFB is camplete in zebrafish [14]. Between 72 and 120 hpf,
the pracess of the complex infoldings between the endaothelial cedls and
podocyles continues (Fig. 4, 120 hpd). Ultimately, the progressive
infaldings of the GBEM driven by cellscell interactions between endas
thelial orlls and podocytes lead to the complete maturation of the
glomeruli along with the fundional fliration apparatus.

Our detailed morphological analysis suggests the formation and the
maturation of the GFE follow distinct steps that depemd on the intricate
cedl.cedl interaction between podocytes and endothelial cells throughaoot
the entire propess.

25, 15ketoePGE; perturls the proper GFE formation ond maturation in
zehrafich

The increased fluid Aew shear stress in the glomeruli that arises for
instance after unilateral nephrectomy [ G0], may result in slevated levels
of PGE; linked to the podocyte damage and potential albuminuria
[61,62]. Interestingly, the increased levels of PGE, and 15:-keto-PGE,
were aleo messured in a well-pstablished Mimich Wistar Fromier {MWF)
rat mede] of CKD with glomerular hyperfiltration and albuminuria [30],
but whether 15-kete-PGEs: may contributes to the renal pathological
phenctype is unresolved. Our results showing that the early treatment
with 15aketoePGEs led tor possible alterations in glomerular strocture
(Fig. 3}, prompied us o analyze the potential defedts in glomerular
cy warchitecture using higheresolution confom] microscopy at the sub-
cellular level (Fig. 51 The early treatment with 15:keto=PGE; cased
defects in the invasion of endothedial cells as well as podocyte intercas
lation resulting in the absence of the proper glomerular cleft formation
at 48 hpf (Fig. S5a, bk We wers then curions whether any changes in
glomerular cytoarchitecture could oocur after the late treatment with
15:keto-PGEz from 72 hpf to 96 hpf, ie after the formation of GFB
(Supplementary Fig. Sla, Fig. Sc, d). First, the late 15:keto=PGEs treats
ment resulted in the defects of the body axis, the absence of the swim
bladder formation, amd the exparsion of the bver in the embeyos at 95
hpf (Supplementary Fig. $1a, b). In the glomerulues, the late exposure o
the 15eketoePGEs membolite bad a profound impact on its maturation
causing similar effects as after the early treatment; the podocyte

Life Selerva B0 (20220 121104

intercalation around the glomerular capillaries was markedly impaired
with the characteristic clustering of podacytes in the embrys midline
(Fig. 5c, d).

Could these cellular defects result in the impairment of the GFI
function? To that end, we wed a GFP-agged albumin surrogate (go-
EGFP) exp d in the tra ic line Tglfehpl0age-EGFP] and circu-
lating in the Mood plasma [63]. This model has been widely used to
evaloate the GFB integrity and functon in zebrafish, since in the case of
the GFB damage, the albumin surrogate leaks through the GFB, resulting
in the loss of GFP fluorescence in the vasculafore [53267]. We did oot
ohserve any significant GFE permeability defects at 96 hpf as the GFP
spnal was comparable behween the control and 15-kebosPGE mtreated
embrycs (Supplementary Fig. 51b, ).

Chur results demaonstrabe that 15keto«PGE: can profoundly affect the
interachon betwesn podocytes and endothelial cells throosghout the
glomeeruli formation, at the indtizl stage of glomenolar cleft formation as
well as during complex infoldings of the GBEM, and suggest 15ketoePGEs
may have a potential active mole in the finestuning of the GFB physi-
ology. The Fact that late reatment with 15dketoePGE 2 did not affect GFI
permeability may be doe to several aspects incloding relatively short
exposure time.

26, Glomernlor surfoce orea = significantly decreosed after exogeraous
15=keto-PGE; stirlztion

To better understand bhow the impaired podocyte intercalation
around the glomerular capillaries after 15«ketosPGE: treastment may
affect GFB, we proceeded with further morphological analyss of the
glomerulus. Using the Imaris software, we otained the 3D glomerular
recomstruction and surface creation by segmentation of the glomeruli
labeled with GFP in TglwtlheGFP] transgenics at 96 hpf to quantify the
glomerular volume and surface area in the DMSOstreated control and
15akmt=PGE streated embryns (Fig. Sac). Glomenalar vohome showed o
mumerical decrease in the 15=ketoaPGEmtreated embryes as compared to
DMS0 controls (Fig. Sh)l. Importamtly, the surface area covered by
podocytes was significnily decreased after exposure o the 15-keto-
PGEx meeabolite (Fip. Gc).

The intercalation defects between podocytes and endothelial cells
after 15-keto-PGE;y exposure led to the reduction of GFE surface area
thast might ultimately affect the GPFE funchon.

27, 15ketm=PGEminduced defects are mediated through EP2/ER4
reCepRors

We were wondering whether the 15keta-PGEs treatment indoosd
the observed morpholegical defects through EF receptar activation.
Since our in vitro data indicated that 15«keto=PGEy binds baoth EP2 and
EP4 receptors, we deployed EP antagonists, PP441ESEE and ONO-
AELZ0E, blocking EF2 and EP4, respectively. We simultanegusly
treatex] rehrafich embryes with 15-keto-PGEs and EP2 and EP4 antag-
onists to test whether blocking the receptors will dampen or block 15-
ket PGEminduced efects (Fig. Gasc). Remarkably, the simoltameoos
pharmacalagical blackade of EP2 and EP4 receplors in 15-keto-PGE;-
treatexd embryos abolished the pedocyte dustering and the complexity
of the GEM infoldings was restored (Fig. Sa)l The quantification of the
glomerular valume as well as surface area revealed comp kete restoration
of the 15keto-PGEyinduwced effects when compared to the vehicle
contrals {Fig. 6b, €L

In summary, cur data provide evidence for 15-keto-PGE: modulating
EP2 and EP4 receptors signaling in vivo.

3. Discossion
The prostaglandin E; pathway plays a crudal rode in variows physis

ological and pathological comdibions and has been extensively reported
For its involvement in renal diseases [17.25-27 64 65]. However, the
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Fig- 4. Glomerular morphogenesis occurs in disdnce
steps. Febrafish glomenular developmenal siages. Repre-
sentative high-resclution confocal miceoscopy images
(single confiocal secton) of the Tefwr beelFF) developing
zebrafish embryonde Mdrey ar different developosenial
stages, 30 hpf (nephron primaordia), 28 hpd, 52 hpt, 72 hpf
and 120 hpf in an arder from top 1o bottome The podo-
oytes and parietal apdthelial cells in the glomerull in grey
fleft), dn gresn {in merge, right), endothelial cells of
glomeruli capillaries in magenta (BEA-AlexaFluorsss, In
merge], cells nucled in blue (DAPL in mergel At 52 hpf,
podocyte protrusions {arowheads) scart surrounding the
capillaries to farm the mature GFE. Darsal aorta (da) and
glomerular cleft (ge) are observed at the eardy develop-
memntal stages of the glomenslus. Seals bar = 10 pm. (For
interprecetion of the references ta colowr in thds figue
Legend, the reader is referred do the web version of chis
artcle)
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Fig. 5. 15-keio-PLE, exposure affects podocyte intercalaton process during glomenalar vascularization, (a) Represenmtive confocal microscopy images of Tgfwede
oliFF] zebrafish glamenall at 48 kpf after 0350 vehicle 0098 % and 15-keto-PGE; SO0 @M ireatment; N = 2, 0 = 5 for bath canditians; dotted-liee cirele indicares
podocyie consolidatian and £dlure of normal elaborarion arcund the continuoesly forming glamerular capillaries. (by Quantification graph showing the percentage of
imaged glomeruli with affecied morphology at 48 hpf after expasure io DMEO (noc affecced morphalogy) and 15-kein-PGE; {4 owt of 5 Imaged glomeruli showed
affecied morphalogy). () Representacive confocal microscopy images of TgfwelbeGiEd] zebrafish glomemali ar 56 hpd after D50 vehicle 0088 % and 15-keto-PGER
SO0 PM treatment; N = 3, 0 = 7 foar OMS0 and N = 3, 0 = & for 15-keta-PGEy; dotted-line circle indicares impairad podocyte intercalstion around the formed
caplllaries. {d) Quantificarion graph shawing the percemage of imaged glomerull with affected maorphoboagy ar 96 hpf afier exposure to DMSO (ot affected
morphalogy) and 15-keto-FGE, {5 out of & imaged glomeruli showed affected morpholegy). 1o all images, grey scale images show the podocytes and parieiml
epiihelial cells in the glameruli; in the merge podocytes and parem] epithelial cells are represented in green (2GFF), endochelial cells of glomenall capillaries are
marked Im magenia (B5A-AlexaFluors55) and cells neclel in blue (AF1); Scale bar = 10 pm. {Far interpretadon of the references to colour in this Agure legend, the
reader ds referred o che web version of this anicle)

metabalic producs of PGE; degradation, 15keto-PGE; and 13,14«
dihydroe] SeketoPGEy, have besn mainly considered biologically inacs
tive [32,34]. Here, we show that 15:keta«PGEs affects the glomerular
marphology of the developing mebrafish embryonic kidoey throogh
EP2/EP4 receptors. To our best knowledge, aor study determines pres

effects have been mainly investigated in the context of the peroxisome
proliferatorsactivated receptor gamma (PPARey]) sigmaling [37-359].
Through PEARsy activation, 15«keto-PGE; inhibits the production of
lipopolysaccharide {LPS)-indwoed inflammatory cylokines in Kupffer
cells [ZE], while in a zebrafish mode]l of cryptomoeeesis, 15-ketoePGEs

viously unrecognized in vive effects of 15ketoePGE; in kidney biology
and outlines its possible modulatory effects an EP2/EP4 signaling.

[n recent years, the potential boactive role of 15-ketoPGEs has
attracted increassd ressarch focus [37-19,66,67]. The 15-keto-PGE2

prompctes fungal pathogenesis [17]. Another stody demonstrated 15«
ket PGEs mole in the activabon of Nf2/ARE (nockear erythroid 2
refated factor 2fantioxidant response element) pathway in macros
phages in mice with experimental sepsis [66]. [naddition, 15-keto-PGEz
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Fig. 6. Combined pharmacolaglizal blockade of EFZ and EP4 recepeors reverses the effect of 15-keto-PGE; exposure. {a) Representative images of 20 surface s=g-
mentarion and 30 glomenilar reconstrsction perfarmed with imarls softwares using the confoeal microscopy images of Tgfwelbeetee] zebrafish glomeruoll at 96 bpf
afier pharmacalogical reatment with 0850 vehicle 0096 % (op) (N = 3, 8 = G}, 15-keto-FGEz 500 ph (mdddle] (N = 3, @ = 5}, and 15-keto-FGEz 500 pM 4 PF-
D41 49E (EFZ reoepior antagonist] 20 M 4 ONO-AES-208 (EP4 recepoor antagonise) 20 pM (botiom) (% = 2, @ = 7); @ represents blodogically independent samples
over N independent experimenes, Scale bar = 10 pm (b2 ) uantmeive graphs of the glomerlar volume and surface aresa in the glomenali analyzed far the different
pharmacalogical rreatment growps; Ordinary aneway ANOW A with Tukey's mubiple comparisan test wis performed for bath graphs; in graph (bl DMS0 v 15-kero-
PGEz (P = 0.1342), 15-keto-PGE: w 15-keto-FGE; + FF-0441E948 + DNOLAES-208 (P = 0.2331), and DMSE0 v 15-keto-FGE; 4+ FF-D4415948 &+ ONO-AES-208 (P =
DE074Y; dn graph (c): DM 1 15-ketn-PGEy (F = (L.0165], 15-keto-FGEs 15 15-ketnPGEy £ FRO4418948 4 ONOGAEL-Z08 (F = D0021], and DRSO v 15-kero-
PGEz + PFO4418548 & DNOGAESN0H (P = 0.5048); Yalues are plodted as mean = S0 P« 0005 comsidered significant.
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has been ako associated with different types of cancer, as it repartedly
increases p2l promoter activity in hepatocellular cardnoma cells
through PPAR-y activation [29] and inhibits STATY signaling thus
suppressing breast cancer progression in MCF10&«ros cells [67].

The importance of 15kete-PGEz in the physiclogy and/or patho=
phiysiology of the kidney has not been previously imvestigated. Nevers
theless, the role of 15-hydroprostaglandin dehydrogenase (15-PGDE]),
the enzyme that catalyzes the first step of PGE,y inactivation and syns
thesizes 15ekeboePGEs, has been widely studied for its implication in
kidney diseases. 15-PGDH inhibition prevents contmst-induced acute
kidney injury [68], ischemic acute kidmey mjury (AKT) [69] and acute
liposaccharide (LPS)-inducesd renal injury in mice [70]. In addition, 15=
PGIH activity has been reported in rabbit kidney cortex [71,72] as well
a5 in matemnal rat kiddney and fetal rat and bamb kidney [73]. All this
evidence suggests that 15-keto-PGE: might have a potentially detri-
mental role in kidney biology.

In the present study, we show that 15-keto-PGE,, stimulation in vivo
affects glomerular morphology characterized by the podocyte intercas
lation defects around the glomerular capillaries in sebrafish embrpos.
The exogenous treatment with the metabolite does oot considerably
affect the glomerular volume, but results in the sgnificant decrease of
the glomerular surface area highlighting the impaired podocyte inbers
calation and reduced area of the glomerular Gltration barrier. Combined
pharmacological blockade of EF2 and EP4 recepiors leads to complete
reversal of the podocyte intercalation defects caused by 15-keto-PGE,
exposure. This provides evidenoe for the role of 15keto-PGE; in
madulating EP2 and EP4 receptor signaling and is in agresment with a
previous study supporting 15=ketoPGE: bioactive signaling wia these
receptors in vifro [36].

