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2 Abbreviations 

3D   Three-dimensional 

ADR   Adriamycin 

DMSO  Dimethylsulfoxide 

dpf   Days post fertilization 

ESKD   End stage kidney disease 

fabp10a  Fatty acid-binding protein 10 a 

FP   Foot processes 

FSGS   Focal and segmental glomerulosclerosis 

GBM   Glomerular basement membrane 

GFB   Glomerular filtration barrier 

eGFP   Enhanced Green fluorescent protein 

HE   Hematoxilin and eosin 

HDAC   Histone deacetylase 

hpf   Hours post fertilization 

IM   Imaging Machine 

kDa   Kilodalton 

MTZ   Metronidazole 

NTR   Nitroreductase 

PAN   Puromycin aminonucleoside 

PEC   Parietal epithelial cell 

PP   Primary process 

RT-(q)PCR  Reverse transcriptase-(quantitative) polymerase chain reaction 

VDP-eGFP  Vitamin D-binding, enhanced green fluorescent fusion protein 

WT1   Wilms tumor protein 1
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3 Summary 

Podocytes are highly specialized kidney cells that are attached to the outer aspect of 

the glomerular capillaries and are damaged in more than 75% of patients with an 

impaired renal function. This specific cell type is characterized by a complex 3D 

morphology which is essential for proper filtration of the blood. Any changes of this 

unique morphology are directly associated with a deterioration of the size-selectivity 

of the filtration barrier. Since podocytes are postmitotic, there is no regenerative 

potential and the loss of these cells is permanent. Therefore, identification of small 

molecules that are able to protect podocytes is highly important. The aim of this work 

was to establish an in vivo high-content drug screening in zebrafish larvae. At first, 

we looked for a reliable podocyte injury model which is fast, reproducible and easy to 

induce. Since adriamycin is commonly used in rodents to damage podocytes, we 

administered it to the larvae and analyzed the phenotype by in vivo microscopy, 

(immuno-) histology and RT-(q)PCR. However, adriamycin did not result in a 

podocyte-specific injury in zebrafish larvae. Subsequently, we decided to use a 

genetic ablation model which specifically damages podocytes in zebrafish larvae. 

Treatment of transgenic zebrafish larvae with 80 µM metronidazole for 48 hours 

generated an injury resembling focal and segmental glomerulosclerosis which is 

characterized by podocyte foot process effacement, cell depletion and proteinuria. 

Following this, we established an in vivo high-content screening system by the use of 

a specific screening zebrafish strain. This screening strain expresses a circulating 

78 kDa eGFP-labeled Vitamin D-binding fusion protein, which passes the filtration 

barrier only after glomerular injury. Therefore, we had an excellent readout to follow 

podocyte injury in vivo. We generated a custom image analysis software that 
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measures the fluorescence intensity of podocytes and the vasculature automatically 

on a large scale. Furthermore, we screened a specific drug library consisting of 138 

compounds for protective effects on larval podocytes using this in vivo high-content 

system. The analysis identified several initial hits and the subsequent validation 

experiments identified belinostat as a reliable and significant protective agent for 

podocytes. These results led to a patent request and belinostat is a promising 

candidate for a clinical use and will be tested in mammalian podocyte injury models.  
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4 Introduction 

Kidney function in mammals is critically dependent on an intact filtration barrier in the 

renal glomerulus. The filtration barrier consists of a fenestrated endothelium, a 

glomerular basement membrane (GBM) and podocytes covering the outer aspect of 

the glomerular tuft. Podocytes are highly specialized, postmitotic cells with a 

complex three-dimensional (3D) morphology including interdigitating foot processes 

attached to the GBM (Fig. 1). Between these exceptionally organized foot processes, 

a slit membrane is spanned with the transmembrane protein nephrin [1]. This  

zipper-like morphology represents an important part of the blood-urine barrier and is 

essential for the size-selectivity, which is limited to 70 kDa [2]. 

  

P 

FP 

PP 

A B C 

Figure 1: Scanning electron microscopy of the murine renal filtration barrier. A whole 

glomerulus is depicted in A. Podocytes (P) cover the glomerular capillaries with their 3D 

cytoarchitecture (B). Primary processes (PP) ramify into interdigitating foot processes (FP) with the 

actual filtration barrier in between foot processes (C). Photo: Dr. Nadine Artelt and Dr. Rabea 

Schlüter. 
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Any changes of this complex morphology like the loss of nephrin, impairment of 

other components of the slit membrane or a broadening of foot processes 

(effacement) lead to a loss of the size-selectivity of the filtration barrier [3, 4]. This 

allows the passage of high molecular weight proteins such as albumin, which is 

termed as proteinuria and is a clinical hallmark of kidney disease [5]. Moreover, not 

only effacement but also detachment of podocytes leads to a leaky filtration barrier. 

