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b Charité-Universitätsmedizin Berlin, Corporate member of Freie Universität Berlin, Humboldt-Universität zu Berlin, and Berlin Institute of Health, Institute of Clinical 
Pharmacology and Toxicology, Berlin, Germany 
c Max Delbrück Center for Molecular Medicine in the Helmholtz Association, Advanced Light Microscopy, Buch, Berlin, Germany 
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A B S T R A C T   

Aims: Prostaglandins are important signaling lipids with prostaglandin E2 (PGE2) known to be the most abundant 
prostaglandin across tissues. In kidney, PGE2 plays an important role in the regulation of kidney homeostasis 
through its EP receptor signaling. Catabolism of PGE2 yields the metabolic products that are widely considered 
biologically inactive. Although recent in vitro evidence suggested the ability of 15-keto-PGE2 (a downstream 
metabolite of PGE2) to activate EP receptors, the question whether 15-keto-PGE2 exhibits physiological roles 
remains unresolved. 
Materials and methods: Pharmacological treatment was performed in transgenic zebrafish embryos using 500 μM 
15-keto-PGE2 and 20 μM EP receptors antagonists' solutions during zebrafish embryonic development. After the 
exposure period, the embryos were fixed for confocal microscopy imaging and glomerular morphology analysis. 
Key findings: Here, we show that 15-keto-PGE2 can bind and stabilize EP2 and EP4 receptors on the plasma 
membrane in the yeast model. Using lipidomic analysis, we demonstrate both PGE2 and 15-keto-PGE2 are present 
at considerable levels in zebrafish embryos. Our high-resolution image analysis reveals the exogenous treatment 
with 15-keto-PGE2 perturbs glomerular vascularization during zebrafish development. Specifically, we show that 
the increased levels of 15-keto-PGE2 cause intercalation defects between podocytes and endothelial cells of 
glomerular capillaries effectively reducing the surface area of glomerular filtration barrier. Importantly, 15-keto- 
PGE2-dependent defects can be fully reversed by combined blockade of the EP2 and EP4 receptors. 
Significance: Altogether, our results reveal 15-keto-PGE2 to be a biologically active metabolite that modulates the 
EP receptor signaling in vivo, thus playing a potential role in kidney biology.   

1. Introduction 

The human kidney consists of about a million of nephrons that 
comprise the basic structural and functional unit of the kidney [1–3]. 
Each nephron contains a glomerulus, the main blood filtration appa-
ratus, a system of proximal and distal tubules, the loop of Henle, as well 
as the collecting duct, which are responsible for the nutrients, water and 
ions reabsorption, the maintenance of the normal fluid flow, and the 

concentration and excretion of the urine [1,3,4]. The glomerulus con-
tains various specialized cells responsible for forming the capillaries 
network and the glomerular filtration barrier (GFB), the principal blood 
filtration system. The GFB consists of podocytes, the glomerular base-
ment membrane (GBM) and the fenestrated endothelium [5,6]. In 
physiological conditions the GFB demonstrates relative impermeability 
to proteins with molecular weight above 70 kDa and other macromol-
ecules, therefore prevents the excretion of blood cells and large proteins 
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into the urine [7]. Upon damage of the GFB, its permeability to the 
molecules of increasing size is affected resulting in the presence of 
molecules like albumin or larger in the urine, a pathological condition 
known as albuminuria [7,8]. 

Despite the distinct differences between fish and mammals in the 
formation and/or function of kidney arising most notably from the 
diverse living environment i.e. terrestrial versus aquatic, the human 
nephron shares a similar segmentation pattern with the zebrafish em-
bryonic kidney (pronephros) [9] thus rendering the latter as an impor-
tant model for studying kidney development and physiology as well as 
various forms of renal diseases [10–13]. The developing zebrafish pro-
nephros consists of two nephrons with bilateral glomeruli, kidney tu-
bules and a collecting duct [11,14]. In zebrafish, the onset of glomerular 
filtration takes place at 48 hours post fertilization (hpf), while the 
glomerular capillarization and the formation of the GFB is completed by 
72 hpf [9,14,15]. 

Prostaglandins (PG) including PGE2, PGF2a and PGD2, are important 
active lipid mediators synthesized from arachidonic acid (AA) with the 
participation of cyclooxygenases 1 and 2 (COX1, COX2) and specialized 
prostaglandin synthases [16,17]. They have been found in almost every 
tissue in humans as well as other vertebrates. Several reports highlight 

their crucial role in both physiological and pathological conditions 
including inflammatory response, cancer, homeostasis regulation, he-
matopoiesis, and kidney physiology [18–25]. Among them, prosta-
glandin E2 (PGE2) is the most abundant prostaglandin in various organs 
including the kidney, where the role of PGE2 has been extensively 
studied in the past years [17,25,26]. PGE2 contributes to the normal 
renal physiology as well as pathogenic mechanisms underlying the 
initiation and progression of chronic kidney disease (CKD) [17,27]. 