Our findings suggest a novel physiological role of 15-keto-PGEz in
the proper GFBE and glomerular surface area formation. Moreover, a
potential role of this metabolite, in addition to PGEs, in renal hemody-
namics maintenance and blood pressure regulation should be taken into
comsideration. Given that we have recently shown 15keto-PGE; levels
are elevated in the Bsolated glomeruli of a well blished rat model of
CKD with glomerular hyperfiltration and albuminuria [20], the guestion
whiether 15-keto=PGE: has potential pathophysiological effects in the
context of renal biology should be addressed in the future studies. In
addition, 15-keto-PGEy may affect renal vasculature that could be
associated with glomerular hypertension and affect the proper podocy te
intercalation, as observed here. Notwithstanding, the Etter may ootline
the posible contribution of 15-keto-PGE; in the fne-tuning of the
complex interactions between podecytes and endothelial cells that un-
derlie glomerular vascularization amd formation of functional and
mature GFB.

PGEs, described ax a potent vasodilator in renal vasculature [74], has
been widely studied in the regulation of renal hemodynamics, arterial
blood pressure and renal bloed flow [75<77]. In this context, EF2 and
EP3 were highlighted to exert a crucial role in the PGEsinduced renal
hemadynamic responses and vascular functions [75,79]. To the best of
our knowledge, implication of 15=keto=PGEs in renal hemodynamics is
not yet known. Although, we canmot exchsde of the potential regulatory
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effects are indirect needs to be further elockdated. Whether in patho-
logical conditions elevated levels of 15keto-PGE; might change
podocytesendothelial cell interactions warrant further studies.

4. Methods

4.1. Zebrafish Fushandry

Zebrafish {Danio rero) were bred, raised, and maintained in accor=
dance with the FELASA guidelines [E0], the guidelines of the Max-Del-
bribck Center for Moleoukar Medicine in the Helmholtz association and
the: local authority for animal protection (Land fir G i it aned
Soziales, Berdin, Germany). The “Principles of Laboratory Animal Care’
(NIH publication no. 86=23, revised 1985) as well as the current version
of German Law on the Protection of Animals and EU directive 20010/63,
EU an the protection of animals were followed. Zebrafish transgenic
lines used in this study included Tgfwelb:eGFPE! 1811 and Tgifabpge-
EGFPI™ % [55] Embryos were kept in E3 embryn mediom (5 mM
NaCl, .17 mM KO, 0.33 mM CaCls, 0.33 mM Mg50y, pH 7.4) under
standard laboratory conditions at 28.5°C in all the experiments.

4.2 Generation of HiliT-mgped hEFZ/hEPY receptor constructs

To generate hEP2—/hEP4-HIBIT constructs with a HiBiT-tag, the
full-dength human Prostaglandin E Receptor 2 (hEP2) and human
Prestaglandin E Receptor 4 (hEP4) cDMNAs were cloned into the pBIT21-
N [CMV/HEBIT/Blast] vector (Promega) including a short linker
attached to the Neterminal receptor sequences. Briefly, template cDNA
was prepared from conditsonally immortalized homan podocytes [E2].
Cloning primers were designed spanning either the start codon (For-
wardsprimers) or stop codon (reversssprimers) of the hEP2/hEP4 res
ceptor sequences and having 5 end ex i compl v to the
linearized pBiT3. 1.0 [CMYHIBIT/Blast] vector containing a restriction
site. Primer sequences are listed in Table 1. Pulldength hEPF2 and hEP4
cONA sequences were amplified wsing CloneAmp HiFi PCR Premix
(TaKaRa Bio Inc.) and the designed cloning primers.

Restriction digestion of the pBIiTI.1-N [CMV/HIBI{T/Blast] vector
was performed wsing CutSman™ Buffer (New England Biolabs) and
EroRI and Xbal restriction enzymes (Mew England Biolabs) The PCR
products were integrated into the vector using the 5X In-Fusion® HDv
Enzyme Premix (TaKaRa Bio Inc.) and the resulting plasmid was transs
formed o One Shot™ TOP10 chemically competent Ecoli (Thermio
Fisher Scientific). The plasmid sequences were wverified by Sanger

(uencing (LGC g icx)

For transformation into yeast, the hEP2./hEP4-HiBiT constructs
were cloned into the pd26GPD veast plasmid (GleoSmithkline) [40]
imsing cloning primers listed in Table 1. The forward primer with a 5
overhang complementary to the yeast plasmid, spanning a Bamifl re-
striction site and the HiBiT-tag start codon was designed. The reverss=
primers with a 5'overhang spanning a restriction site dose to the stop
codon of the hEP2,/hEP4 sequence as well as the respective stop codon

effects of 1 5keto-PGE; on renal hemodynamics, the fact that we do not
observe any cardiac defects (the heart formation as well as function are
not altered) suggests that overall hemodynamics seems to be unaffected .
Second, we observe the defects in podocyte-endothelial interactions
already early at the onset of glomerular fltration, Le before the fully
functicnal glomerular fltration ooour, peinting more towards the direct
celdl.cell interaction deregulation rather than throogh the hemsdynamics
alterations. However, to clarfy this, further investigation including
remal blood flow measurements to assess a potential vasocomstrictor or
vasodilator effect of 1 5-keto-PGE;, is required.

Altogether, our fndings reveal 15-keto-PGE; metabolite may
madulate EP2 amd EPM-dependent signaling during  glomerular
mawphogenesis. Whether this involves full receptor activation or
whether 15ketoPGEs acts in dominant negative manner or whether its

were designed. Purified pBiT3.1-N [CMV/HiBIT/Blast] vector {Prom-
ega)l with integrated hEP2/hEP4 sequence was used as a template for
PCR amplification using CloneAmp HiFi PCR Premix (TaKaRa Bio Inc.).
Linearized plasmids and PCR products wene purified and integrated into
the pd26GPD, ligation of the plasmid was condocted with the 5X Ine
Fusion® HD Enmzyme Premix (TaKaRa Bio Inc), the plasmids were
tramsformed inte One Shot™ TOPLO chemically competent Ecoli
[Thermar Fher Scientifich. The plasmid sequences were verified by

Sanger sequencing (LGC g ics]

4.3 Yeast tronsformation

PA2GGPD plasmids carrying either hEPZHIBIT or hEP4.HIEiT
constrisct were transformed into S cerevisime (MMY yeast model, Glax-
coSmithKline] using lithium acetate (LiAc)/singlesstranded DNA
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Takle 1
Primer sequences.
Lol TR RS Porwind Prasser (5-37) Rirvirse Primser (5.5
BEFE-HEET ORAGCCETOOOAATT COATOGGCAA TOCCTOCAAT QAL AKCCTTOACCTCTAGAT CAAAGO TCAGCCTOTTTACTGRT
REP4-HEET ORAGCCETOOOAATT OCATOTOCACTODORGGGTC ALCCTTOACC TCTAGATTATATACATTTTICTGATAACTTCAGTOTTTCALCT
BEPI-HEET-pd 6O 0F TAGAACTACTECATCCATEO TOALDCOCTOGOGG CCTTRATATCOAATT CTCARAGGTCAGOI TETTTACTGGE
BEP4-HEET-pd 00 TAGAACTAGTOOATCCATROTOAGDOOCTOGORG GCTTRATATCOANTTCTTATATACATTTTTCTOATAAGTTC

(ssDMA)polyethylene glyool (PEG) method as previously described
[40]. Briefly, 100 ml of yeast extract peptone dextrose (YPD) medium
was inoculated with 1.5 mL yeast pre-culture and incubated for 2 h
shaking at 30°. Yeast cultures were centrifuged at 600g for 2 min,
washed with water, centrifuged at 600y for 1 min and the yeast pellets
were suspended in 1 mL LiAcTE. For transformation, 5 pl of ssDMA (10
mg/ml, Sigma-Aldrich), 1 g plasmids and for mock-transformed cons
trols the corresponding volome of Midiprep Tris buffer solution
{(Macherey=Nagel}, 50 pL yeast solution and 300 pl. Litc PEG TE wene
mixex by pipetting. After incubation at room tempemture for 10 min
and heat shock at 42 *C for 20 min, yeast solutions were plated on
WHAUL plates supplemented with histidine (WHAUL-Hiz).

4.4, Yemst strain and yeast cralbure

The used MMY2E yeast strain [40] has the following genotype:
W303-1A fusl::FUST-HIS3 FUS1-docZ:LEUD farl A:ura®d gpolAADE2A
setiurndl MMYD she2i-G415" TRPI=:Gpal fGmps;. Prior to trans.
formation, yeasts stored on glycerol beads at =80 *C were thawed and
plated on ¥YPD plates for 2 days at 30 *C before liquid prescultures wene
incubated in YPD' mediom shaking overnight at 30 °C. Transformed
yeasts grew on WHAUL-Hi plates for three days. Three clones wens
picked and transferred on new WHAUL-Hiz plates and incubated overs
night at 30 *C. On the next day, prior to the experiments, clones wene
prescultored in WHAUL-His medium overnight shaking at 30 °C in flat
S-well plates (TPFL

4.5, Receptor expression on the yeast cell surfoce

The expressions of hEP2 receptor and hEP4 recepior on the yeast
membrane were investigated with the NanoGlo® Extracellular Detecs
tion System (Promega Corporation). The system's principle is based on
the expression of a HiBiT-tagged protein/receptor, which upon the ins
cubation with the NanoGlo® Extracellular reagent produoces a humins
ometry sigmal that reflecis the number of receptors on the plasma
membrane. IF the added lganed of interest is able to bind the HiBiT-
tagped receptor, it triggers a modification in the receptor’s expression
on the plasma membrane, which is manifested by a change in the
luminometry signal.

Yeast prescultures were diluted 1:5 in WHAUL-mediom and 5 pl. of
yeast dilution were incubated with 100 pl. WHAUL-medium supple-
mented with BU Salts for 20 h. Pollowing 20 b incubation, yeasts wenes
stimubated for 20 min with 100 nM PGEs, 1 pM 1 5-keto-PGE: or mediom
only for untreated control. Nine transformed colonies as well as one
mack-transformed colony that served as a negative control were invess
tigated at a time. Then, yeasts were treated with the Nano-Glo® Extras
cedlular Detection System according to the manufacturer's instructions.
Briefly, veast solutions after stimulation were transferred to white S
well plates (Coming Inc.). Thereby, one stimulated yeast solution was
split into 2 wells after mixing. Equal volume of the reagent (consisting of
NanoGlo® Extracellular Detection Buffer, NanoGlo® HiBIT Extracel-
lular Substrate diluted 1:50 and LeBiT Protein diluted 1:100) was added
to the yeast solutions. After 5 min shaking at 300 rpm for 5 min, s
nescence was determines] with the FLUOstar Omega microplate reader
(BMG Labtech) and results were obtained uing the Optima software and
MARS data analysis software (BEMG Labtech). Yeasts with luminescence
lower than values of the mediom ocontrol and the negative {mocks

tramsformed) yeast control were excluded from the analysis, as the
tramsformation was considersd unsuocessful.

4.6 Lipidomic analysis af the whole sehrafish embryas

The lipidomic analysis was performesd by liguid chromatogmphy
electrospray ionization tandem mass spectrometry  (LC/ESE-MS/ME)
following the protocn] we reported recently [ 30]. The zebrafish embryos
at two different developmental stages, 48 hpf and 120 hpt, were frozen
using liquid nitrogen and analyred using an Agilent 1290 HPLC system
with binary pump, multisampler amd col i stat with a Zorbax
Eclipse plus C-18, 2.1 x 150 mm, 1.E pm column using a solvent system
of aqueous acetic ackd (0005 %) and acetonitrile. A gradient starting with
5 % organic phase was used, which was increased within 0.5 min to 32
b, 16 min to 36.5 %, 20 min to 38 %, 28 min to 98 % and held there for
5 min, was used for the elution. The Aow rabe was set at 0.3 mL/ min amd
the injection volume was 20 pl. The HPLC was coupled with an Agilent
495 Triplequad mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA) with electrospray ionization source. Source parameters: Dy
ing gas: 115 *CA16 Lf/min, Sheath gas: 390 012 L/min, Capillary
voltage: 4300 V, Nozzbe voltage: 1950V, and Nebulizer pressore: 35 pei.

4.7, Parmacologionl restment, glomeralor morphology and functional
mssezmment of the GFE

For the phenotypic aseessment of the rebrafish embryonic kidney
and the evaluation of GFE integrity the transgenic lines Tgfwil ke(:FPT
and Tglfabpl 0o geesGFP] were nsed, respectively. Por the drog treats
ment, the E3 medium was completely drawn off the embryos and the
solution of DME0 (% adjusted o the solvent ratio in drog solution)
(276855, Sigma Aldrich), and 500 pM 15-keto-PGE: (Cayl4720-1,
Caymamn) in E3 water were added. For the combined blockade of EP2 and
EP4 receptors, a solution of 20 pM EP2? recepior antagonist
(PFO-4418948, Sigma Aklrich) and 20 pM EP4 receptor antagonist (0RO
AE3208, S5gma Aldrich) in E3 water with 500 M 15:ketn-PGE: was
wmed. The drugs were applied to the zebrafish embryos between & hpf
and 48 hpf for the early treatment and betwesn 72 hpf and ‘96 hpf for the
late treatment. The embryos were placed in a 2685 °C incubator until
phenatypéc analysis. For the in wivo imaging, 48 hpf and 96 hpf zebrafish
embryos were anesthetized with 0002 % tricaine (w,/v) in E3 solution and
embedded in methyl cellulose. Fluorescent and brightfield images were
acguired wsing Leica MIG65 stereomicroscope with a Leica DFCASD
camera attached.

4.8 Conforal microscopy of zebrafish embryonic kidney and 30
reconstruction of the glomerulns

For the confocal maging, TgfwilbceGFP] mebrafish embryos wers
wsed at the time points indicated in the figore legend. Prior to the fioe
ation, the anesthetized embryos {in (L02 % tricaine (w/v)) were injected
in the sinus or the descending cardinal vein with 20 mg#/mL BSA
Alexa Fluor555 conjugate {A34786, ThermoFisher Scientific) diluted in
in 150 mM NaCl. The injected embryos were fived after 20 min in 4 %
FFA (43369, Alfa Aesar) and 0.1 % Triton-X 100 in PBS buffer (DB357,
Sigma Aldrich) for 2 h at BT or overnight at 4 *C. Nucled wene stainesd
using 4, G=Dizmidin.2«phenylindal {DAP], Sigma Aldrich, stock solution
1 mg/mL diluted 1:2000 in PBS) overnight at 4 *C. After removal of the
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yolk and mounting in 0,8 % low-melting agarose, the kidneys of wholes
maount fixed embryos were imaged using a Confocal Zeiss LSM 980
Airyscan microscope with a LD CeApochromat 40 x NALL water
objective and Zen Blue v.3.2 software. Confocal zestacks of all channels
were sequentially acquired with identical parameters and similar 30
grientation for all samples. Images were amalyzed wsing Imagel
software.