Since podocytes have no regenerative potential due to their postmitotic state, a loss 

of these cells is permanent. Therefore, knowledge about processes resulting in 

filtration barrier injury and substances that are able to ameliorate these changes is 

essential. In order to study this aim, our research group uses a well-accepted animal 

model, the zebrafish larva. This model allows manipulations and investigations of the 

filtration barrier directly in vivo. Larvae of the small teleost zebrafish, Danio rerio, 

have become a widely used vertebrate model in many research fields in the last 

decades [6–9]. A rapid ex utero development, optical transparency, a high fertility 

and comparably low maintenance costs grant critical advantages as in vivo model 

over mammalian organisms. Moreover, around 70% of all human genes have at 

least one orthologue in the zebrafish genome, which makes this model very 

attractive for life sciences [10]. Particularly in the field of kidney research, the 

zebrafish larva has been established as an important tool to study glomerular 

development, physiology and responses to injury [11–14]. The larval zebrafish 

pronephros develops one glomerulus which fuses from two migrating progenitor cell 

populations at the midline [11]. This glomerulus is composed of a fenestrated 

endothelium, a GBM and highly differentiated podocytes with interdigitating foot 

processes that are connected by a slit membrane, like in mammals (Fig. 2) [15–18]. 

Podocytes become terminally differentiated as soon as 4 days post fertilization (dpf) 
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and thus, the glomerular filtration barrier (GFB) reaches its restrictive properties for 

large molecular weight proteins [15]. 

Additionally, transgenic introduction of cell specific fluorescent reporters and/or 

enzyme expression via the Tol2 transposon or the CRISPR/Cas9 systems provides 

further advantages, especially for in vivo microscopy [19–21]. Podocyte-specific 

expression of the enhanced green fluorescent protein (eGFP) or mCherry allows 

direct assessment of the cell condition in vivo and on histologic sections (Fig. 3). 

Healthy podocytes 
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Figure 2: Transmission electron microscopy of the glomerular filtration barrier. The glomerular 

filtration barrier is a highly conserved structure between mammals and zebrafish (A, B). A fenestrated 

endothelium (E), a three-layered glomerular basement membrane (GBM) and interdigitating foot 

processes (FP) of podocytes which bridge the filtration slit with a slit membrane are central structures. 

Upon podocyte injury, foot processes flatten and merge, a phenotype called effacement (C, D). The 

size selectivity of the filtration barrier is impaired. Photos: Dr. Nadine Artelt, Dr. Antje Blumenthal, 

Maximilian Schindler. 
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Furthermore, the group of Anand-Apte created a transgenic reporter line, that 

expresses a circulating fusion protein of the Vitamin D-binding protein and eGFP 

(VDP-eGFP) with a size of 78 kDa [22]. Although initially created to investigate the 

blood-brain-barrier, this fusion protein is unable to pass the glomerular filtration 

barrier in zebrafish larvae under healthy steady-state conditions. Upon podocyte 

injury, the VDP-eGFP cannot longer be retained in the blood and is cleared through 

the GFB. This results in a loss of eGFP fluorescence in the blood and can be utilized 

as surrogate parameter for proteinuria, a hallmark of podocytopathies (Fig. 4) [23]. 

Podocyte Nphs2 

20 µm 

Immunofluorescence 2-Photon in vivo microscopy HE 

PP 

N 
M M 

N 

In 
In 

P 

BS 

C 

C 

A B C 

Figure 3: Zebrafish larvae offer outstanding possibilities for microscopy. Due to transparency, 

tissue accessibility and fluorescent reporters, podocytes (P) and primary processes (PP) can be 

resolved in vivo (A). Important slit membrane proteins such as podocin (Nphs2) can be visualized by 

confocal laser-scanning microscopy (B). Glomerular morphology presents itself best on plastic 

sections of zebrafish larvae (C). N = Notochord, In = Intestine, C = Capillary lumen, M = Myotomes, 

BS = Bowman´s space. Photos: Maximilian Schindler. 
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Unfortunately, kidney diseases are on an alarming rise worldwide and are a severe 

burden for patients as well as health care systems [24]. Disruptions of the 

glomerulus are responsible for 90% of end stage kidney disease (ESKD) cases [25]. 