PGE2 acts through its four G-protein–coupled prostaglandin re-
ceptors (EP): EP1, EP2, EP3 and EP4 [28,29]. Recently, we showed that 
combined EP2 and EP4 signaling is important for autocrine PGE2 acti-
vation in human podocytes [30]. Thus, these receptors could be 
important targets for the development of therapeutic strategies against 
multiple renal complications ascribed to prostaglandin signaling 
[17,25–27,31]. The catabolism of PGE2 involves two steps [32] 
(Fig. 1a). The first and also rate-limiting step is catalyzed by 15-prosta-
glandin dehydrogenase (15-PGDH) and results in the synthesis of 15- 
keto-PGE2 [32]. The enzyme that catalyzes the second step of the 
complete PGE2 inactivation is prostaglandin reductase (PTGR or Δ13-PG- 
Reductase) and yields 13,14-dihydro-15-keto-PGE2 [32,33]. Until 
recently, these catabolic products, 15-keto-PGE2 and 13,14-dihydro-15- 
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Fig. 1. 15-keto-PGE2 binds EP receptors in vitro. (a) PGE2 degradation pathway highlighting the first synthesized metabolic product, 15-keto-PGE2. (b) Schematic of 
the experimental assay to measure receptor membrane expression using the Nano-Glo® HiBiT Extracellular Detection System. The HiBiT-tagged receptor is syn-
thesized, processed and released from the endoplasmic reticulum (ER) and transported by secretory vesicles to the cell membrane. Yeast expressing HiBiT-tagged 
hEP2 or HibiT-tagged hEP4 receptors on the membrane were stimulated with either 100 nM PGE2, 1 μM 15-keto-PGE2 or equal volume of medium for non- 
stimulated controls for 20 min to allow ligand binding. Adding of Nano-Glo® HiBiT Extracellular Reagent (containing Buffer, substrate and LgBiT protein) gener-
ated luminescence by structural complementation of LgBiT proteins with extra-cellular displayed HiBiT-tags, and thus allowing quantification of the number of 
receptors in the membrane; N represents cell nucleus. Quantification graphs of the (c) HiBiT-tagged hEP2 and (d) HiBiT-tagged hEP4 receptors cell membrane 
expression after 20 min stimulation with PGE2 (dark grey) and 15-keto-PGE2 (light grey). Wilcoxon test and Mann-Whitney tests were performed. Values are plotted 
as mean ± SD; P < 0.05 considered significant. 
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keto-PGE2, were widely considered as biologically inactive [32,34]. 
Latest in vitro studies have, however, suggested that 15-keto-PGE2 can 
activate the production of cAMP via EP receptors [35], and may act as a 
partial agonist of EP2, taking over the signaling roles of PGE2 [36]. In 
addition, new evidence indicates 15-keto-PGE2 is able to stimulate 
peroxisome proliferator-activated receptor gamma (PPAR-γ) in various 
models [37–39]. Importantly, the physiological importance of the PGE2 
metabolites, and specifically, 15-keto-PGE2, in the kidney biology and 
its potential to activate EP receptors in vivo remains unresolved. 

Here, we use the yeast model expressing human EP2 (hEP2) and EP4 
(hEP4) receptors and the developing zebrafish kidney to examine the 
signaling potential of 15-keto-PGE2. We investigate whether 15-keto- 
PGE2 is capable of stimulating the EP receptors in vivo and further 
elucidate the potential role of prostaglandin catabolic pathway in kidney 
biology with the focus on GFB formation and function. 

2. Results 

2.1. 15-keto-PGE2 binds EP2 and EP4 receptors in vitro 

Although recent in vitro studies demonstrated 15-keto-PGE2, the 
metabolic product synthesized during the PGE2 inactivation (Fig. 1a), is 
able to stimulate G-protein-coupled EP receptors [35,36], its prospective 
signaling role is not fully resolved. To better understand the interaction 
between 15-keto-PGE2 and the EP receptors, we used the Nano-Glo® 
HiBiT extracellular detection system (see Material and methods for de-
tails) applied in the yeast model, in which the single GPCR of the yeast 
(MMY28 strain) [40] was replaced upon transformation to express 
individually HiBiT-tagged human EP2 (hEP2) and EP4 (hEP4) receptors 
(Fig. 1b). This system allowed us to quantify the relative membrane 
expression of hEP2 and hEP4 receptors before and after prostaglandin 

Fig. 2. Prostaglandin lipidomic profiles of developing zebrafish embryos. (a-h) Lipidomic analysis of whole zebrafish embryos at two different developmental stages 
(48 hpf and 120 hpf) showing the levels of the main prostaglandins and their metabolites: (a) PGE2 (P = 0.0002), (b) 15-keto-PGE2 (P = 0.0018), (c) 13,14-dihydro- 
15-keto-PGE2 (P = 0.0008), (d) PGF2a (P = 0.0001), (e) 15-keto-PGF2a (P = 0.0025), (f) 13,14-dihydro-15-keto-PGF2a (P = 0.0028), (g) PGD2 (P = 0.5006) and (h) 
13,14-dihydro-15-keto-PGD2 (P = 0.0175). For 48 hpf: N = 11, n = 275 (less points in some of the graphs indicate missing values due to non-detectable levels). For 
120 hpf: N = 6, n = 150. For all graphs, two-tailed unpaired t-test with Welch’s correction was performed. Values are plotted as mean ± SD; P < 0.05 consid-
ered significant. 
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ligand stimulation (Fig. 1b). We incubated the transformed yeast cells 
with 100 nM PGE2 or 1 μM 15-keto-PGE2 for 20 min (Fig. 1c, d). For both 
hEP2 and hEP4, receptor count on the membrane was significantly 
increased after the stimulation with PGE2 as well as with 15-keto-PGE2 
as compared to non-stimulated (absence of ligand) control condition 
(Fig. 1c, d). These observations suggest that apart from the well- 
established role of PGE2 in activation of both EP2 and EP4 receptors 
[28,30,41–44], 15-keto-PGE2 has also a potential of binding both EP2 
and EP4 receptors and is able to stabilize their membrane localization. 

In summary, our in vitro experiments indicate 15-keto-PGE2 is able to 
bind both EP2 and EP4 receptors in agreement with other data [36]. 
Although 15-keto-PGE2 has been shown to activate the production of 
cAMP via EP receptors [35], its downstream steps of receptor activation 
and signaling require further biochemical investigations. Whether 15- 
keto-PGE2 has the bioactive potential to modulate the EP signaling in 
vivo needs to be elucidated. 