The 3D comfocal images wene first deconvolved wing Huygens Pro=
fessional 2204 software. The 20 segmentation for the 30 glomerular
surface creation, was performed using Imars version 9.9 softwame
(Bitplane AG, Zurich, Switzerland). A 3D surface covering the tofal
glomerular volume was created by manually tracing the surface outline
of EGFP-positive cells for every second section of the z-stack and in a
second step the automated segmentation for the sarface creation was
used. The fluorescence signal derived by EGFP-positive cells inside the
glomeruli was included, while EGFP signal coming from the neck and
the early part of proximal convoluted tubuole was exchaded .

4.9 Statistical onolysis

Statistics were performed wsing GraphPad Prism version 6.07 or 9.
Pollowing statistical tests were used: Fig. led, Wilcoxon test and Mann.
Whitney tests were conducted as indicated (%, P < 0.05; **, P < 0LO1;
e P 0001 **** P 0.0001); Fis. 2, tnu-lmlnd.um.pa.lruﬂ tetest with
Welch's comrection; Fig. Sc, twosway ANOVA with Tukey's multiphe
comparisons; Fig 6h, o, onesway ANOVA with Tukey's multiple coms
parisons poststest. Identification of ootliers was performed by Grubbs'
outliers test (o = (LO5). Excloded valwes: Fig. 1b, o one outlier was
identified among EP2«transfected and two outliers among  EP4.
tramsfected yeasts (for all yeast experiments conducted at the same
day); Fig. Z one outlier was identified and removed among the lips
idamic PGEs values at 48 hpf together with the respective valses for the
two metabolites; Fig. 6b, o one outlier was identified in the glomembus
surface ares measurements sach for the DMS0 and 15-keto-PGE; cons
dition that were excluded both from the surface area and akso the
glomerular volume analysis. In all graphs error bars are presented as
means + S0 and P < 0.05 were comsidered statistically significant.

Supplementary data to this article can be found online at hitps://doi.
org/ 101006,/ 1 2022 121114,
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Studies in Zebrafish and Rat Models Support
Dual Blockade of EP2 and EP4 (Prostagﬁandin

E, Receptors Type 2 and 4) for Renoprotection in
Glomerular Hyperfiltration and Albuminuria

Aikaterini Kourpa™,” Angela Schulz®; Eva Mangelsen'™, Debora Kaiser-Graf @, Nils Koppers, Monika Stoll ®, Michael Rothe,
Michael Bader, Bettina Purfirst Severine Kunz®, Thomas Gladytz™, Thoralf Miendorf, Sebastian Bachmann, Kerim Mutig©,
Juliane Bolbrinker™, Daniela Pandkovd™; Reinhiold Kreutz O

BACKEROUND: Glomerular hyperfiltration (GH) is an imporiant mechanism in the development of albuminuria in hypertension.
Upregulation of COX2 {cyclooxygenase 2) and prostaglandin E, (PGE,) was linked to podocyte damage in GH. We explored
the potential rencprotective effects of either separate or combined pharmacological blockade of EP2 (PGE, receptor type
2} and EP4 (PGE, recaptor type 4) in GH.

METHODS: We conducted in vive studies in a transgenie zebrafish madel (Ta/fabe 108:5e-EGFP]) suitable for analysis of
glomerular fillration barrier funclion and a genetic ral medel with GH, albuminuria, and upregulation of PGE,. Similar
pharmacolegical interventions and primary outcome analysis on albuminuria phenotype development were conducted in
both model systerms.

RESULTS: Stimulation of zebrafish embryos with PGE, induced an albuminuria-like phenotype, thug mimicking the suggected
PGE, effects on glomerular filtration barrier dysfunction. Both separate and combined blockade of EP2 and EP4 reduced
albuminuria phanotypes in rebrafish and rat models. A significant correlation batween albuminuria and podocyte damage
in electron microscopy imaging was identified in the rat model Dual blockade of both receplors showed a pronounced
synergistic suppression of albuminuria Importantly, this oceurred without changes in arteral blood pressure, glomerular
filtration rate, or tissue oxygenation in magnetic resonance imaging, while RMNA sequencing analysis implicated a potantial
role of creadian clock genes.

CONCLUSIONS: Qur findings confirm a role of PGE, in the development of albuminuria in GH and support the renoprotective
potantial of combined pharmacological blockade of EF2 and EP4 receptors. These data suppaort further translational research
to explore this therapeutic option and a possible role of circadian clock genes. (Hypertension. 2023;80:771-782. DOI:
10.1161/HYPERTENSIONAHA.122.20392.) » Supplement Material.

Koy Words: albuminuria 8 hypertension ® prostaglandin E_ ® rats ® zebrafish
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in diabetes- and hypertension-mediated organ developing end-stage kidney disease and death sup-
damage.'™* Recent observational data in a large  porting the prognostic relevance of albuminuria® The
health care ufilization cohort indicated that changes  factors leading to albuminuria are multifactorial, but

Albuminuria is a hallmark of early kidney damage in albuminuria are strongly associated with the risk of
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NOVELTY AND RELEVANCE

What Is New?

Complementary in vivo studies were conducted in zebraf-
ish and rat models using the same pharmacological
interventions to test their renoprotective potential in glo-
merular hyperfiltration.

What Is Relevant?
A role of both EP2 (prostaglandin £, receptor type 2)
and EP4 (prostaglandin E; receptor type 4) receptors

mediating prostaglandin E —induced glomerular injury in
glomerular hyperfiltration was identified

Clinical/Pathophysiclogical Implications?

The current study supports further translational research
o explore the mechanisms and potential of combined
EFPZ and EP4 blockade in kidney injury with albuminuria
duse to glomerular hyperfiltration.

MNonstandard Abbreviations and Acronyms

COoX2 cyclooygenase 2

EP2 PGE, receplor type 2
EP4 PGE, receptor type 4
GFBE glomerular filtration barrier
GH glomerular hyperfiltration
MWF Munich Wistar Frémiber

MWF-EP2Z/EP4~  Munich Wistar Frémiber rat
treated with combined EP2 and

EP4 receptor antagonists

PGE, prostaglandin E,
SGLT-2 sodium-glucose cotransportar-2
SHR spontaneausly hypertensive rat

intrarenal hemodynamic changes resulting in glomeru-
lar hyperfiltration (GH) play, among other factors, an
impartant mechanistic role in the development of albu-
rinuria in hypertension and diabetes®3S Prostaglanding
play important and complex roles in renal physiology and
disease processes, while their most abundant form pros-
taglandin E, (PGE;} has been particularly implicated in
renal pathophysiology in hypertension and diabetes” In
the setting of GH, podocytes are exposed o increased
fiuid flow shear stress in Bowman space that contributes
to podocyte damage and albuminuria development39
Frevious studies indicated that COX2 (cyclooxygenase
2) and PGE, activafion are involved in the resulting podo-
cyte damage in response to GH,'"® while PGE, is known
to increase glomerular permeability for proteins” Our
recent in vitro study in human podocytes indicated an
activation of the autocrine/paracrine COX2/PGE, path-
way resulting in podocyte injury in GH by using fluid flow
shear stress exposura.!! This was mediated by concerted
signaling via both EP2 (PGE, receptor type 2) and EP4
{PGE, receptor type 4). We, therefore, set out to study
the renoprotective effect of separate and combined
pharmacological blockade of EPZ and EP4 receptors

TT2  April 2023

in vivo by using complementary animal experiments in
zebrafish and rat models.

METHODS

Data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Animals

This study involved zebrafish and rat models (Supplemental
Methods). A synopsis of the overall study design is presented
im Figure 1. Transgenic zebrafish embryos of Tgffabp!Oa:ge-
EGFP'® and Tgfwt1&:EGFPIS were used to evaluate the func-
tional role of glomerular filiration barrier (GFE) integrity and
albuminuria phenotype in vivo and the glomerular morphology,
respectively (Supplemental Methods). We used males of the
MWF {Munich Wistar Fromter) rat with an inherited nephron
deficit as a model of GH and albuminuria.'*'®

Workflow in Zebrafish Models

We assessed the abundance of metabolites in the cyclom:ygen-
ase COX-PGE -EP2/EP4 pathway in zebrafish embryos at 48
hours post fertilization. Lipidomic analysis was performed by a
liquid chromatography tandem mass spectrometry (LCY ESHAS/
S} method to quantify PGE, levels in embryo lysates'” after
COX inhibition by using the COX inhibitar indomethacin'* The
expression of EPZ and EP4 receptors was evaluated by fluores-
cent in situ hybridization {Advanced Cell Diagnostics, RMAscope
Muttiplex Fluorescent V2) of the coresponding pigerZa and
pigerdh genes, respectively in Tgfwt1b:EGFP]'S Zebrafish
embryos provide a suitable model for the study of GFE develop-
ment and function."3'® To model the increased PGE, signaling in
zebrafish, embryos were exposed to 16, 16-dimethyl PGE, after
the complete formation of GFB, that is, from 72 to 96 hours
post fertilization '* (Figure 1A). To probe the PGE, signaling.
embryos were treated with the selective EP2 and EP4 antago-
nists PFO441B948™% and ONO-AEZ-208"%% or the COX
inhibitor indomethacin®® High-resalution confocal and electran
microscopy imaging was performed as reported recently'® to
analyze glomeruli and GFB (Supplemental Methods).

Workfiow in the MWF Rat

Lipidomic analysis using the liguid chromatography tandeam
mass spectrometry protocol to quantify PGE, levals in glomenular

Hyperfension. 2023:80:77 1=T22. DOL: 10,1 161 /HYPERTENSIONAHA 122.20302
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Figure 1. Overall design of in vivo studies in zebrafish and rat models.

To test the potential renoprotective effect on albuwminweia phenolypes of either separate or combined pharmacological blockade of EP2
[prestaglandin E, [PGE,] receptor type 2) and EP4 (PGE, receplor type 4) in glomerular hypediliration (GH), we used 2 complementary animal
syslems. A, Zebrafich embryos of Toffabp 10a:00-EGFP] were used 1o evaluate the glomerular filtration barnes (GFB) integrity and alburninuria
phenotype in vive in response to exogenous stimulation with PGE, (Supplemental Methods). B, MWF {Munich Wistar Fréimter) ral model

with an inherited nephron deficit, which results in GH, spontaneous development of progressive albuminuria, and mild anerial hyperension,'?
wag uged. Importantly, MWF animals demonsirate increased endogenous PGE, concentrations in isolated glomerular tissue. " We performed
pharmacological intervention studies in both armal systems of the separate or combined blockade of EP2 and EP4 using PF-04418948
[EP2 antagonist)™® and ONO-AE3-208 (EP4 antagonizt)'®30 ve controd {untreated) animals. Zebrafish embryos were treated between 72 and
BE hours post fedilization (hpf) and assessed at 96 hpf (A), Young male MWF rats were studied between week 4 and week 12 of age (B).

In zebrafish experiments, we conducted M=6 experiments with n=120 embryos for all groups except for the separale EP receplor blockade
groups, where N=3 and n=60. In rat studies, n=7 1o B animals were stedied in sach group. In MWF rats, we performed additional analysis
using magnetic resonance imaging (IMRI) analyss of bssws anygenation. In this study, only the groups marked by asterigk [r=14-15), that is,
untreated control MWF and MWEF rats treated with combined EP2 and EP4 receplor antagonists, were analyred following the same protocol,

while phenotyping focused only on albuminuria and MRI mapping.

tissue'’ demonstrated a significant elevation of PSE, levels in
isolated glomeruliin young MWF rats at the onset of albuminuria
(B weeks of age) as compared with albuminuria-resistant SHRs
(spontaneously hypertensive rats; Figure 1B; Figure S6)." We,
therefore, tested the effects of either separate or combined
pharmacological blockade of EP2 (by PF-04418548) and
EP4 receptaors (by ONO-AE3-208) in MWF rats (as in zebraf-
ish experiments; Figure 1B). Transcriptome analysis™ was per-
formed in cortex tissue of kidneys obtained at the end of the
study period (Figure 1B). Electron microscopy imaging analysis
of GFB in the rat was also performed as reported recently ™
{Supplemental Methods). Magnetic resonance imaging analy-
sis™ in an additional set of MWF animals was performed to
analyze renal hemodynamics and cxygenation. Here, untreated
WWF control rats and MWF rats treated with combined EP2
and EP4 receptor blockade (MWF-EP2/EPA=) ware analyzed.
Treatment period was the same as shown in Figure 1B

Statistical Analysis

Statistical analysis was performed wsing the GraphPad Prism
9 software {GraphPad Software, CA) or SP35 Statistics
280002, Data are presented as meantSD if not other-
wise specified, and AJ005 was considered as statistically

Hypertension. 2023:80:771=782. DOk 10,1 161/HYPERTENSIOMNAHA 12220302

significant. Data are normally distributed unless otherwise
specified. Specific details of the analyses are given in the fig-
ures and in Supplemental Methods.

RESULTS
Zebrafish Experiments

COX-PGE2-EP2/EP4 Axis in Zebrafish Embryos
Lipidomic analysis detected PGE, levels (59.3+19.1
ng/g) in zebrafish embryos at 48 hours post fertilization,
which were profoundly suppressed (7241.6 ng/g, 878%
suppression) by indomethacin freatment (Figure S14)
Furthermore, EP2 (piger?a) and EP4 (pigerdh) recep-
tors are expressed in the glomerulus and tubules of the
zebrafish embryonic kidney, however, with a higher abun-
dance in the tubules (Figure 31C through S1E).