Focal and segmental glomerulosclerosis (FSGS) is a histopathological pattern in the 

glomerulus that often results in ESKD [26]. Initial podocyte injury leads to foot 

process effacement, podocyte loss and glomerular matrix accumulation which 

clinically presents as nephrotic syndrome [27]. Unfortunately, the regenerative 

potential of podocytes is strongly limited due to their postmitotic state and the kidney 

function of patients progressively declines. Renal replacement therapies such as 

transplantation or hemodialysis are often the only option but implicate a severe 

deterioration in quality of life and a dramatic increase of mortality [28, 29]. However, 

no curative drugs that directly target podocytes are available until now and patients 

suffering from FSGS are treated non-specifically with immunosuppressants (e. g. 

Dexamethasone, Cyclosporin A) or drugs that reduce blood pressure (angiotensin-

converting enzyme or renin-angiotensin-aldosterone system inhibitors) [30]. This lack 

of specific treatment creates a large demand for drugs that directly target podocytes 

Brightfield 

 
VDP-eGFP 
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Merge 
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Figure 4: Transgenic zebrafish can be utilized to assess glomerular parameters in vivo. On the 

basis of brightfield images, the gross morphology can be evaluated (A). The 78-kDa, circulating  

VDP-eGFP is retained in the vasculature in healthy larvae and passes the glomerular filter after 

podocyte injury (B). Presence and fluorescence intensities of podocytes can be assessed in the living 

larva (C). Podocyte and vascular fluorescence can be combined as read-outs for glomerular integrity 

(D). Photos: Maximilian Schindler. 
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and potentially decelerate or even stop disease progression of podocytopathies. 

Large scale drug screens are a promising approach to find new drugs that might 

close this gap of podocyte protection. However, most models lack scalability which is 

a limiting factor for high-throughput screenings. Cell culture based systems can 

provide a high homogeneity in screening experiments and robust podocyte injury 

models are available [31, 32]. Nevertheless, podocytes as terminally differentiated 

cells tend to de-differentiate upon immortalization in cell culture and lose important 

podocyte markers such as Wilms tumor protein 1 (Wt1) and Podocalyxin [33]. The 

complex and necessary physiological environment of podocytes in vivo including 

glomerular blood pressure, blood composition and cellular crosstalk are barely 

possible to mimic in vitro. On the other hand, screening experiments in mammalian 

models such as mice and rats might bring results that have a short road to a clinical 

translation because of the high resemblances of the GFB. Podocyte injury in rodents 

requires injections of podocyte toxins, such as adriamycin (ADR) or puromycin 

aminonucleosides (PAN) [34, 35]. Despite the evident ethical concerns that come 

along with injury models in mammals via injections, these models can barely be 

combined with a high-throughput. 

For these reasons, we used transgenic zebrafish larvae as an in vivo model for this 

work, since it combines a high-throughput with necessary properties such as blood 

pressure in the glomerulus. In order to establish a screening for beneficial effects on 

differentiated podocytes, a suitable podocyte injury model is a compelling first 

necessity. Podocyte-specific injury in zebrafish larvae is a difficult task but has been 

successfully achieved via injections of either ADR or PAN [36, 37]. However, 

injections in zebrafish larvae require plenty of time and experimental skill and can 

thus hardly be scaled to a high-throughput. Since zebrafish larvae are able to absorb 
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drugs directly from the water (transdermal, oral or by diffusion), induction of podocyte 

injury by treatment via the water is a possibility offered by this model.  

Aim of this work 

In order to study damage as well as loss of podocytes and substances that protect 

podocytes and the filtration barrier, we aimed to establish an in vivo high-content 

screening protocol based on transgenic zebrafish larvae. First, a reliable and 

scalable podocyte injury model had to be established. To this end, we first examined 

the effect of ADR on larval podocytes. Furthermore, we used the pharmacogenetic 

nitroreductase/metronidazole (NTR/MTZ) model to induce a podocyte specific injury 

in zebrafish larvae. Using a dedicated screening microscope, we further aimed to 

create an imaging-based, high-content readout system for the presence of 

podocytes and the constitution of the GFB. After calibration of the screening method, 

a library of small molecules was screened for their protective effects on larval 

podocytes.  
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5 Zebrafish strains 

Figure 5: List of zebrafish strains used in this work. Photos: Maximilian Schindler 

Strain: „AB“  wildtype   

Strain: „ET“  construct: Tg(-35.1wt1a:eGFP); mitfa
w2/w2

; mpv17
a9/a9

 

Characteristics:  GFP expression in wt1a positive cells  

Strain: „cade“  construct: Tg(-3.5fabp10a:gc-eGFP); mitfa
w2/w2

; mpv17
a9/a9 

  