2.2. PGE2 is the most abundant prostaglandin during zebrafish embryonic 
development 

To investigate the physiological role of 15-keto-PGE2 in vivo, we used 
the zebrafish model having several advantageous attributes when it 
comes to testing the biological effects of small molecules and metabo-
lites. First, we set out to determine what were the levels of 15-keto-PGE2 
in developing zebrafish embryos using the whole embryo lipidomic 
analysis. It is important to note that throughout the first developmental 
stages, i.e. until around 120 hpf, zebrafish embryo's nutrition depends on 
the yolk content [45]. Due to this dependency, metabolites and nutrients 
are not affected by exogenous factors like food intake, rendering the 
whole embryo lipidomic analysis reliable and fairly accurate [46]. 

We used the non-targeted metabolomic method based on liquid 
chromatography electrospray ionization tandem mass spectrometry 
(LC/ESI-MS/MS) to analyze the total prostaglandin metabolic pathway 
in the zebrafish embryos at two time points: 48 and 120 hpf, prior to and 
after the GFB formation, respectively (Fig. 2a-h). We determined the 
presence of all main prostaglandins, namely PGE2, PGF2a and PGD2 as 
well as their catabolic products in the wild-type zebrafish whole embryo 
extracts (Fig. 2a-h). PGE2 appeared to be the most abundant prosta-
glandin in both developmental stages (Fig. 2a). Markedly, the mean 
levels of PGE2 and PGF2a at 120 hpf (2522.13 ng/g and 1427.59 ng/g, 
respectively) were approximately by one order of magnitude higher 

compared to 48 hpf (209.36 ng/g and 165.98 ng/g, respectively) 
(Fig. 2a, d), while the levels of PGD2 remained constant (Fig. 2g). 
Compared to PGE2, its metabolite 15-keto-PGE2 was also present but at 
approximately 10-fold lower levels than PGE2, with the mean levels of 
16.82 ng/g and 77.37 ng/g at 48 hpf and 120 hpf, respectively (Fig. 2b). 
15-keto-PGE2 showed higher levels compared to 15-keto-PGF2a metab-
olite at 48 hpf, while both metabolites were present at similar levels at 
120 hpf (Fig. 2b, e). The downstream metabolites of 15-keto-PG, i.e. 
13,14-dihydro-15-keto-PG followed similar pattern (Fig. 2c, f, h). 

Our data provide the quantitative analysis of the prostaglandin 
pathway during zebrafish development. We showed PGE2 is the main 
prostaglandin present in the zebrafish embryos consistent with other 
animal models and humans [47–50]. Its metabolite, 15-keto-PGE2 is also 
relatively highly abundant underscoring its potential role in organismal 
physiology. 

2.3. 15-keto-PGE2 exposure results in kidney morphological changes 

Since PGE2 has been reported to regulate the kidney development in 
zebrafish [44,51–53], we opted for investigating the potential biological 
role of 15-keto-PGE2 in the kidney formation in this model. We followed 
a pharmacological approach similar to drug screenings that have pre-
viously established prostaglandin effects in the kidney morphogenesis 
[44]. Embryos were exposed to the DMSO vehicle and 15-keto-PGE2 
(500 μM) prior to the formation of GFB, from 6 hpf to 48 hpf (Fig. 3a). 

We used the transgenic line Tg[wt1b:eGFP], in which the parietal 
epithelium and podocytes of the glomeruli are labeled with GFP fluo-
rescence, to perform phenotypic assessment of the embryo development 
as well as kidney formation by the combination of brightfield and 
fluorescence microscopy (Fig. 3b). Apart from the mild fluid accumu-
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-PGE2 (Fig. 3b). Importantly, cardiac development and 
function including blood circulation did not 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-
nephric tubules angle (Fig. 3b, c). 

The observed defects in the kidney morphogenesis after 15-keto- 
PGE2 exposure suggest, this metabolite may play a potential role in 
kidney biology. Of note, other organs including liver may be affected as 

Fig. 3. Zebrafish pronephros is affected after early 
treatment with 15-keto-PGE2. (a) Experimental 
design of the early pharmacological treatment, 
starting from 6 hpf until 48 hpf. (b) Brightfield and 
fluorescence microscopy images of Tg[wt1b:eGFP] 
embryos at 48 hpf, following pharmacological treat-
ments with DMSO vehicle 0.88 % (upper panel) and 
15-keto-PGE2 500 μM (lower panel). Scale bar: 500 
μm for brightfield images and 200 μm for fluorescent 
images. (c) Phenotypic quantitative analysis of 
zebrafish embryos at 48 hpf. Embryos are categorized 
as “no phenotype” (pronephros morphology remains 
unaffected after DMSO treatment) or “affected pro-
nephros + yolk edema” (kidney phenotype observed 
after exposure to 15-keto-PGE2); N = 3, n = 30 for 
both conditions; 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.   
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well, but were not focus of this study. 