Effects of PGE2 Stimulation on Albuminuria
Phenotype and GFB

After confirming the presence of the COX-PGE ~EP2/EP4
axis in zebrafish embryos, we used the zebrafish transgenics
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Tgffabp 10a:gc-EGFF] to assess the effect of exogenous
PGE, on GFB. Zebrafish embryos appeared normal after
stimulation with PGE, and exhibited only lack of swim blad-
der formation (Figure 2A) However, exposure to PGE,
resulted in a marked decrease in the fluorescence in the
trunk vasculature of Tgffabp 10a:00-EGFF] embryos, thus
mirnicking an albuminuria-like phenotype (Figure 24 and
2B). The latter could be significantly reversed by either sep-
arate or combined blockade of EP2 and EP4 receptors, as
wel as by indomethacin freatment (Figure 24 and 28). The
effect of combined freatment with both EP2 and EP4 block-
£rs was comparable to either of the separate treatments. In
electron microscopy analysis, no apparent changes of the
GFB ultrastructure upon shori-term 16,16-dimethyl PGE,
stimulation were observed (Figure 2C and 20), although
the quantification of podocytes' foot processes width*® was
numerically higher as compared with controls in response
to 16,16-dimethyl PGE, (Figure 20). To further explore the
impact of 16,16-dimethyl PGE, stimulation on GFE dys-
function, we analyzed the glomerular cytoarchitecture. This
analysis in PGE -treated Tgfwilb:EGAP] embryos at 96
hours post fertilization revealed cell intercalation defects
between podocytes and endothelial cells of glomerular
capillaries. The guantification of these defects showed a
significant increase in podocyte surface area. Remarkably,
these defects were restored after combined pharmacologi-
cal blockade of EP2 and EP4 receptors, supporting the
importance of the PGE -EF2-EP4 signaling axis for GFB
integrity (Figure STL

Rat Experiments

Effect of EP2 and EP4 Receptor Blockade on
Albuminuria

Young MWF confrol rats develop, in agreement with
previous studies,'® a significant increase in albuminuria
between weeks 4 and 8 (F<0.001; Figure 34), followed
by a further increase until week 12, Accordingly, no group
differences were detected at 4 weeks of age. Albumin-
uria was not significantly lowered by either separate EP2
or EP4 blockade as compared with control. In contrast,
combined EF2 and EP4 blockade (MWF-EPZ/EPdis)
resulted in a profound and significant suppression of
albuminuria at 8 and 12 (—71%) weeks compared with
untreated animals (Figure 3A).

Effect of EP2 and EP4 Receptor Blockade on Other
In Vivo Phenolypes

Pharmacological treatment with efther separate or com-
bined EP2 and EP4 blockade induced no changes in
gystolic blood pressure (Figure 3B) and creatinine clear-
ance (Figure 3C). Magnetic resonance imaging analysis
indicated that the significant reduction in albuminuria by
combined EP2 and EP4 receptor blockade (Figure S44)
was not associated with significant differences of the
blood oxygenation level-dependent relaxation times T

T4 Apdl 2023

and T, (Figure 54B) as determined by magnetic reso-
nance imaging mapping between the MWF control and
MWF-EP2/EP4™ groups. Similarly, no significant group
differences for body weight, absolute and relative (in
relation to body weight) left ventricular weights, and kid-
ney weights were observed (Table 51).

Analysis of kidney morphology by light microscopy
revealed no appreciable tissue injury, particularly in glom=
eruli, as expected in relatively young MWF animals at 12
weeks of age and no changes in response fo the EP2
and EP4 blockade (Figure 52). Accordingly, the targeted
expression analysis of selected molecular kidney injury
markers in the setting of GH and albuminuria revealed
no significant differences between groups, except for
MWphsZ2 (podocin) showing reduced mRMA expression in
response to combined EP2 and EP4 blockade compared
with controls (Figure S3).

Electron microscopy imaging of GFB in untreated
MWF as compared with MWF-EP2/EP4"* showed no
appreciable differences in qualitative analysis (Figure 4A),
QOuantitative analysis of foot process width of podocytes*®
revealed a numerically lower mean value in response to
combined EP2/EP4 blockade in 3 randomly selected
animals from each of the MWF control and MWF-EP2/
EP4" groups (Figure 48); of note, 1 of the 3 freated ani-
mals exhibited still elevated albuminuria levels and a foot
process width corresponding fo untreated animals (Fig-
ure 4C). Mevertheless, a significant overall positive cor-
relafion between albuminuria and foot process width of
podocytes (r=0.599; A=0.0086) was detected suggest-
ing thus in furn a beneficial effect on podocyte damage
by treatment-induced albuminuria reduction (Figure 4C).

RNA Sequencing Analysis of Transcriptome
Response to EP2 and EP4 Receptor Blockade

To determine the potential molecular signature through
which the inhibition of PGE, signaling mediates the
nephroprotective effects, we performed transcriptomic
analysis in kidney cortex tissue of untreated MWF con-
trol and MWF-EP2/EP4" rats using bulk RMA sequenc-
ing. The RMA sequencing analysis identified only a small
number of significantly (adjusted A<0.05) upregulated
and downregulated genes in MWF-EP2/EP4™ animals
when compared with MWF control (Figure 5; Table 52).
Amaong the differentially expressed genes, we found key
genes regulating circadian rhythm including Cry 1, Npas2,
and Nrid? (Figures 5 and B). Selected genes identified
by their differential expression in RNA sequencing analy-
sis were validated in secondary analysis using quantita-
tive real-time polymerase chain reaction*® (Figure 5C;
Figure 55; Tables 52 and 53).

DISCUSSION

A recent study demonstrated increased urinary excretion
of podocyte-specific proteins coupled with a decreased

Hyperdension. 2023:80:771=TE2 DO 101 181 /HYPERTENSIONAHA. 122.20302
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Figure 2. Effects of prostaglandin E2 (PGE,) stimulation and separate and combined EP2 (PGE, receptor type 2) and EP4 (PGE,
receptor type 4) blockade on albuminuria phenotype and glomenular ultrastructure in zebrafish model.

A, Brghi-field and fluorescence microscopy mmages of Toffabe 10a:pe-EGFF] embryos al B6 hows posl fertilization (hpf), following
pharmacological treatments: (A and Aa") dimethyl sulleaide (DMSO0, vehicle) 0.32%, (Ab and Ab') 18, 16-dimathyl PGE_ (dmPGE,) 125 1M,
[Ac and Ac') draPGE, 125 pM+PF-04418048 20 pM, (Ad and Ad') dmPGE, 125 pM+ONO-AES-208 20 M, (As and Ae') drPGE, 125
pM+PF-04418948 20 uM+ONO-AEI-208 20 pM, (AF and AF) dmPGE, 125 pM+indomethacin 30 ph, N=5, n=120 for all conditions except
treatmenis ¢ and d (N=3; r=60); scale bar, 1 mm. B, Phenotypic quantitative analysis of zebrafish embryos at 96 hpl. Embryos are categorized as
GFP+ (green Nuorescent prolein +; vigible vitamin D binding protesn tagged with enhanced green fluorescent pratein flusrescence sagnal in the
trunk vasculature) or albuminuna-like phenotype (partial or complete loss of ge-EGFP fluorescence signal in the trunk vasculature). Percentane
values are plotled as meantS0; n represents biologically independent samples over N ndependent experiments; ondinary two-way ANOVA with
Tukey multiple comparison test. €, Representative electron microscopy mages of glomenular filtration barrier in the DMSO- (left) and dmPGE -
treated (right) zebrafish embryos al 86 hpl;, scale bar, 1 pm. Glomendar basament membrane & indicated with the colored Bne. D, Ouantitative
anakeis of fool process widih (=3 for each condition); two-talled unpaired Heet with Welch correction {F=0.1303). Values are plotbed as
meantSD; Po0.05 considered significant. © indicates capillary; fe, lenesiraled endothelum; fp, ool processas; and P, podocyte cell body.

mRMNA expression profile of podocyte-specific genes
in patients with hypertension® This finding supports a
role of podocyte dysfunction leading to detachment of
podocytes in patients with hypertension and albuminuria.

However, the mechanisms leading 1o podocyte damage
and albuminuria are not well understood. Nevertheless,
an increase of fluid flow shear stress upon podocytes
represents among other downstream events a functional
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Figure 3. Effects of separate and combined EP2 (prostaglandin E2 [PGE,] receptor type 2) and EP4 (PGE, receptor type 4)
blockade on albuminuria development, systolic blood pressure (SBP), and creatinine clearance (CrCl) in the Munich Wistar
Frimter (MWF) rat.

A, Time-course analysis of urinary albumin escretion in male MWF rats during the onset of alburminuria between weeks 4 and 12. B, SBF. C,
CrCl. Rate were trealed with either separate or combined EF2 (PF-04418848) and EP4 (ONO-AE3-208) antagonists. Rals per group, n=7
1o B, each; values ane plotted as meandSD. Data were analyzred by two-way ANOVA for albuminuria or one-way ANOVA for SBP and CrCl
followed by Bonlerroni post hoc analysis. In overall two-way ANOVA analysis, & sigrificant interaction between treatment groups and lime
course {F=0.002) was observed for albuminuria with a significant increase of albuminuria over fime and a significant difference between MWF
rals trealed with combined EP2 and EP4 receptor amagonts (MWF-EPZ/EPA™) compared with all other groups [P<0001, respectively).
Al B weeks, albuminuria was significantly lower in MWF-EP2/EP4™ compared with control and EP4, whereas at 12 weeks, alburminuria was
significantly lower comparned with all groupe

consequence regardless of the causes of GH. Our previ-  PGE, in response to fluid flow shear stress" prompted
ous findings in human podocytes in cell culture imply-  us to further investigate the role of EP2 and EP4 in this
ing both EP2 and EP4 signaling in activation of COX2/  setting in vivo.
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Figure 4. Glomerular ultrastructural analysis after combined inhibition of EP2 (prostaglandin E2 [PGE,] receptor type 2) and
EP4 (PGE, receptor type 4) receptors in the Munich Wistar Frimter (MWF) rat.

A, Representative electron microscopy images of glomerular filtration barrier in the MWF rat {control; top) and MWF rats treated with
comibined EP2 and EP4 receplor antagonists al week 12 [bottom). Scale bar, 1 pm. Glomenular basement membrane ig indicated with the
coloned ling. *Foot process effacement. B, Quantitative analysis of fool process width (=0 glomeruli per group, oblained from 3 animals

for each condition). The glomeruli of one animal are repregented with different shades of gray in both groups; two-lalled unpaired fest with
Welch comection {P=0.1490). €, Correlation plote reveal significant cormelation between urinary albumin excretion (albuminuna) levels and fool
process width, Spearman correlation (=0.599; A=0.0086). In all graphs, values are plotted as meantSD. A<0005 considered significant. G
ndicates capilary; fe, fenestrated endothelium, fp, foot processes; and P, podocyte cell body.

The activation of COX2/PGE, in podocytes is linked
to hyperfiliration-associated increases in biomechanical
forces, namely tensile stress and fluid flow shear stress
in podocytes® PGE, signaling via EP2 was previously
associated with podocyte responses to fluid flow shear
stress and to kidney injury in the solitary kidney® More-
over, in vivo studies in rodent models supported a role of
EP4 activation in kidney damage, while renoprotective
effects by EP4 inhibition have been shown in diabetes™
and after profound renal mass ablation by 5/6 nephrec-
tomy ™™ A role of EP2 inhibition but not EP4 inhibition
has been recently supported in nondiabefic mice after
unilateral nephrectomy™ However, it should be not dis-
missed that COX-derived prostaglandins including PGE,
play an important role in maintaining renal homeostasis
and may serve as physiological buffers, protecting kid-
ney function under certain pathophysiological conditions,
particularly in states associated with decreased effective
arterial blood volume.™ Given the multifaceted role of

Hypertension. 20238077 1=T82 DOk 10,1 161/HYPERTENSIONAHA 1 2220362

PGE, in the kidney” we, therefore, first tested whether
PGE, can in fact induce albuminuria in vivo in nondia-
betic models. The latter was indeed confirmed in zebraf-
ish experiments. We confirmed a renoprotective role by
inhibiting EP2 or EP4 in the zebrafish model, while com-
bined blockade of EP2 and EP4 was similarly effective
in reducing the PGE -induced albuminuria phenotype as
either separate blockade.

In addition to other genetic, SHR models™* for the
study of renal injury, the MWF rat represents a suitable
nondiabetic model because of its inherited nephron
deficit and increased GH phenotype with endogenous
upregulation of glomerular PGE,"" The nephroprotec-
tive effect of EP2 and EP4 blockade was also confirmed
in this model;, however, combined blockade was clearly
superior leading to a profound suppression of albumin-
uria. Importantly, this occurred in the absence of sig-
nificant changes in systemic arterial blood pressure and
glomerular filtration rate. Moreover, although we cannot
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Figure 5. Transcriptome analysis in the Munich Wistar Frimiter (MWF) model

A Volcano plot showing the companson of the transcriptome analysis by RNA sequencing (RNA-seq) between untreated MWF control and
WWF rats treated with combined EP2 and EP4 recaplor antagonists (MWF-EPZ/EP4™). Overall, 16 genes with differential expression {red
dols including Cry 1 with a log, fold change value=0.994) were identified. Vertical doted lines (purple) demonstrate the log, feld change of <—1
and >+1, while the horrantal dotled line {green) shows the —log, . of the adjusted P value (P<0.05 considered significant). B, Unscaled heat
rrap shows the diferences in espression batween the significantly differentially regulated genes in the MWFEP2/EP4" compared with MWF
control. €, Separate quantitative reallime polymerage chain reaction (gPCR) analysis showed consistent significant diflerential expression

for 3 main genes associaled with crcadian rhythm regulation, namely Cioel, Nrld ], and Noss2 The expression of Carl5 and Tac3 was also
significantly different as identified in the RNA-seq analysis and confirmed by gPCR; respective genes are also annotated in the Volcano plot
[A). Rats per group (r=6-8, each); data are displayed as meant5D0; gene dala were lested for normal digtribution using the Shapino-Wilk test;
Crypl, Mpas2 and Nridi (not normally distributed) wene analyzed using the Kreskal-Wallis test with Dunn post hoc analysis, while the rest of the
data (normally distributed) were analyzed by one-way AMOWVA with Borfermoni post hoc test.