Characteristics:   Vitamin D-binding eGFP fusion protein, 78 kDa  

  

Strain: „cherry“  construct: Tg(nphs2:GAL4-VP16); Tg(UAS:Eco.nfsB-mCherry); mitfa
w2/w2

; mpv17
a9/a9

  

Characteristics:  Exclusive expression of mCherry and nitroreductase in podocytes, MTZ sensitive 

  

pigmented 

transparent 

transparent 

transparent 

transparent 

Strain: „screeFi“  construct: Tg(nphs2:GAL4-VP16); Tg(UAS:Eco.nfsB-mCherry); Tg(-3.5fabp10a:gc-eGFP); 

    mitfa
w2/w2

; mpv17
a9/a9

  

Characteristics:  Screening fish, cross-breeding from cade and cherry, MTZ sensitive   

Podocytes  

Blood plasma 

Podocytes 

Blood + Podocytes 

Dorsal view 

Dorsal view 
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7 Discussion 

Podocytes are postmitotic cells with a unique cytoarchitecture that form the final 

filtration barrier in the kidney [1]. Any alteration of the complex 3D morphology of the 

interdigitating foot processes or the detachment of podocytes directly leads to the 

loss of the size-selectivity of the renal filtration barrier [38]. Moreover, podocyte injury 

may lead to severe kidney diseases such as FSGS, often resulting in the loss of the 

entire organ [39]. Until now, it is still controversial whether podocytes have a relevant 

regenerative potential and it is generally accepted that regeneration is only possible 

to a very limited extent [40–42]. Unfortunately, to date, there are no curative drugs 

available to treat podocytopathies such as FSGS [27] and therefore high-dose 

immunosuppressants e.g. glucocorticoids or calcineurin inhibitors have to be used 

[43, 44]. These treatments are rather unspecific and especially systemic suppression 

of the immune system might cause severe side-effects [45]. Expanding the 

knowledge of pathways and substances that might stimulate protection and/or 

regeneration of podocytes in vivo is highly relevant. Therefore, the aim of this work 

was the establishment of a high-content screening system to identify  

podocyte-protective small molecules or compounds. To this end, our group uses 

transgenic zebrafish larvae as in vivo model since it offers the possibility to combine 

high-throughput with the advantages of an animal model. A high fecundity, optical 

transparency, transgenic expression of fluorescent reporters and a high homology of 

the glomerular filtration unit are essential benefits of the zebrafish larva as a model 

to study podocyte biology in detail and in vivo [10, 15, 46].  

In order to generate a robust high-content screening system, this work can be split 

into two main parts: i) Establishment of a reliable and rapid podocyte injury model in 



Discussion 

96 
 

zebrafish larvae that mimics FSGS, and ii) the development of a high-content, 

imaging-based in vivo screening pipeline. It has been previously described that 

morpholino injections into fertilized zebrafish eggs successfully damage larval 

podocytes [16, 20, 47]. However, morpholinos - small oligonucleotides - must be 

injected at a very early stage of development, i.e. at the one-cell stage [48, 49]. 

Since the development of zebrafish embryos is quite rapid, there is only a small 

window of opportunity for injections and morpholino induced gene knockdowns 

rather mimic developmental defects.Another option was the use of PAN which is 

already described to induce a severe podocyte phenotype and an impairment of the 

filtration barrier in rodents [50]. Müller-Deile and colleagues claimed that addition of 

PAN to the larval medium at 46 hours post fertilization (hpf) causes proteinuria and 

foot process effacement in zebrafish larvae [51]. On the one hand, however, PAN is 

an expensive molecule and treatment of hundreds of larvae with the suggested 

concentrations would break any financial framework. On the other hand, it was not 

possible to recapitulate the results of Müller-Deile and colleagues in preliminary 

experiments. Furthermore, it has been reported that intravenous injections of PAN 

into the cardiac sinus venosus results in glomerular injury in zebrafish larvae [37, 

52]. Nevertheless, injection-based approaches are not scalable to a high-content and 

we excluded this method for our aims. Another substance that is used to induce 

podocyte injury is ADR [53]. ADR, a DNA-intercalating anthracycline, inhibits the 

topoisomerase II activity and is clinically used as a cytostatic drug [54]. ADR is 

reported to induce FSGS with varying reliability, depending on species and strain 