2.4. Development and vascularization of glomerulus in the zebrafish 
embryonic kidney 

To better understand the morphological changes in the glomerulus 
after the 15-keto-PGE2 exposure, we decided to resolve the glomerular 
cytoarchitecture at the subcellular resolution using 3D confocal laser 
scanning microscopy. Glomerular morphology alters to a great extent 
during early kidney development, but its detailed visualization in the 
developing zebrafish is sparse [14,54–58]. We therefore first analyzed 
the critical steps in glomerular formation in Tg[wt1b:EGFP] in more 
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 AlexaFluor555 to mark 
the endothelial cells of glomerular capillaries as previously described 
[59]. We visualized glomeruli development and its vascularization 
throughout five different stages; at 30, 48, 52, 72, 120 hpf. At 30 hpf, in 
nephron primordia stage (the most immature stage of the nephrons) the 
glomeruli appear as an unvascularized group of cells directly abutting 
the dorsal aorta in the midline of the embryo (Fig. 4, 30 hpf). At 48 hpf, 
endothelial cells start invading the space between the bilateral nephron 
primordia, forcing the invagination of the podocytes resulting in the 
formation of the glomerular cleft (Fig. 4, 48 hpf). A few hours later, at 
52 hpf, the progressive invasion of endothelial cells drives the elabo-
rated intercalation of podocytes around the continuously growing 
glomerular capillaries (Fig. 4, 52 hpf). At 72 hpf, the podocytes form 
finger-like projections interwoven with forming capillaries (Fig. 4, 72 
hpf), resembling interlaced fingers of clasped hands. At this stage the 
formation of GFB is complete in zebrafish [14]. Between 72 and 120 hpf, 
the process of the complex infoldings between the endothelial cells and 
podocytes continues (Fig. 4, 120 hpf). Ultimately, the progressive 
infoldings of the GBM driven by cell-cell interactions between endo-
thelial cells and podocytes lead to the complete maturation of the 
glomeruli along with the functional filtration apparatus. 

Our detailed morphological analysis suggests the formation and the 
maturation of the GFB follow distinct steps that depend on the intricate 
cell-cell interaction between podocytes and endothelial cells throughout 
the entire process. 

2.5. 15-keto-PGE2 perturbs the proper GFB formation and maturation in 
zebrafish 

The increased fluid flow shear stress in the glomeruli that arises for 
instance after unilateral nephrectomy [60], may result in elevated levels 
of PGE2 linked to the podocyte damage and potential albuminuria 
[61,62]. Interestingly, the increased levels of PGE2 and 15-keto-PGE2 
were also measured in a well-established Münich Wistar Frömter (MWF) 
rat model of CKD with glomerular hyperfiltration and albuminuria [30], 
but whether 15-keto-PGE2 may contributes to the renal pathological 
phenotype is unresolved. Our results showing that the early treatment 
with 15-keto-PGE2 led to possible alterations in glomerular structure 
(Fig. 3), prompted us to analyze the potential defects in glomerular 
cytoarchitecture using high-resolution confocal microscopy at the sub-
cellular level (Fig. 5). The early treatment with 15-keto-PGE2 caused 
defects in the invasion of endothelial cells as well as podocyte interca-
lation resulting in the absence of the proper glomerular cleft formation 
at 48 hpf (Fig. 5a, b). We were then curious whether any changes in 
glomerular cytoarchitecture could occur after the late treatment with 
15-keto-PGE2 from 72 hpf to 96 hpf, i.e. after the formation of GFB 
(Supplementary Fig. S1a, Fig. 5c, d). First, the late 15-keto-PGE2 treat-
ment resulted in the defects of the body axis, the absence of the swim 
bladder formation, and the expansion of the liver in the embryos at 96 
hpf (Supplementary Fig. S1a, b). In the glomerulus, the late exposure to 
the 15-keto-PGE2 metabolite had a profound impact on its maturation 
causing similar effects as after the early treatment; the podocyte 

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

Could these cellular defects result in the impairment of the GFB 
function? To that end, we used a GFP-tagged albumin surrogate (gc- 
EGFP) expressed in the transgenic line Tg[fabp10a:gc-EGFP] and circu-
lating in the blood plasma [63]. This model has been widely used to 
evaluate the GFB integrity and function 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 vasculature [53,63]. We did not 
observe any significant GFB permeability defects at 96 hpf as the GFP 
signal was comparable between the control and 15-keto-PGE2-treated 
embryos (Supplementary Fig. S1b, c). 

Our results demonstrate that 15-keto-PGE2 can profoundly affect the 
interaction between podocytes and endothelial cells throughout the 
glomeruli formation, at the initial stage of glomerular cleft formation as 
well as during complex infoldings of the GBM, and suggest 15-keto-PGE2 
may have a potential active role in the fine-tuning of the GFB physi-
ology. The fact that late treatment with 15-keto-PGE2 did not affect GFB 
permeability may be due to several aspects including relatively short 
exposure time. 

2.6. Glomerular surface area is significantly decreased after exogenous 
15-keto-PGE2 stimulation 

To better understand how the impaired podocyte intercalation 
around the glomerular capillaries after 15-keto-PGE2 treatment may 
affect GFB, we proceeded with further morphological analysis of the 
glomerulus. Using the Imaris software, we obtained the 3D glomerular 
reconstruction and surface creation by segmentation of the glomeruli 
labeled with GFP in Tg[wt1b:eGFP] transgenics at 96 hpf to quantify the 
glomerular volume and surface area in the DMSO-treated control and 
15-keto-PGE2-treated embryos (Fig. 6a-c). Glomerular volume showed a 
numerical decrease in the 15-keto-PGE2-treated embryos as compared to 
DMSO controls (Fig. 6b). Importantly, the surface area covered by 
podocytes was significantly decreased after exposure to the 15-keto- 
PGE2 metabolite (Fig. 6c). 

The intercalation defects between podocytes and endothelial cells 
after 15-keto-PGE2 exposure led to the reduction of GFB surface area 
that might ultimately affect the GFB function. 