TTE  April 2023 Hyperdension. 2023:80:TT1=T22. DOI: 10.1 161 /HYPERTENSIONAHA 12220392



99

CTOC 61 Yoy wo Ag Taspeunelegey:dig ureg popewaog

Koupa et al

Glormerular Hyperfiliration in Hypertension

@W QAN:‘J i'rutm irlz:u

3 EP2 & EP4 3
blackade

oyt
J-T P
Npas2) — :t:in:amclsils:iu?t clock”, _ _y
Tl o

Nrid1

- -

b ’

Figure &. Metwork analysis supporting the involvement of circadian genes.
A, Full Search Tool for the Retrieval of Interacting Genes/Proteins protein network obtained from the 8 significanly differentially regulated
genes derived from the comparison between MWF [Munich Wistar Frdmter) control and MWF rats treated with combined EP2 and EP4

receplor antagonists by combining RNA sequencing and quantitati

real-time polyr

chain reaction confirmation analysis. Carl5was

nol recognized from the STRING database; CLOCK, PER1/2, NCOR'T, FBXL3, and TACIR appear as predicted functional partners. The
nebwork ghows known inleractions: curated databases (blue), experimentally detesmined (magenta), texl mining {green), and protein homology
(purplel; high confidence interaction score, 0.70. B, Schematic representation of the proposed model anising from the transcriptome analysis.
Cambined pharmacological blockade of EP2 (prostaglandin E, [PGE] receptor type 2) and EP4 [PGE, receptor type 4) recaplors in the
MWF ral causes a potential circadian clock shift supporting the renoprotective effects of the dual EP receptor blockade. The dashed elipze
shape and arrow indicatle our main speculation; the upregulation or downregulation of significantly differentially regulated genes in our
transcriptome analysis is shown by the blue ammows, while the green arrows and red inhibition arcs indicate well-known inleractions among the

circadian rhythen genes.

rule out subtle differences of intrarenal hemodynamics
between untreated animals and animals treated with
both EP2 and EP4 antagonists, our magnetic resonance
imaging analysis of blood oxygenation did not reveal
appreciable group differences nuling out major differ-
ences in intrarenal blood flow between groups. The in
vive findings in the rat model are thus in agreement with
our in vitro data in human podocytes showing a synergis-
tic (additive) inhibitory effect on COX2/PGE, upregula-
tion by combined EP2 and EP4 blockade in response to
fluid flow shear stress," as well as our studies in zebraf-
ish. Young adult MWF rats exhibit only mild glomerular

Hypertension, 20238077 1=782 DOk 10.1 161/HYPERTENSIONAHA 12220362

damage and develop significant glomerulosclerosis in
older age in parallel with progressive albuminuria devel-
opment® Accordingly, no significant treatment effects
by combined EP2 and EP4 blockade on glomerular his-
tology and molecular markers of kidney damage were
observed in relatively young animals studied here. In
contrast, a significant correlation between podocyte foot
process damage and albuminuria in electron microscopy
analysis was observed in the overall analysis of treated
and untreated animals indicating the potential of podo-
cyte protection by reducing albuminuria with the EPZ2
and EP4 blockade. The experiments in zebrafish and

Apl 2023 77O

=]
=
=
==
—
=
=
=
=
-
m




100

g
|
=
=
[T
=%
-l
=
=
=
&=
=]

CTOT 61 oy we Ag Taoeseusno fege,ydo oy pepeowmog

Kourpa et al

Glomerular Hyperfiltration in Hypertension

the MW rat model were both conducted in nondiabetic
conditions, and it will be, therefore, important to investi-
gate whether the beneficial effect of dual EP2 and EP4
blockade can be replicated in corresponding experimen-
tal conditions with GH in diabetes.

In both, our recent in vitro experiments in human podo-
cytes'! and in the current in vive study in the rat model,
it was shown that dual EP2 and EP4 blockade demon-
strated an additive synergistic effect, when compared
with a separate blockade. This occurred against the back-
ground of reported differential regulation of both recep-
tors? including differences regarding agonist-induced
internalization that applies to EP4, while EP2 appears
resistant to desensitization and internalization®** Thus,
the receptor regulation in podocytes and the kidney and
the mechanism confributing to the beneficial effects of
combined EP2 and EP4 inhibition remains to be further
elucidated. In this regard, RNA sequencing analysis of
kidney cortex tissue in the rat experiments indicated that
the overall transcriptome is only marginally affected by
treatrmnent with EP2 and EP4 antagonists. Thus, only a
few genes were differentially expressed in response to
treatment including genes related to the transcriptional-
translational feedback loops of circadian clocks. 3 The
expression of Cryl (increased expression) and Mridl!
(decreased expression), as transcripional repressors of
the main clock regulatory components BMAL-1 (basic
helix-loophelix ARMT like 1) and CLOCK (circadian loco-
motor output cycles kaput), was significantly changed
({Figure 5). Furthermore, the expression of the activator
Mpas? of core clock and clock-controlled genes was
significantly reduced. Subsequent network analysis sup-
ported a potential involvement of circadian clock genes in
the response of treatment with EP2 and EP4 antagonists.

The importance of circadian clocks for kidney func-
tion has only recently emerged3328 For instance, kidney-
associated ciliopathy phenotype was reverted by the
circadian clock genes in zebrafish® Importantly, pode-
cyte-specific Bmall deletion led to a 12-hour instead
of 24-hour circadian rhythm in mice, supporting the role
of an infrinsic circadian clock in podocytes in the con-
trol of glomerular filtration.® Depending on the experi-
mental setting, previous gene targeting studies in mice
suggested both protective® and adverse effects®® of
circadian clocks on kidney damage and implicated also
a protective effect mediated by controlling COX2 expres-
sion® A link between COX2/PGE, and the circadian
clock system has been demonstrated in experimental
studies*? while its potential relevance in the setting of
GH remains unclear. The removal of NiridT (encoded by
Rev-grb-alpha) has been linked to the induction of COX2
in endometrial cells,*® while PGE, or its analog, misopro-
stol, have been shown to upregulate the expression of
Per genes® In agreement, our franscriptomic analysis
identified a potential presence of a shift in the circadian
clock linked to the COX2-PGE -EP2/EP4 pathway in

TS0 Apri D023

the setting of GH and indicated that PGE, signaling is
intricately associated with the kidney-intrinsic circadian
clock, which warrants further investigation.

Currently, inhibitors of the renin-angiotensin-system,
that is, angiotensin-converting enzyme inhibitor and
angiotensin recepitor blockers, represent the backbone
of recommended anfihypertensive therapy? due to their
additional protective properties including renal protection
in the setting of GH by reducing intraglomerular capil-
lary pressure. Based on recent evidence from clinical tri-
als, additional treatment with SGLT-2 (sodium-glucose
cotransporter-2) inhibitors will provide additional reno-
protection in various forms of chronic kidney diseases
including patients with albuminuria®® The current study
supports a novel renoprotective effect by combining
the EP2 and EP4 receptors in the setting of GH and
albuminuria under nondiabetic conditions. Targeting dual
blockade of G-protein-coupled receptors provides an
interesting therapeutic option including the treatment of
hypertension as recently highlighted by using dual endo-~
thelin receptor blockade* In this regard, it is of interest
that a highly specific dual EP2 and EP4 antagonist (ie,
TPST-1495) has been developed and is currently being
tested in a phase 1 study in patients with solid tumors.*®
Hence, the use of dual EF2 and EP4 blockade by TPST-
1495 has been shown in preclinical studies to inhibit
tumer proliferation and to stimulate anticancer immunity
better than inhibiting EP2 or EP4 receptors separately or
even all 4 PGE, receptors together*®

PERSPECTIVES

The COX2/PGE, pathway has been implicated in kid=
ney damage in the setting of GH but the role of either
both or separate EP2 and EP4 receptors as potential
targets for renoprotection in different pathophysiological
conditions with GH and hypertension remains unclear.
The current study supperts further translational research
to explore the mechanisms and potential of combined
EP2 and EP4 blockade in kidney injury with albuminuria
due to GH.
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Abstract: Glomerular hyperfiltration is an important mechanism in the development of albuminuria.
During hyperfiltration, podocytes are exposed to increased fluid flow shear stress (FFS5) in Bowman's
space. Elevated Prostaglandin E2 (PGE;) synthesis and upregulated cyclooxygenase 2 (Cox2) are
associated with podocyte injury by FFS5. We aimed to elucidate a PGEz autocrine/paracrine pathway in
human podocytes (hPC). We developed a modified liquid chromatography tandem mass spectrometry
(LC/ESI-MSMS) protocol to quantify cellular PGE;, 15-keto-PGEp, and 13,14-dihydro-15-keto-PGE;
levels. hPC were treated with PGE; with or without separate or combined blockade of prostaglandin
E receptors (EP), EP2, and EP4. Furthermore, the effect of FF55 on COX2, PTGER2, and PTGER4
expression in hPC was quantified. In hPC, stimulation with PGE3z led to an EF2- and EP4-dependent
increase in cyclic adenosine monophosphate (¢ AMP) and COX2, and induced cellular PGE;. PTGER4
was downregulated after PGE; stimulation in hPC. In the corresponding LO/ESI-MS/MS in vivo
analysis at the tissue level, increased PGE; and 15-keto-PGE, levels were observed in isolated
glomeruli obtained from a well-established rat model with glomerular hyperfiltration, the Munich
Wistar Frimter rat. COX2 and PTGER2? were upregulated by FFS5. Our data thus support an
autocring/paracrine CON2/PGE; pathway in hPC linked to concerted EP2 and EP4 signaling,

Keywords: podocyte; hyperfiltration; chronic kidney disease; prostaglandin E2; COX2; EP2; EP4;
G protein-coupled receptor (GPCE) signaling; LC/ESI-MSMS; MWE; SHR

1. Introduction

Podocytes are terminally differentiated epithelial cells that form the third layer of the glomerular
filter with their interdigitating foot processes [1]. Their high degree of differentiation permits podocytes
to accomplish their highly specialized functions. However, it limits their regenerative capacity, making
them particularly vulnerable to pathological conditions such as glomerular hyperfiltration. When
nephron number is reduced, compensatory changes of the remaining functional nephrons lead to
adaptation of glomerular hemodynamics, resulting in increased glomerular filtration rate (GFR) in
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the single nephron and concomitantly in higher ultrafiltrate flow in Bowman's space [2-4] (reviewed
in [5]). This causes increased fluid flow shear stress (FFSS) and contributes to podocyte damage [3,
6]. Perturbation of the glomerular filtration barrer contributes to proteinuna, glomerulosclerosis,
and alteration in GFR, and thus promotes the gradual dedine in renal function as observed in chronic
kidney disease (CKD) (reviewed in [7-9]).

Understanding the pathomechanisms underlying podocyte damage due to glomerular
hyperfiltration might help to identify therapeutical targets to protect against maladaptive responses of
podocytes, which otherwise contribute to renal damage. Previous studies support a pathophysiological
role of Con2 (Ptgs?, cyclooxygenase 2) and prostaglandin E2 (PGE;) activation for development
of albuminuria by increasing the permeability of the glomerular filiration barrier (reviewed in [5]).
Furthermore, upregulation of Cox2 and Ptger2 (prostaglandin E receptor 2, EP2) was shown in
uninephrectomized mice and murine podocytes exposed to FFSS, i.e., in two different experimental
settings to study hyperfiltration [10]. These data suggest that PGE; synthesis and signaling may play a
role in podocyte responses to hyperfiltration.

Cox2 is long known to mediate increased synthesis of PGE; upon diverse stimuli {reviewed
in [11,12]). Extracellularly, PGE; exerts its effects via four different G-protein coupled prostaglandin
E receptors (EF1-4) in human and rodents (reviewed in [13]). EP1, <2 and -4 mENA expression
was reported in mouse podocytes, EF2 and -4 were also detected on protein level [14]. However,
the expression of EP in human podocytes (hPC) is unclear. Both EF2 and EP4 stimulate adenylate
cyclase activity leading to elevated cyclic adenosine monophosphate (cAMP) levels while EF1 increases
intracellular Ca?* {reviewed in [15-17]).

An autocring/paracrine pathway between PGE; and Cox2 was described previously, indicating
that PGE; leads to upregulation of Cox2 in osteocyte-like cells (murine long bone osteocyte Y4,
MLO-¥4) [15]. This, in turn, increases synthesis of intracellular PGE;, which again induces Cox2.
It remains a matter of debate which EP mediates this mutual amplification: In mouse podocytes,
EP4 and the p38 mitogen-achvated protein kinase (MATPEK) signaling pathway were described to be
involved in PGE;-mediated Cox2 upregulation and cAMP increase [19]. In other cell types, activation
of EF2 with or without EP4-coupled cAMP/proteinkinase A (PEA) pathway was shown to upregulate
Cox2 following PGEz-treatment [20-22]. EP2 signaling was shown to be the relevant mechanism
in response to FFSS in mouse podocytes [14]. Indeed, the PGE;-Cox2-EFP2 axis is suggested to be
the relevant target for podocyte damage induced by FFS5 [10,23]. So far, the mechanisms involved
have not been investigated in hPC in detail. In this study, we therefore aimed to elucidate an

autocring/paracring PGE/COX2 pathway in hPC and to identify which EP contributes to this crosstalk.

We determined COX2, PTGER2, and PTGER4 expression in hPC after PGE; stimulation and FFS5. Qur
results corroborate recent findings in murine models of hyperfiliration on autocrineg/paracrine Cox2
and PGE; achivation in hPC. Moreover, we find this pathway in hPC to be linked to concerted EP2 and
EP4 signaling.