2.7. 15-keto-PGE2-induced defects are mediated through EP2/EP4 
receptors 

We were wondering whether the 15-keto-PGE2 treatment induced 
the observed morphological defects through EP receptor activation. 
Since our in vitro data indicated that 15-keto-PGE2 binds both EP2 and 
EP4 receptors, we deployed EP antagonists, PF-04418948 and ONO- 
AE3-208, blocking EP2 and EP4, respectively. We simultaneously 
treated zebrafish embryos with 15-keto-PGE2 and EP2 and EP4 antag-
onists to test whether blocking the receptors will dampen or block 15- 
keto-PGE2-induced effects (Fig. 6a-c). Remarkably, the simultaneous 
pharmacological blockade of EP2 and EP4 receptors in 15-keto-PGE2- 
treated embryos abolished the podocyte clustering and the complexity 
of the GBM infoldings was restored (Fig. 6a). The quantification of the 
glomerular volume as well as surface area revealed complete restoration 
of the 15-keto-PGE2-induced effects when compared to the vehicle 
controls (Fig. 6b, c). 

In summary, our data provide evidence for 15-keto-PGE2 modulating 
EP2 and EP4 receptors signaling in vivo. 

3. Discussion 

The prostaglandin E2 pathway plays a crucial role in various physi-
ological and pathological conditions 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 distinct 
steps. Zebrafish glomerular developmental stages. Repre-
sentative high-resolution confocal microscopy images 
(single confocal section) of the Tg[wt1b:eGFP] developing 
zebrafish embryonic kidney at different developmental 
stages, 30 hpf (nephron primordia), 48 hpf, 52 hpf, 72 hpf 
and 120 hpf in an order from top to bottom. The podo-
cytes and parietal epithelial cells in the glomeruli in grey 
(left), in green (in merge, right), endothelial cells of 
glomeruli capillaries in magenta (BSA-AlexaFluor555, in 
merge), cells nuclei in blue (DAPI, in merge). At 52 hpf, 
podocyte protrusions (arrowheads) start surrounding the 
capillaries to form the mature GFB. Dorsal aorta (da) and 
glomerular cleft (gc) are observed at the early develop-
mental stages of the glomerulus. Scale bar = 10 μm. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this 
article.)   
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metabolic products of PGE2 degradation, 15-keto-PGE2 and 13,14- 
dihydro-15-keto-PGE2, have been mainly considered biologically inac-
tive [32,34]. Here, we show that 15-keto-PGE2 affects the glomerular 
morphology of the developing zebrafish embryonic kidney through 
EP2/EP4 receptors. To our best knowledge, our study determines pre-
viously unrecognized in vivo effects of 15-keto-PGE2 in kidney biology 
and outlines its possible modulatory effects on EP2/EP4 signaling. 

In recent years, the potential bioactive role of 15-keto-PGE2 has 
attracted increased research focus [37–39,66,67]. The 15-keto-PGE2 

effects have been mainly investigated in the context of the peroxisome 
proliferator-activated receptor gamma (PPAR-γ) signaling [37–39]. 
Through PPAR-γ activation, 15-keto-PGE2 inhibits the production of 
lipopolysaccharide (LPS)-induced inflammatory cytokines in Kupffer 
cells [38], while in a zebrafish model of cryptococcosis, 15-keto-PGE2 
promotes fungal pathogenesis [37]. Another study demonstrated 15- 
keto-PGE2 role in the activation of Nrf2/ARE (nuclear erythroid 2- 
related factor 2/antioxidant response element) pathway in macro-
phages in mice with experimental sepsis [66]. In addition, 15-keto-PGE2 

Fig. 5. 15-keto-PGE2 exposure affects podocyte intercalation process during glomerular vascularization. (a) Representative confocal microscopy images of Tg[wt1b: 
eGFP] zebrafish glomeruli at 48 hpf after DMSO vehicle 0.88 % and 15-keto-PGE2 500 μM treatment; N = 2, n = 5 for both conditions; dotted-line circle indicates 
podocyte consolidation and failure of normal elaboration around the continuously forming glomerular capillaries. (b) Quantification graph showing the percentage of 
imaged glomeruli with affected morphology at 48 hpf after exposure to DMSO (not affected morphology) and 15-keto-PGE2 (4 out of 5 imaged glomeruli showed 
affected morphology). (c) Representative confocal microscopy images of Tg[wt1b:eGFP] zebrafish glomeruli at 96 hpf after DMSO vehicle 0.88 % and 15-keto-PGE2 
500 μM treatment; N = 3, n = 7 for DMSO and N = 3, n = 6 for 15-keto-PGE2; dotted-line circle indicates impaired podocyte intercalation around the formed 
capillaries. (d) Quantification graph showing the percentage of imaged glomeruli with affected morphology at 96 hpf after exposure to DMSO (not affected 
morphology) and 15-keto-PGE2 (5 out of 6 imaged glomeruli showed affected morphology). In all images, grey scale images show the podocytes and parietal 
epithelial cells in the glomeruli; in the merge podocytes and parietal epithelial cells are represented in green (eGFP), endothelial cells of glomeruli capillaries are 
marked in magenta (BSA-AlexaFluor555) and cells nuclei in blue (DAPI); Scale bar = 10 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 6. Combined pharmacological blockade of EP2 and EP4 receptors reverses the effect of 15-keto-PGE2 exposure. (a) Representative images of 2D surface seg-
mentation and 3D glomerular reconstruction performed with Imaris software using the confocal microscopy images of Tg[wt1b:eGFP] zebrafish glomeruli at 96 hpf 
after pharmacological treatment with DMSO vehicle 0.96 % (top) (N = 3, n = 6), 15-keto-PGE2 500 μM (middle) (N = 3, n = 5), and 15-keto-PGE2 500 μM + PF- 
04418948 (EP2 receptor antagonist) 20 μM + ONO-AE3-208 (EP4 receptor antagonist) 20 μM (bottom) (N = 2, n = 7); n represents biologically independent samples 
over N independent experiments; Scale bar = 10 μm. (b-c) Quantitative graphs of the glomerular volume and surface area in 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 = 0.1362), 15-keto-PGE2 vs 15-keto-PGE2 + PF-04418948 + ONO-AE3-208 (P = 0.2331), and DMSO vs 15-keto-PGE2 + PF-04418948 + ONO-AE3-208 (P =
0.9074); in graph (c): DMSO vs 15-keto-PGE2 (P = 0.0165), 15-keto-PGE2 vs 15-keto-PGE2 + PF-04418948 + ONO-AE3-208 (P = 0.0021), and DMSO vs 15-keto- 
PGE2 + PF-04418948 + ONO-AE3-208 (P = 0.6048); Values are plotted as mean ± SD; P < 0.05 considered significant. 
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has been also associated with different types of cancer, as it reportedly 
increases p21 promoter activity in hepatocellular carcinoma cells 
through PPAR-γ activation [39] and inhibits STAT3 signaling thus 
suppressing breast cancer progression in MCF10A-ras cells [67]. 

The importance of 15-keto-PGE2 in the physiology and/or patho-
physiology of the kidney has not been previously investigated. Never-
theless, the role of 15-hydroprostaglandin dehydrogenase (15-PGDH), 
the enzyme that catalyzes the first step of PGE2 inactivation and syn-
thesizes 15-keto-PGE2, has been widely studied for its implication in 
kidney diseases. 15-PGDH inhibition prevents contrast-induced acute 
kidney injury [68], ischemic acute kidney injury (AKI) [69] and acute 
liposaccharide (LPS)-induced renal injury in mice [70]. In addition, 15- 
PGDH activity has been reported in rabbit kidney cortex [71,72] as well 
as in maternal rat kidney and fetal rat and lamb kidney [73]. All this 
evidence suggests that 15-keto-PGE2 might have a potentially detri-
mental role in kidney biology. 

In the present study, we show that 15-keto-PGE2 stimulation in vivo 
affects glomerular morphology characterized by the podocyte interca-
lation defects around the glomerular capillaries in zebrafish embryos. 
The exogenous treatment with the metabolite does not considerably 
affect the glomerular volume, but results in the significant decrease of 
the glomerular surface area highlighting the impaired podocyte inter-
calation and reduced area of the glomerular filtration barrier. Combined 
pharmacological blockade of EP2 and EP4 receptors leads to complete 
reversal of the podocyte intercalation defects caused by 15-keto-PGE2 
exposure. This provides evidence for the role of 15-keto-PGE2 in 
modulating EP2 and EP4 receptor signaling and is in agreement with a 
previous study supporting 15-keto-PGE2 bioactive signaling via these 
receptors in vitro [36]. 

Our findings suggest a novel physiological role of 15-keto-PGE2 in 
the proper GFB and glomerular surface area formation. Moreover, a 
potential role of this metabolite, in addition to PGE2, in renal hemody-
namics maintenance and blood pressure regulation should be taken into 
consideration. Given that we have recently shown 15-keto-PGE2 levels 
are elevated in the isolated glomeruli of a well-established rat model of 
CKD with glomerular hyperfiltration and albuminuria [30], the question 
whether 15-keto-PGE2 has potential pathophysiological effects in the 
context of renal biology should be addressed in the future studies. In 
addition, 15-keto-PGE2 may affect renal vasculature that could be 
associated with glomerular hypertension and affect the proper podocyte 
intercalation, as observed here. Notwithstanding, the latter may outline 
the possible contribution of 15-keto-PGE2 in the fine-tuning of the 
complex interactions between podocytes and endothelial cells that un-
derlie glomerular vascularization and formation of functional and 
mature GFB. 

PGE2, described as a potent vasodilator in renal vasculature [74], has 
been widely studied in the regulation of renal hemodynamics, arterial 
blood pressure and renal blood flow [75–77]. In this context, EP2 and 
EP3 were highlighted to exert a crucial role in the PGE2-induced renal 
hemodynamic responses and vascular functions [78,79]. To the best of 
our knowledge, implication of 15-keto-PGE2 in renal hemodynamics is 
not yet known. Although, we cannot exclude of the potential regulatory 
effects of 15-keto-PGE2 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 filtration, i.e. before the fully 
functional glomerular filtration occur, pointing more towards the direct 
cell-cell interaction deregulation rather than through the hemodynamics 
alterations. However, to clarify this, further investigation including 
renal blood flow measurements to assess a potential vasoconstrictor or 
vasodilator effect of 15-keto-PGE2, is required. 

Altogether, our findings reveal 15-keto-PGE2 metabolite may 
modulate EP2 and EP4-dependent signaling during glomerular 
morphogenesis. Whether this involves full receptor activation or 
whether 15-keto-PGE2 acts in dominant negative manner or whether its 

effects are indirect needs to be further elucidated. Whether in patho-
logical conditions elevated levels of 15-keto-PGE2 might change 
podocyte-endothelial cell interactions warrant further studies. 

4. Methods 

4.1. Zebrafish husbandry 

Zebrafish (Danio rerio) were bred, raised, and maintained in accor-
dance with the FELASA guidelines [80], the guidelines of the Max-Del-
brück Center for Molecular Medicine in the Helmholtz association and 
the local authority for animal protection (Landesamt für Gesundheit und 
Soziales, Berlin, 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 2010/63/ 
EU on the protection of animals were followed. Zebrafish transgenic 
lines used in this study included Tg(wt1b:eGFP)li1 [81] and Tg(fabp:gc- 
EGFP)mi1000 [63]. Embryos were kept in E3 embryo medium (5 mM 
NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, pH 7.4) under 
standard laboratory conditions at 28.5 ◦C in all the experiments. 