Impaortantly, distinct analysis of cellular PGE; and its metabolites 1s crucial to elucidate their
pathophysiological role in podocyte damage [10,23]. However, precise measurement of intracellular
prostaglandins remains challenging. Enzyme-linked immunosorbent assays (ELISA) are widely used
but have their limitations, e.g., the lack of standardization across different kits and low specificity,
selectivity, and throughput compared to liquid chromatography tandem mass spectrometry (LC-MS/MMS)
methods [24,25]. As a limitation, LC-MS/MS oftentimes requires large quantities of samples which
are difficult to obtain in cell culture experiments [26-32]. We were able to overcome these obstacles
and provide an approach to analyze prostaglandins in hIPC by liquid chromatography electrospray
ionization tandem mass spectrometry (LO/ESI-MS/MS). With our modified LOESI-MSMS protocol,

we were able to precisely quantify cellular PGE;, 15-keto-PGE3, and 13, 14-dihydro-15-keto-PGE; levels.

After stimulation with PGE;, the cellular PGEz-content was elevated, which was completely blocked
by pharmacological inhibition EP2 and EP4. In addition, we performed corresponding in vivo analysis
at the tissue level by using the LOESI-MSMS methodology and demonstrated increased PGE; and
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15-keto-PGE: levels in isolated glomeruli obtained from a well-established rat model with glomerular
hyperfiltration, L.e., the Munich Wistar Frémter rat (MWF).

Char findings on elevated glomerular PGE; and 15-keto-PGE; levels strengthen the hypothesis
that glomerular PGEz-induction associates with albuminuria due to podocyte damage.

2. Materials and Methods

2.1, Cell Culture

Conditionally immortalized hPC (kindly provided by Moin A. Saleem, University of Bristol, UK)
were cultured according to the original protocol [33,34] with slight modifications. The cells proliferate
at 33 °C and transform to differentiated hPC when kept at 237 °C exhibiting podocyte-specific
markers [34]. Briefly, podocytes were grown at 33 °C and 5% C0s in Roswell Park Memorial Institute
(EPMI)-1640 medium (cat. no. BSF1215, Bio&SELL, Feucht/MNiirnberg, Germany) supplemented
with 1% Insulin-Transferrin-Selenium 100X (cat. no. 41400-045, Gibeo, Grand Island, NY, USA), 10%
fetal bovine serum (FBS, cat. no. F7524, Sigma, Steinheim, Germany) and 1% ZellShield® to prevent
contamination (cat. no. 13-0150, Minerva Biolabs, Berlin, Germany). Medium was changed 2-3 times
per week. At confluency of 70-80%, podocytes were transferred to 37-38 *C until full confluence and
proliferation arrest. Subsequently, cells were kept for a minimum of 14 days at 37-38 “C to obtain full
differentiation. Differentiated phenotype was confirmed by analysis of the marker synaptopodin by
immunofluorescence (see Supplement Figure S1a b). Characterization also included overall comparison
of the cellular shape (“cobblestone-like” in undifferentiated state and “arborized” in differentiated
hPC [33]) by light microscopy, synaptopodin mENA expression, as well as nephrin and podocin
protein detection by immunofluorescence and western blot (see Supplement Figures Slc—e and 52).
Prior to experiments, cells were detached with Trypsin 025%EDTA 0.02% solution (cat. no. L-2163,
Biochrom, Berlin, Germany), seeded in 12-well plates at 1 x 10° cells per well and kept in RPMI-1640
medium with supplements for adherence overnight. All experimental treatments were carried out in
supplement-free RPMI-1640 medium at 37-38 "C with cell passages between 5 and 22

2.2, PGE; Treatment and Inhibition of EP Receptors

PF-04418948 (cat. no. PZ0213, Sigma, Steinheim, Germany) served as EP2 antagonist [35,36]
and OMNO-AE3-208 (cat. no. 14522, Cayman Chemical, Ann Arbor, MI, USA) was chosen as EP4
antagonist [37.35]. Stock solutions of PGEx (cat. no. 14010, Cayman Chemical, Ann Arbor, MI,
USA), PF-4418%48, and ONO-AE3-208 with 10 mM were prepared in DMSO (cat. no. D2650, Sigma,
Steinheim, Germany ) and stored at =20 °C until further use.

Podocytes were treated with PGE; at 10 nM-1 pM concentrations as PGEz-concentrations up
to 1 pM are commonly used for in vitro experiments in murine podocytes [3940]. For inhibition
experiments, 1 pM or even higher concentrations of the selective EP2 andfor EP4 antagonist were used
in previous studies [36,37,41-43]. In a pilot study, treatment with PGE: and EP2 antagonist (1 uMM each)
did not show inhibitory effects (Supplement Figure 54). Thus, antagonists were added concomitantly
to PGEz 100 nM for the indicated time-points.

2.3, Determination of Intracellular cAMP Levels

Intracellular cAMP levels were measured using an ELISA kit (cat. no. ADI-901-163, Enzo Life
Sciences, Farmingdale, NY, USA). Cells were lysed in 30000 pL 0.1 M HCI containing 0.1% Triton
X100 and samples were processed according to the manufacturer s instructions for the non-acetylated
format. PGE; stimulated samples were diluted 1:5, and samples of PGE; stimulation plus co-incubation
with either the EP2 or the EP4 antagonist were diluted 1:2-3 in lysis buffer. Optical density was

measured at 415 nm and cAMP concentrations were normalized for protein content for each sample.

Protein amount was quantified by a colorimetric kit (cat. no. 23227, Pierce™ BCA Protein Assay Kit,
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Thermao Fisher Scientific, Rockford, IL, USA). Experiments for cAMP consisted of n = 3—6 samples per
experimental group and were performed once or in duplicate as indicated.

2.4, Reverse Transcription and Quantitative Real-Time PCR

Total EMA of hIPC was isolated using the R.Nea_q)r@ Micro Kit (cat. no. 74004, Qiagen, Hilden,
Germany) following the manufacturer’s protocol. ENA quality was controlled by a 260/280 nm
absorption ratio. For cDNA synthesis, total RNA was reverse-transcribed using the First Strand cDMNA
Synthesis Kit (cat. no. K1612, Thermo Fisher Scentific, Vilnius, Lithuania).

Chuantitative Real-Time PCR (gPCR) was conducted in a CFX9% Touch PCR system (Bio-Rad,
Miinchen, Germany; software version 3.1.1517.0823) or in a 7500 Fast Real-Time PCR System (Applied
Biosysterns, Darmstadt, Germany; software version 2.006) using the comparative quantitative cycle
method with SYBR-green (cat. no. 4385612 and 100029284, Thermo Fisher Scientific, Vilnius,
Lithuania) as reported previously [44,45] Expression analysis of each sample was done in three
technical replicates and only samples with an intra-triplicate standard deviation (5D} < 0.2 were used
for further calculation. Mormalization of expression was done by the reference gene glyceraldehyde
3-phosphate dehydrogenase (CGAPDH). AACE was normalized to the untreated controls in hPC.

All results were plotted as log2 of fold change (FC) (2°-AACEH). Primer sequences are listed in Table 1.

Primers were purchased from Eurofins Genomics, Ebersberg, Germany or Tib Maolbiol, Berlin, Germany
and specificity of detected reverse transcriptase (RT)-PCR products was confirmed by sequencing
at Eurnfins Genomics, Ebersberg, Germany. COX2-qPCR for hPC consisted of n = 3-8 samples per
experimental group and were performed in duplicate or triplicate as indicated.

Table 1. Primer sequences for human (h) genes of interest.

Geng Forward Primer (5'-3") Reverse Primer (5°-37)
hGAPDH gagtcaacggatttggtcgt gatctegetoctggaagaty

hCOX2 tgatgattgeocgacteocttg tgaaagctgacoctcgeittaky
hPTGERT tteggoctocaccttcting cgcagtaggatgtacacccaag
hPTGERZ gacggaccaccteatictoe tccgacaacagaggactgaac
hPTGERZ tctocgetectgataatgaty atctttccaaatggtegote
hPTGER4 ttactcattgecacctooct agtcaaaggacatctictgoca

2.5, LOESI-MSMS for Analysis of Prostaglandins
2.5.1. Sample Preparation

After stimulation or inhibition experiments, supematants were removed and stored at =80 7C.
Cells were washed twice with cold phosphate buffered saline (PBS), PBS was completely aspirated
from wells, and the 12-well plates were immediately stored at =80 *C untl further processing. Before
analysis, cells were scraped from plate and suspended in 500 ul. water. A 50 pL aliquot was taken for
total protein measurement following the Lowry protocol.

The cell suspensions were spiked with an internal standard consisting of 14,15-Epoxyeicosatrienoic
acid-dS, 14 15-Dihydroxyeicosatriencic  acd-d11, 15-Hydroxyeicosatetraenoic acid-dS,
20-Hydroxyeicosatetraenoic acid-dé, Leukotriene By-d4, PGEz-d4 1 ng each (Cayman Chemical, Ann
Arbor, MI, USA). In addition, 500 L. methanol and 5 pl 2 6-di-tert-butyl-4-methylphenol (BHT,
10 mg/mL) were added and shaken vigorously.

The total prostaglandins were released using phospholipase A2 from honey bee Apis Mellifera
(Sigma-Aldrich, Taufkirchen, Germany) as described previously [46]. After pH adjustment to 6, acetic
acid samples were extracted by solid phase extraction (SPE) using Bond Elute Certify 11 columns
(Agilent Technologies, Santa Clara, CA, USA), which were preconditioned with 3 mL methanol,
followed by 3 mL of 0.1 mol/L phosphate buffer containing 5% methanol (pH 6). SPE-columns were
then washed with 3 mL methanol/HO (40/50, ofv). For elution, 2 mL of n-hexanecethyl acetate 25:75
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with 1% acetic acid was used. The extraction was performed with an SPE Vacuum Manifold. The eluate
was evaporated on a heating block at 40 °C under a stream of nitrogen to obtain a solid residue which
was dissolved in 100 pl. methanolfwater 60:40 and transferred in an HPLC autosampler vial (HPLC,
high performance liquid chromatography).

Experiments for analysis of prostaglandins in hIPC consisted of n = 3-6 replicates per experimental
group and. Experiments were performed once or in triplicate (on different cell passages and on different
days) as indicated.

Rat glomeruli obtained by differential sieving of one kidney as described below were divided into
3 parks and stored at =80 °C until further analysis. One aliquot with approximately 1/3 total kidney
was prepared as described for cells, but without application of phospholipase AZ.

For rat plasma, 200 pL plasma were spiked with internal standard and BHT. In addition, 20 ul.
glycernl and 500 pL acetonitrile was added and shaken vigorously. pH was adjusted at 6 with 2 mL
phosphate buffer (0.1 mol/L). The samples were centrifuged and the clear supernatant was extracted
using SPE as described above.

Experiments for analysis of prostaglandins in rat glomeruli or plasma consisted of n = 810
glomerular isolated or plasma samples of n = 8-10 different animals per rat strain.

252. LC/ESI-MS/MS

The residues were analysed using an Agilent 1290 HPLC system with binary pump, multisampler
and column thermostat with a Zorbax Eclipse plus C-18, 2.1 » 150 mm, 1.8 pm column using a solvent
system of aqueous acetic acid (0.05%) and acetonitrile. The elution gradient was started with 5%
organic phase, which was increased within 0.5 min to 32%, 16 min to 36.5%, 20 min to 38%, 28 min to
8% and held there for 5 min. The flow rate was set at 0.3 mLfmin, the injection volume was 20 pl.
The HPLC was coupled with an Agilent 6495 Triplequad mass spectrometer (Agilent Technologies,
Santa Clara, CA, USA) with electrospray ionisation source. The source parameters were Drying gas:
115 °Cf16 Limin, Sheath gas: 390 “C/12 Ljmin, Capillary voliage: 4300 V, Nozzle voltage: 1950 V,
and Nebulizer pressure: 35 psi.

Analysis was performed with Multiple Reaction Monitoring in negative mode. For details,
see Table 51. Unless stated otherwise, all solvents and chemicals were purchased from VWER
International GmbH, Darmstadt, Germany.

2o, FF55

For FF55, 1 % 10° -6 x 10° cells where seeded on collagen IV coated Culture Slips® (cat. no. CSC/IV,
Dunn Labortechnik GmbH, Asbach, Germany), which are glass slides coated with collagen type IV and
rimmed with a 1.0 mm wide polytetrafluoroethylene border to limit cell culture growth to the portion
of the slip exposed to fluid flow. FFS5 experiments were performed as previously described with
slight modifications [23]. The Streamer™ Shear Stress Device {cat. no. STR-400, Dunn Labortechnik
GmbH, Asbach, Germany) was installed in a 38 *C incubator with 5% CO5; and prepared as follows:
400 mL of PBES followed by EPMI-1640 medium were pumped through the device for approximately
10 min each. Prior to each change of content, flow direchon was reversed to empty the tubes from the
previous liquid. After washing, medium was replaced by 400 mL of new medium. The system was
checked for leaks and air bubbles were eliminated. After preparation of the streamer, flow direction
was again reversed until the streamer was half-filled by medium. Tubes were released from the pump,
the systemn was taken out of the incubator, Culture Slips® with hPC were inserted in the Streamer®,
and the system was placed back into the incubator. All 6 slots of the Streamer™ were filled to allow
consistent flow. Based on previous research, we applied FFS5 at 2 |:13,rrL&*.ti,"rl:rn2 for 2 h [23]. At the end of
each experiment, flow rate was reversed and cells were released from the device. Control cells were
put in the same incubator with the same medium but were not exposed to FFS5.
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2.7. Animals

The MWF rat served as a model for CKD with albuminuria, while the spontaneously hypertensive
rat (SHE) served as a control strain. SHR rats develop hypertension early in life but are resistant to
albuminuria development as reviewed in [47].

Male rats at 8 weeks of age were deployed from our MWEREDb (RRID:RGD 724569,
laboratory code Ekb https:;/www nationalacademies orgfilar/lab-code-database) and SHR/Rkb
(RRID-RGD_6316%6, laboratory code Ekb https:/fwww.nationalacademies.org/ilar/lab-code-database)
colomies at Charité—Universititsmedizin Berlin, Germany. Eats were kept under standard conditions
as described previously [44]. All experimental work in rat models was performed in accordance
with the guidelines of the Charité—Universititsmedizin Berlin and the local authority for animal

protection (Landesamt fiir Gesundheit und Sociales, Berlin, Germany) for the use of laboratory animals.