4.2. Generation of 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 human 
Prostaglandin E Receptor 4 (hEP4) cDNAs were cloned into the pBiT3.1- 
N [CMV/HiBiT/Blast] vector (Promega) including a short linker 
attached to the N-terminal receptor sequences. Briefly, template cDNA 
was prepared from conditionally immortalized human podocytes [82]. 
Cloning primers were designed spanning either the start codon (for-
ward-primers) or stop codon (reverse-primers) of the hEP2/hEP4 re-
ceptor sequences and having 5′ end extensions complementary to the 
linearized pBiT3.1-N [CMV/HiBiT/Blast] vector containing a restriction 
site. Primer sequences are listed in Table 1. Full-length hEP2 and hEP4 
cDNA sequences were amplified using CloneAmp HiFi PCR Premix 
(TaKaRa Bio Inc.) and the designed cloning primers. 

Restriction digestion of the pBiT3.1-N [CMV/HiBiT/Blast] vector 
was performed using CutSmart™ Buffer (New England Biolabs) and 
EcoRI and XbaI restriction enzymes (New England Biolabs). The PCR 
products were integrated into the vector using the 5X In-Fusion® HD 
Enzyme Premix (TaKaRa Bio Inc.) and the resulting plasmid was trans-
formed into One Shot™ TOP10 chemically competent E.coli (Thermo 
Fisher Scientific). The plasmid sequences were verified by Sanger 
sequencing (LGC genomics). 

For transformation into yeast, the hEP2-/hEP4-HiBiT constructs 
were cloned into the p426GPD yeast plasmid (GlxoSmithKline) [40] 
using cloning primers listed in Table 1. The forward primer with a 5′

overhang complementary to the yeast plasmid, spanning a BamHI re-
striction site and the HiBiT-tag start codon was designed. The reverse 
primers with a 5’overhang spanning a restriction site close to the stop 
codon of the hEP2/hEP4 sequence as well as the respective stop codon 
were designed. Purified pBiT3.1-N [CMV/HiBiT/Blast] vector (Prom-
ega) 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 were purified and integrated into 
the p426GPD, ligation of the plasmid was conducted with the 5X In- 
Fusion® HD Enzyme Premix (TaKaRa Bio Inc.), the plasmids were 
transformed into One Shot™ TOP10 chemically competent E.coli 
(Thermo Fisher Scientific). The plasmid sequences were verified by 
Sanger sequencing (LGC genomics). 

4.3. Yeast transformation 

P426GPD plasmids carrying either hEP2-HiBiT or hEP4-HiBiT 
construct were transformed into S.cerevisiae (MMY yeast model, Glax-
coSmithKline) using lithium acetate (LiAc)/single-stranded DNA 
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(ssDNA)/polyethylene glycol (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 600g for 1 min and the yeast pellets 
were suspended in 1 mL LiAcTE. For transformation, 5 μL of ssDNA (10 
mg/mL, Sigma-Aldrich), 1 μg plasmids and for mock-transformed con-
trols the corresponding volume of Midiprep Tris buffer solution 
(Macherey-Nagel), 50 μL yeast solution and 300 μL LiAc PEG TE were 
mixed by pipetting. After incubation at room temperature for 10 min 
and heat shock at 42 ◦C for 20 min, yeast solutions were plated on 
WHAUL plates supplemented with histidine (WHAUL-His). 

4.4. Yeast strain and yeast culture 

The used MMY28 yeast strain [40] has the following genotype: 
W303-1A fus1::FUS1-HIS3 FUS1-lacZ::LEU2 far1Δ::ura3Δ gpa1Δ::ADE2Δ 
sst2Δ::ura3Δ MMY9 ste2Δ::G418R TRP1::Gpa1/Gαs(5). 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 pre-cultures were 
incubated in YPD medium shaking overnight at 30 ◦C. Transformed 
yeasts grew on WHAUL-His plates for three days. Three clones were 
picked and transferred on new WHAUL-His plates and incubated over-
night at 30 ◦C. On the next day, prior to the experiments, clones were 
pre-cultured in WHAUL-His medium overnight shaking at 30 ◦C in flat 
96-well plates (TPP). 

4.5. Receptor expression on the yeast cell surface 

The expressions of hEP2 receptor and hEP4 receptor on the yeast 
membrane were investigated with the NanoGlo® Extracellular Detec-
tion System (Promega Corporation). The system's principle is based on 
the expression of a HiBiT-tagged protein/receptor, which upon the in-
cubation with the NanoGlo® Extracellular reagent produces a lumin-
ometry signal that reflects the number of receptors on the plasma 
membrane. If the added ligand of interest is able to bind the HiBiT- 
tagged 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 pre-cultures were diluted 1:5 in WHAUL-medium and 5 μL of 
yeast dilution were incubated with 100 μL WHAUL-medium supple-
mented with BU Salts for 20 h. Following 20 h incubation, yeasts were 
stimulated for 20 min with 100 nM PGE2, 1 μM 15-keto-PGE2 or medium 
only for untreated control. Nine transformed colonies as well as one 
mock-transformed colony that served as a negative control were inves-
tigated at a time. Then, yeasts were treated with the Nano-Glo® Extra-
cellular 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 Extracel-
lular Substrate diluted 1:50 and LgBiT Protein diluted 1:100) was added 
to the yeast solutions. After 5 min shaking at 300 rpm for 5 min, lumi-
nescence was determined with the FLUOstar Omega microplate reader 
(BMG Labtech) and results were obtained using the Optima software and 
MARS data analysis software (BMG Labtech). Yeasts with luminescence 
lower than values of the medium control and the negative (mock- 

transformed) yeast control were excluded from the analysis, as the 
transformation was considered unsuccessful. 