The registration numbers for the rat experiments are G 130/16 (approved 2 August 20016) and T
018902 (approved 31 August 2018). Anesthesia was achieved by ketamine-xylazine (87 and 13 mg/kg
body weight, respectively). Kidneys were obtained, decapsulated, and sieved using a 125 pm steel
sieve (Retsch GmbH, Haan, Germany) rinsed by PBS. The filtrate was then placed on a 71 pm steel
steve (Retsch GmbH, Haan, Germany) and washed with PBS. Glomeruli were kept on the sieve and
were separated from the flow-through. Glomeruli were rinsed off the sieve with PBS, centrifuged,
snap-frozen, and stored at =80 *C until further processing. Plasma was obtained by retrobulbary
punction or punction of vena cava and collected in ethylenediaminetetraacetic acid (EDTA)-containing
vials, centrifuged at 2 min at 4 °C, and stored subsequently at =80 °C.

2.8 Stakistics

Statistical analysis was conducted using GraphPad Prism 8.4.0 (GraphPad Software, San Diego,
CA, USA). Normal distribution was tested with the Shapiro-Wilk test. Normally distributed data
were compared either by unpaired, two-tailed Student’s f-test or one-way ANOWVA with Tukey’s or
Dunnetts multiple comparisons test as indicated. Multiple comparisons tests after one-way ANOWVA
were used to compare every mean to every other mean (Tukey” follow up test) or to a control mean
(Cunnett’s follow up test). Results not normally distributed were analysed by Mann-Whitney test or
Kruskal-Wallis test with Dunn’s multiple comparisons test as indicated. Significance level was set at
p = 0.05. Statistical details for specific experiment can be found within figures and figure legends.

3. Results

3.1. PGE; Leads to EP2- and EP4- Dependent Increased cAMP Levels in Differentiated hPC

Stimulation of hI'C with 100 nM PGE, led to an immediate ime-dependent increase in intracellular
cAMP levels detected after 1 min onward and retained at least until 40 min of PGE: stimulation
(Figure 1). As intracellular cAMP levels remained comparably high until 20 min of PGE; stimulation,
this incubation time was chosen for subsequent cAMF measurements.

Analysis of EP expression on hPC revealed the presence of PFTGERT, FTGERZ, and PTGERS mEMNA
in differentiated hPC (Figure 53), which encode for EP1, EP2, and EP4, respectively. As only EP2
and EP4 are reported to mediate an increase in intracellular cAMP (reviewed in [15-17]), we next
investigated the effect of pharmacological inhibition of EP2 and EP4 signaling on PGEz-stimulated
intracellular cAMP levels in hPC. Therefore, either the selective antagonist of EP2 (PF-04418948, 1 ph)
or EP4 (ONO-AE3-208, 1 pM) were co-<incubated with 100 nM PGE; individually and in combination
(Figure 2). Upon PGE; simulation, antagonism of either EP2 {-92.5%) or EP4 (-63.7%) alone resulted
in a marked albeit only partial decrease of intracellular cAMP levels compared to stimulated hPC
without antagonists. In contrast, the PGE; stimulated intracellular cAMP increase was completely
abrogated by combined EP2 and EP4 antagonism (Figure 2), suggesting that, in hPC, both EP2 and EF4
may mediate PGE;-dependent signaling.
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Figure 1. Intracellular cAMF levels in hPC are increased by PGE; stimulation (100 nM, pink triangles)
in a time-dependent manner. For several controls (blue circles), cAMP levels fell below the lowest
concentration of the recommended standard curve (0.78 pmol/mL) and were therefore set to zero. Each

data point represents the mean + S0 of one experiment with # = 3—4 samples per ime-point.
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Figure 2. Intracellular cAMP is increased by PGE; stimulation via EP2 and EP4 in hPC. Representative
cAMP levels following PGE; stimulation for 20 min without concomitant EP2 or EP4 antagonist
{100 nM, pink triangles) compared to controls without PGE; (pink circles), after co-incubation with
either EP2 antagonist (PF-04418948, 1 uM, orange triangles) or EP4 antagonist (ONO-AE3-208, 1 uM,
blue triangles) compared to controls without PGEs (orange circles for EP2 antagonist, blue circles
for EF4 antagonist), and co-incubation of PGE; with both antagonists simultaneously (1 uM each,
black triangles) compared to controls without PGEs (black circles). Each data point represents a single
sample and plotted as mean + SD (horizontal lines) per treatment group consisting of n = 6 samples.
For several controls, cAMP levels fell below the lowest concentration of the recommended standard
curve (.78 prnol'ml) and were therefore set to zero. Experiments were done in duplicate on different
cell passages and on different dates, each consisting of n = 3-6 replicates per treatment, except for the
separate EP4 inhibition, which was only performed once. Statistics: *, p = 0.01; §, p < 0.05; n.s., not
significant, assessed by a Mann-Whitney test. + denotes addition of the respective EF antagonists.
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3.2, PGE; Induces COX2Z Gene Expression via EP2 and EP4 Signaling in Differentinted hPC

Stimulation of hPC with PGE; for 2 h revealed a dose-dependent upregulation of COX2 mRENA
expression (Figure 3a). In order to elucidate the role of EP2 and EP4 in PGE;-mediated COX2
upregulation, either the selective EP2 antagonist PF-04418948 (1 uM) or the selective EP4 antagonst

OMNO-AE3-208 (1 pM) were co-incubated with 100 nM PGE; individually or in combination (Figure 3b).

Upon PGE, stimulation, antagonism of either EF2 or EP4 alone resulted in an increase in COX2 mEMNA
although lower compared to PGE;-stimulated hPC without antagonists (Figure 3b). Combined EP2
and EP4 antagonism completely inhibited PGEz-mediated COX2 upregulation (Figure 3b), suggesting
that PGE3: signals via both EP2 and EP4 to regulate COX2 levels in a positive feedback loop.
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Figure 3. COX2 gene expression is increased by PGE: via EF2 and EP4in hPC. gPCR results are presented
as relative mRMNA expression level normalized to GAPDH and referred to control group. (a) COX2 levels
following PGEs stimulation (pink triangles) for 2 h were upregulated in a dose-dependent manner
compared to untreated control (blue circles). Each data point represents the mean of an independent
experiment (performed at least in duplicate on different cell passages and on different dates, each
consisting of n = 3-8 replicates per treatment) and plotted as combined mean + S (horizontal
lines). 5D was not plotted when only two independent experiments were performed. Statistics:
* p = 00, assessed by one-way AMOVA with Dunnett's follow-up test; (b) COX2 levels following
PGE; stimulation for 2 h without concomitant EP2 or EP4 antagonist (100 nM, pink triangles) conpared
tor controls without PGEs (pink circles), after co-incubation with either EP2 antagonist (PF-04418948,
1 uM, orange triangles) or EP4 antagonist (ONO-AE3-208, 1 uM, blue triangles) compared to controls
without PGE; (orange circles for EP2 antagonist, blue circles for EP4 antagonist), and co-incubation
of PGE; with both antagonists simultaneously {1 pM each, black triangles) compared to controls
without PGEs (black circles) obtained in three independent experiments. Each data point represents the
mean of an independent experiment (performed at least in triplicate on different cell passages and on
different dates, each consisting of n = 36 replicates per treatment) and plotted as combined mean + S
(horizontal lines). + indicates addition of the respective EF antagonists. Statistics: *, p < 0.01; n.s., not
significant, assessed by two-tailed Student’s f-test.

3.3, PGE; Reduces PTGER2 and PTGER4 Gene Expression Which Is Not Modified by EP2 or EP4 Antagonists
in Differentiated hPC

Stimulation of hPC with rising concentrations of PGE; for 2 h revealed inconsistent changes of
PTGER? mENA expression: 10 nM and 1 uM did not significantly change PTGER? expression, whereas
PGEz 100 nM slightly reduced PTGER? expression (Figure 4a). The weak downregulation by PTGER2
of 100 nh PGE; was not abrogated by co-incubation with the selective EP4 antagonist ONO-AE3-208
(1 uM) (Figure 4b).
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Figure 4. PTGER? and PTGER4 gene expression in hPC after PGE; stimulation and following

co-incubation with EF antagonists. qPCE results are presented as relative mRNA expression level

normalized to GAPDH and referred to control group. (a) PTGERZ levels following PGE; stimulation

with 10 n, 100 nM, and 1 uM (pink triangles) for 2 h compared to untreated control (blue circles).
Each data point represents the mean of an independent experiment (performed at least in duplicate on

different cell passages and on different dates, each consisting of n = 3-8 replicates per treatment) and

plotted as combined mean + 50 (horizontal lines). 5D was not plotted when only bwo independent
experiments were performed. Statistics: §, p < (L05, assessed by one-way ANOVA with Dunnett’s
follow-up test; (b) PTGERZ? levels following PGE: stimulation for 2 h without concomitant EP4
antagonist (100 nM, pink triangles) compared to controls without PGEs (pink circles), and after
co-incubation with EP4 antagonist (ONO-AE3-208, 1 uM, blue triangles) compared to controls without
PCEs (blue circles) obtained in three independent experiments. Each data point represents the mean of
an independent experiment (performed in triplicate on different cell passages and on different dates,
each consisting of n = 3-6 replicates per treatment) and plotted as combined mean + SO (horizontal
lines). + denotes addition of ONO-AE3-208. Matistics: n.s., not significant, assessed by a Mann-Whitney
test; () FTGER4 levels following PGE3 stimulation with 10 nM, 100 nM, and 1 uM (pink triangles) for 2
h compared to untreated control (blue circles). Each data point represents the mean of an independent
experiment (performed at least in duplicate on different cell passages and on different dates, each
consisting of # = 3-8 replicates per treatment) and plotted as combined mean + 5D (horizontal lines).
5D was not plotted when only two independent experiments were performed. Statistics: §, p < (0L05,
assessed by a Kruskal-Wallis test with Dunn’s multiple comparisons test; (d) FTGER4 levels following
PGE; stimulation for 2 h without concomitant EP2 antagonist | 100 nh, pink triangles) compared to
controls without PGE; (pink circles), after co-incubation with EP2 antagonist (FF-04418948, 1 uM,
orange triangles) compared to controls without PGEs (orange arcles) obtained in three independent
experiments. Each data point represents the mean of an independent experiment {performed in
triplicate on different cell passages and on different dates, each consisting of n = 5-6 replicates per
treatment) and plotted as combined mean + S0 (horizontal lines). + denotes addition of PF-04418948.
Statistics: §, p < 0.05; ns., ot .-'..i,gniﬁ.:anr, assessed by a two-tailed Student’s f-test.
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Stimulation of hPC with PGE; for 2 h revealed a dose-dependent reduction of PTGERS mENA
expression (Figure 4c). In order to elucidate the mole of EP2 in PGEz-mediated FTGER4 downregulation,
the selective EF2 antagonist PF-04418948 (1 pM) was co-incubated with 100 nM PGE; (Figure 4d).
The PGEz-induced decrease in PTGER4 mEMA was not abolished by co-incubation with the EP2
antagonist (Figure 4d).

3.4, Cellular PGE; and Metabolite Profile in hPC after PGE; Stimulation: Effects of EF2 and EP4 Blockade

To investigate whether PGE; stimulation and subsequent COX2 induction lead to changes in
cellular levels of PGE; and its downstream metabolites 15-keto-PPGE; and 13,14-dihydro-15-keto-PGE;
(Figure 5a), h"C were analyzed by LOESI-MSMS. After stimulation with PGEz, the cellular
PGEz-content was elevated (Figure 5b), while 15-keto-PGE; and 13,14-dihydro-15-keto-PGE; remained
at control levels. Pharmacological inhibition of EP2 and EP4 reduced cellular PGE; significantly
(Figure 5¢). Our findings point towards an autocrine PGEz-EPZ/EP4-COX2 signaling axis in hPPC.
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Figure 5. PGE; and its metabolites were measured by LO/ESI-MS/MS in hPC. (a) structure of PGEs and
its metabolites; (b) levels of cellular PFGEs (pink), 15-keto-FGEs (green), and 13, 14-dihydro-15-keto-PGE:
(blue) were measured after PGEz stimulation for 2 h (100 nM, triangles) and in untreated controls
{circles). PGE; levels were increased in PGEz-stimulated cells (pink triangles) vs. controls {pink circles).
Each datapoint represents the mean of an independent experiment (performed in triplicate on different
cell passages and on different dates, each consisting of # = 3-6 replicates per treatment) and plotted
as combined mean + 50 (horizontal lines). Statistics: ®, p < (.01, assessed by a two-tailed Student’s
-test in each experiment; (¢} elevated cellular PGE; levels caused by PGE> stimulation (pink triangles)
were abrogated by simultaneous co-incubation with combined EF2 and EP4 antagonism (PF-(M418948
and OMNO-AE3-208, respectively, 1 pM each). + indicates addition of combined EF antagonists. Each
datapoint represents a single sample and plotted as mean + 5D (horizontal lines) per treatment group
consisting of ® = 6 replicates obtained in a single experiment. Statistics: *, p = (.01, assessed by a
two-tailed Student’s f-test.



115

Cells 2020, 9, 1256 1 of19

3.5, Glonierilar PGE; and Metabolite Profile in Gloserali and Plasmia in the CKD MWF Moded

Analysis of PGEr and its subsequent metabolites 15-keto-PGE; and 13,14-dihydro-15-keto-PGE2
in glomeruli and plasma of MWF and SHR at eight weeks of age revealed an increase of
glomerular PGE; and 15-keto-PGE; levels in MWT compared to SHE. No difference was observed for
13,14-dihydro-15-keto-PGE; (Figure fa). In plasma, levels of PGE; and 13,14-dihydro-15-keto-PGEx
did not differ between MWT and SHE (Figure 6b). The metabolite 15-keto-FGE, in plasma was below
level of detection (data not shown).
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Figure 6. Levels of PGEs (pink), 15-keto-PGE; (green) and 13,14-dihydro-15-keto-PGE; (blue) were
measured in glomeruli of MWF (triangles) and SHE (circles) at 8 weeks of age. (a) glomerular PGE3
and 15-keto-PGE3 levels were increased in MWF (pink and green triangles, respectively) compared
ta SHR (pink and green dircles, respectively), whereas glomerular 13,14-dihydro-15-keto-PGE; (blue
circles and triangles) did not differ between both strains. Each data point represents a single animal
and plotted as mean + S0 (horizontal lines) per rat strain consisting of n = 9-10 animals each. Statistics:
*, p = 0.01; ns., not significant assessed by a two-tailed Student’s -test; (b) levels of PGE: (pink) and
13, 14-dihydro-15-keto-PGEs (blue) in plasma did not differ between MWF (triangles) and SHE (circles).
Each data point represents a single animal and plotted as mean + S0 (horizontal lines) per rat strain
consisting of n = 8-9 animals, each. Statistics: r.5., not significant assessed by the Mann-Whitney test.

3.6. FF55 Increnses COX2 and PTGER2 Gene Expression in hPC

FF55 was previously shown to elevate intracellular PGE; levels and Cox2 in murine
podocytes [10,23]. We therefore investigated COX2 mRENA expression after FFSS in hPC. FF55 led to
increased COX2 mRNA expression in hPC as shown in Figure 7.
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Figure 7. FFS5 upregulated COX2 gene expression in hPC (pink squares). qP'CR results are presented
as relative mENA expression level normalized to GAPDH and referred to control group (blue circles).
COX2 upregulation was quantified after 2 h of FFSS with 2 dynes/cm?. Statistics: 3, p < 0,05, assessed
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by a two-tailed Student’s t-test. Each datapoint represents the mean of an independent experiment
(performed in duplicate on different cell passages and on different dates, each consisting of n = 5-6
replicates per treatment) and plotted as combined mean (horizontal lines].

Furthermore, EPZ protein was reported to be upregulated upon FFS5S in murine podocytes [10].
In hPC, FF55 slightly upregulated PTGER? (Figure Sa), whereas PTGER4 expression did not change
compared to control (Figure 5b).
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Figure 8. PTGER? and PTGER4 gene expression in hPC subjected to FFSS (pink squares). qPCR results
are presented as relative mENA expression level normalized to GAPDH and referred to control group
(blue circles). mENA expression of PTGER? (a) and FTGER# (b) was quantified after 2 h of FFS5 with
2 d}n‘l.e-s."cmz_ Statistics: 5, pr = (105, assessed by a two-tailed Student’s t-test. Each datapoint represents
a single sample and plotted as mean + S0 (horizontal lines) per treatment group consisting of n = 4-5
replicates obtained in a single experiment.

4. Discussion

Recent studies in murine models of hyperfiltration support a pathophysiological role of
autocring/paracrine COX2/PGE;z activation on podocyte damage, thus contributing to disturbances
of the glomerular filtration barrier including the development of albuminuria [10,14,23] (reviewed
in [2,5]). These findings suggest that induction of COX2 associates with podocyte damage, while
selective or non-selective inhibition of COX2 reduces proteinuria in animal models as well as in patients
(reviewed in [48]). So far, the mechanisms involved have not been investigated in detail.

In mouse podocytes, EP1, -2 and -4 expression was reported and EP2 and -4 were also detected
on protein level [14]. In this study, we corroborate these findings in hPC, which also express EP1,
-2 and -4. EP4 is known as a constitutively expressed protein reflected by abundant protein levels
in untreated murine podocytes compared to EP2 [10]. Our results on apparently lower PTGER4
mRNA expression compared to PTGER2 in hPC should be interpreted with caution as they need to
be confirmed on the protein level in future investigations. Shmulabion of hPC with PGE; led to an
immediate intracellular cAMP increase starting at 1 min after PGE; shimulation until at least 40 min
of stimulation (Figure 1). Of note, the detected intracellular cAMP levels are net levels resulting

from cAMP generation by adenylate cyclase and its concomitant degradation by phosphodiesterases.
Phosphodiesterase activity was only blocked at the end of the stimulation experiments by adding HCL

Previous studies in immortalized murine podocytes revealed a similar time-course of cAMP increase
cocurring within the first 30 min after EP2 and/for EP4 stimulation [39,49,50]. In our experimental
setting in hPC, this PGE;-stimulated intracellular cAMP increase was only completely abrogated by
combined EP2 and EP4 antagonism pointing towards a comparable role of both receptors for cAMP
induction in hPC (Figure 2). Multiple intracellular signaling pathways have been described for either
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EF2 and EF4 (reviewed in [51]). PGE; stimulation of EP2 and EP4 activated the transcription factors
T-cell factor (Tef) and lymphocyte enhancer factor (Lef) signaling via FKA- and phosphatidylinositol
J-kinase/proteinkinase B (PISK/Akt)-dependent phosphoryvlation of glycogen synthase kinase 3 (GSK3),
thus promoting translocation of the transcription cofactor f-catenin into the nucleus where interaction
with Tef and Lef modulated gene expression, eg., of COX2 [52,53]. However, participation of EF2 in
PI3K/Akt signaling remains a matter of debate, as some investigators suggest that only EP4 but not EF2
are linked with PI3K/Akt [54]. Mechanotransduction in murine podocytes was previously suggested to
be mediated by Akt-GSK3f-p-catenin, extracellular-signal regulated kinases (ERK)1/2, and p38MAPE,
but not cAMP-PEA signaling upon FFS5 [40]. The lack of cAMP elevation upon FF55 in that study
might be explained, though by the experimental design as intracellular cAMP was measured at the
earliest 2 h after applying FFS5. In contrast, the cAMP-PEA pathway was shown to be involved upon
PGE; stimulation of murine podocytes [40], which better matches our sething of PGE; shmulation
of hPC. Moreover, the cAMP-PEA pathway has been shown in intracellular signaling upon FFSS in
osteocytes [35,56].

We detected upregulation of COX2 by PGE;z in a dose-dependent fashion with both EP2 and EP4
being involved in hPC (Figure 3). PGE; stimulation of EF2 and EP4 was reported to increase cAMP
response element-binding protein (CREB), which was demonstrated to be PKA-dependent for EF2,
whereas EP4-coupled PI3K signaling was suggested to counteract CREB formation [57-60]. Of note,

transcription of COX2 can be modulated by CREB, as CRE is part of the COX2 promotor [61,62].

Therefore, subsequent PKASCRER activation could play a role for the observed increase in COX2
expression following intracellular cAMP level elevation in hPC. To further investigate this aspect,
experiments with PEA-inhibitors, eg., H-89, will be performed as well as analysis of CREB
phosphorylation status, and achvation of the transcription factors Tef and Lef. Functional analysis of
COX2 protein activity might also be helpful. However, previous data in various cell types including
murine podocytes already revealed that COX2 protein is indeed increased after 2 h siimulation with
PGE; [19.58]). Taken together, our results on concerted EP2 and EP4 signaling being involved in
upregulation of intracellular cAMP and COXZ2 levels represent a novel finding. To validate our results
on the role of EP2 and EP4 on the intracellular cAMP increase and upregulation of COX2, effects of hPC

stimulation with an EF2 and/or EP4 agonist without PGE; should be investigated in future experiments.

Accompanied by these findings, PGE; stimulation also increased cellular PGE;, e, PGE,, which is
released from membranes and appears intracellularly (Figure 5b). This effect is abrogated by combined
EF2- and EP4-antagonism (Figure 5c¢). Intracellularly generated PGE; is degraded by 15-prostaglandin
dehydrogenase (HPGD) to 15-keto-PGE;z, which is then terminally inactivated, albeit with different
efficiency, by prostaglandin reductase (PTGE) 1, -2 and -3 to 13 14-dihydro-15-keto-PGE; [63,64]
(reviewed in [65]). Intracellular PGE; was reported to exit the cell by simple diffusion or by an efflux
transport mediated by prostaglandin transporter (PGT), 1.2, solute carrer organic anion transporter
family, member 2A1 (OATP2ZAL), or ATP-binding cassette, subfamily C, member 4 (MEP4) [66-658].

Elevated PGE; levels were previously associated with podocyte damage, sugresting that it
might be a biomarker of progressive CKD [10,69]. LC-MS/MS based methods are beneficial to
precisely study cellular prostaglandin metabolism with a maximum of selectivity and specificity.
However, cell culture experiments are mainly restricted to small sample amounts that might hamper
analysis by LC-MS5MS [26-32]. Here, we present a refined protocol for prostaglandin analysis
in cells by LOESIMS-MS. This might help to further elucidate cellular prostaglandin metabolism
under pathophysiological conditions particularly in vitro but also in viva. The observed increases
in cellular PGE; content upon PGE; stimulation in hPC might be due to several mechanisms. One
possibility is that extracellular PGE; enters the podocyte by simple diffusion or by uptake transport
mediated by OATP2A1, which was previously reported to facilitate bidirectional transport of PGE;
over membranes [66-68]. A second reason could be autocrine/paracrine mechanisms, Le., extracellular
PGE; activates EP2 and EP4 signaling, thus increasing COX2 transcription and translabion. As COX2
delineates the rate-limiting step of PGE; synthesis (reviewed in [70]), its induction leads to higher
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cellular PGE; levels. Our results support the latter option, as combined inhibition of EP2 and EP4
signaling diminished the increase in cellular PGEz levels.

In our corresponding in vive study, we employed the MWF model, which represents a suitable
model with glomerular hyperfiltration and thus FFSS [47]. The MWF model was previously extensively
characterized {reviewed [47]). Thus, the MWF model is a non-diabetic inbred, genetic model with an
inherited nephron deficit of 30-50% depending on the comparator rat strain [71,72]. Consequently, male
MWTF rats are characterized by increased single nephron glomerular filtration rate but with normal mean
glomerular capillary pressure [72,73]. In addition, MWF rats develop mild arterial hypertension and
spontaneous progressive albuminuna [47]. Thus, male MWF rats develop spontaneous albuminuria
at an early age between weeks 4 and 8 after birth and subsequently progressive proteinuria and
glomerulosclerosis [74]. The latter was also demonstrated in the MWF strain from our own colony and
thus in the animals used in the current study [47]. Early onset albuminuria in voung MWF animals
oocurs at six weeks of age and is preceded by glomerular hypertrophy, accompanied by focal and
segmental loss of podoplanin and followed by podocyte foot process effacement at B weeks of age, ie,
at omset of albuminuria [75]. For these reasons, we selected animals at this age for our analysis in the
current study. As a comparator strain, we use the previously characterized spontanecusly hypertensive
rats (SHE) that are resistant to albuminuria development |71,76]. Taken together, we showed the
feasibility of the LO/ESI-MS/MS methodology to characterize the PGE; pathway at the glomerular
tissue level by using the MWF strain. The observed increases in both PGE; and 15-keto-PGE; in isolated
glomeruli of MWF support the activation of this pathway in glomerular hy perfiltration. However,
these results should be viewed against the background that the cellular origin of this finding was
not determined, and thus the contribubion of other cell types, eg., glomerular endothelial cells or
mesangial cells remains unclear. Up to now, direct isolation of podocytes from glomeruli was reported
for transgenic mice [77-80]. In the rat, there seem to be more technical difficulties as transgenic
implementation of fluorescent dyes was not yet accomplished. Antibody staining for podocyte markers
and subsequent analysis by FACS 1s possible [51], but whether isolated primary rat podocytes can be
subjected to transcriptomic, proteomic, or lipidomic analysis remains to be investigated. Urinary PGE,
was suggested as a biomarker for adaptive hyperfiltration in human solitary kidney [69]. The analysis
of the urinary PGEz and metabolite profile in our CKD MWF model is currently not established due to
experimental challenges to establish robust LS/ESI-MS/MS analysis in rat urine. In contrast, the profile
in plasma did not differ significantly between MWF and SHR (Figure ob). In plasma, dilution of
prostaglandins might be a major problem as 15-keto-PGE; levels were below the limit of detecton.
Therefore, plasma levels provide rather a rough estimate, while analysis of glomeruli offers a closer
insight into podocyte prostaglandin metabolism.

Besides mimicking hy perfiltration by exogenous supplementation with PGEz, we also applied
FF55% on hIPC. This model aimed to imitate intensified flow of the ultrafiltrate in Bowman's space, thus
causing podocyte injury. Similar to PGE; treatment, FFSS leads to upregulation of COX2 (Figure 7).
Or data corroborate the work by Srivastava and coworkers, who suggested Akt/GSE3p-fcatenin and
the MAPK pathway to be involved in mechanotransduction on mouse pedocytes [10,40]. We thus aim
to investigate these signaling pathways in hPC upon FFS5 in our future work, We corroborate recent
findings that EF2 1s upregulated by FF55 while EP4 expression is not changed [10] (Figure 5).

5. Conclusions

An autocring/paracrine pathway between COX2 and PGE, exists also in hPC and is mediated by
both EP2 and EP4. Distinct analysis of cellular PGE; and its metabolites was enabled by a modified
protocol using LS/ESI-MS/MS. Elevated PGE; and 15-keto-PGE;z levels were detected in glomeruli of
MWF, a model for CKD, thereby strengthening the hypothesis that glomerular PGE; accurmulation
1% associated with albuminuria due to podocyte damage. Understanding prostaglandin signaling in
hPC may contribute to identifying novel target pathways to protect against maladaptive responses to
hyperfiltration in podocytes.
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Supplementary Materials: The following are available online at http:fwwwomdpi.comy2073-44099%5/1256/51,
Figure 51: Differentiation of hPC was confirmed by immunofluorescence of synaptopodin, podocin, and nephrin,
Figure 52: Characterization of differentiated and undifferentiated hPC. Figure 53: Expression of EP receptors in
hPC, Figure 54: ET2 antagonist does not inhibit PGE; mediated COX2 upregulation when applied with the same
concentration as PGEs. Table 1: Multiple Reaction Monitoring in negative mode for LC/ESI-MS/MS
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