4.6. Lipidomic analysis of the whole zebrafish embryos 

The lipidomic analysis was performed by liquid chromatography 
electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) 
following the protocol we reported recently [30]. The zebrafish embryos 
at two different developmental stages, 48 hpf and 120 hpf, 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 × 150 mm, 1.8 μm 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 μL. The HPLC was coupled with an Agilent 
6495 Triplequad mass spectrometer (Agilent Technologies, Santa Clara, 
CA, USA) with electrospray ionization source. Source parameters: Dry-
ing 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. 

4.7. Pharmacological treatment, glomerular morphology and functional 
assessment of the GFB 

For the phenotypic assessment of the zebrafish embryonic kidney 
and the evaluation of GFB integrity the transgenic lines Tg[wt1b:eGFP] 
and Tg[fabp10a:gc-eGFP] were used, respectively. For the drug treat-
ment, the E3 medium was completely drawn off the embryos and the 
solution of DMSO (% adjusted to the solvent ratio in drug solution) 
(276855, Sigma Aldrich), and 500 μM 15-keto-PGE2 (Cay14720-1, 
Cayman) in E3 water were added. For the combined blockade of EP2 and 
EP4 receptors, a solution of 20 μM EP2 receptor antagonist 
(PF04418948, Sigma Aldrich) and 20 μM EP4 receptor antagonist (ONO- 
AE3-208, Sigma Aldrich) in E3 water with 500 μM 15-keto-PGE2 was 
used. The drugs were applied to the zebrafish embryos between 6 hpf 
and 48 hpf for the early treatment and between 72 hpf and 96 hpf for the 
late treatment. The embryos were placed in a 28.5 ◦C incubator until 
phenotypic analysis. For the in vivo imaging, 48 hpf and 96 hpf zebrafish 
embryos were anesthetized with 0.02 % tricaine (w/v) in E3 solution and 
embedded in methyl cellulose. Fluorescent and brightfield images were 
acquired using Leica M165 stereomicroscope with a Leica DFC450 
camera attached. 

4.8. Confocal microscopy of zebrafish embryonic kidney and 3D 
reconstruction of the glomerulus 

For the confocal imaging, Tg[wt1b:eGFP] zebrafish embryos were 
used at the time points indicated in the figure legend. Prior to the fix-
ation, the anesthetized 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 (A34786, ThermoFisher Scientific) diluted in 
in 150 mM NaCl. The injected embryos were fixed after 20 min in 4 % 
PFA (43369, Alfa Aesar) and 0.1 % Triton-X 100 in PBS buffer (D8357, 
Sigma Aldrich) for 2 h at RT or overnight at 4 ◦C. Nuclei were stained 
using 4′,6-Diamidin-2-phenylindol (DAPI, Sigma Aldrich, stock solution 
1 mg/mL diluted 1:2000 in PBS) overnight at 4 ◦C. After removal of the 

Table 1 
Primer sequences.  

Construct name Forward Primer (5′-3′) Reverse Primer (5′-3′) 

hEP2-HiBiT CGAGCGGTGGGAATTCGATGGGCAATGCCTCCAATGAC AAGCTTGACCTCTAGATCAAAGGTCAGCCTGTTTACTGGC 
hEP4-HiBiT CGAGCGGTGGGAATTCCATGTCCACTCCCGGGGTC AAGCTTGACCTCTAGATTATATACATTTTTCTGATAAGTTCAGTGTTTCACT 
hEP2-HiBiT-p426GDP TAGAACTAGTGGATCCATGGTGAGCGGCTGGCGG GCTTGATATCGAATTCTCAAAGGTCAGCCTGTTTACTGGC 
hEP4-HiBiT-p426GDP TAGAACTAGTGGATCCATGGTGAGCGGCTGGCGG GCTTGATATCGAATTCTTATATACATTTTTCTGATAAGTTC  
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yolk and mounting in 0,8 % low-melting agarose, the kidneys of whole- 
mount fixed embryos 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 sequentially acquired with identical parameters and similar 3D 
orientation for all samples. Images were analyzed using ImageJ 
software. 

The 3D confocal images were first deconvolved using Huygens Pro-
fessional 22.04 software. The 2D segmentation for the 3D glomerular 
surface creation, was performed using Imaris version 9.9 software 
(Bitplane AG, Zurich, Switzerland). A 3D surface covering the total 
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 surface 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 tubule was excluded. 

4.9. Statistical analysis 

Statistics were performed using GraphPad Prism version 6.07 or 9. 
Following statistical tests were used: Fig. 1c,d, Wilcoxon test and Mann- 
Whitney tests were conducted as indicated (*, P < 0.05; **, P < 0.01; 
***, P < 0.001; **** P < 0.0001); Fig. 2, two-tailed unpaired t-test with 
Welch's correction; Fig. 3c, two-way ANOVA with Tukey's multiple 
comparisons; Fig. 6b, c, one-way ANOVA with Tukey's multiple com-
parisons post-test. Identification of outliers was performed by Grubbs' 
outliers test (α = 0.05). Excluded values: Fig. 1b, c: one outlier was 
identified among EP2-transfected and two outliers among EP4- 
transfected yeasts (for all yeast experiments conducted at the same 
day); Fig. 2: one outlier was identified and removed among the lip-
idomic PGE2 values at 48 hpf together with the respective values for the 
two metabolites; Fig. 6b, c: one outlier was identified in the glomerulus 
surface area measurements each for the DMSO and 15-keto-PGE2 con-
dition that were excluded both from the surface area and also the 
glomerular volume analysis. In all graphs error bars are presented as 
means ± SD and P < 0.05 were considered statistically significant. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lfs.2022.121114. 
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