[34, 55]. For example, ADR has been shown to damage podocytes in many rat 

strains, but only in a few mouse strains [56]. Zennaro and colleagues demonstrated 

that treatment of zebrafish embryos for 7 hours with ADR starting at 3 hpf causes 
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severe developmental defects of podocytes, suggesting a general susceptibility of 

larval podocytes to ADR [36]. Since we wanted to avoid unspecific developmental 

defects, we administered ADR at a later developmental stage. Addition of three 

different concentrations of ADR to the medium at 7 dpf, a state in which larval 

podocytes are already highly differentiated, caused no podocyte injury within the 

timeframe of 48 hours [57]. Treated larvae did not develop proteinuria, a hallmark for 

glomerular injury in zebrafish larvae [16], demonstrated by vascular eGFP 

measurement in the cade strain. ADR treated larvae retained the circulating 78 kDa 

VDP-eGFP fusion protein in the vasculature, which indicates an intact GFB [57]. 

Additionally, immunohistological and ultrastructural analysis of ADR-treated larvae 

demonstrated healthy podocytes as well as an unscathed GFB [57]. One explanation 

for the difference in susceptibility to ADR of rodents and fish could be given by the 

report of Zheng and colleagues [58]. Accordingly, ADR susceptibility appears to be 

dependent on the expression of protein arginine methyltransferase 7 (Prmt7), 

implying that a low expression level increases ADR susceptibility. In this context, it 

was already shown that zebrafish embryos express prmt7 even at very early 

developmental stages [59]. Furthermore, intraperitoneal injection of ADR in adult 

zebrafish resulted in renal tubular but not podocyte injury [60]. This supports our 

results that differentiated zebrafish podocytes are not susceptible to ADR injury [57]. 

An elegant alternative to ADR and PAN treatment is the pharmacogenetic and cell-

specific NTR/MTZ ablation model [61]. After addition of MTZ to the medium, only 

NTR-expressing cells convert the prodrug MTZ into a toxin that induces apoptosis. In 

the past, Zhou and Hildebrandt have generated a zebrafish strain which expresses 

the NTR together with the fluorophore mCherry exclusively in podocytes [62]. 

Recently, our group has demonstrated that high doses of MTZ (≥ 1 mM) in the 
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medium cause acute podocyte detachment accompanied with proteinuria in the 

cherry strain [23, 63]. In order to find a suitable degree of podocyte injury as basis for 

a protective screening, the MTZ concentration needed to be reduced to avoid a 

complete loss of podocytes and generation of a non-reversible phenotype. To this 

end, we treated cherry larvae with 80 µM MTZ for 48 hours from 4 to 6 dpf. 

Extensive analysis of edema assessment, histological stainings, 

immunofluorescence stainings and transmission electron microscopy revealed that 

80 µM MTZ induced a partial podocyte depletion [64]. Furthermore, MTZ induced 

podocyte foot process effacement, an activation of parietal epithelial cells (PECs), 

parieto-visceral adhesions and an accumulation of extracellular matrix in the GBM 

[64]. Smeets and colleagues found that PECs and their activation play a key role in 

the formation of sclerotic lesions in FSGS [65]. Moreover, MTZ treatment induced a 

morphological change of PECs from a flat to a cuboidal phenotype in cherry larvae 

upon podocyte depletion which was already observed in a rodent model of FSGS 

[64, 66]. These results strongly suggest that low dose MTZ treatment of cherry 

larvae via the medium reliably mimics mammalian FSGS and is therefore a suitable 

injury inductor and an excellent basis for a protective screening system [64]. 

Since transgenic zebrafish larvae are ideally suited for in vivo microscopy, we aimed 

to establish an imaging-based, high-throughput screening system on the basis of the 

MTZ-sensitive cherry strain. Therefore, we used the screeFi strain which is a cross 

of the cherry and the cade strain. In this strain, MTZ induces podocyte depletion, 

accompanied by a quantifiable loss of podocyte specific mCherry fluorescence and a 

quantifiable loss of intravascular eGFP fluorescence due to a pathological glomerular 

excretion of the 78 kDa VDP-eGFP [23, 62]. Hence, the loss of mCherry 

fluorescence depicts the degree of podocyte injury and the loss of vascular eGFP 
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fluorescence depicts the degree of proteinuria [67]. First, an imaging protocol had to 

be established which reliably acquires the vascular eGFP signal and the glomerular 

mCherry signal. Hanke and colleagues established a fluorescence measurement of 

the retinal plexus to quantify eGFP fluorescence in proteinuric zebrafish larvae [67]. 

However, the objective and the ocular lens have to align perfectly to obtain images of 

high quality. Therefore, we excluded this method and decided to acquire the 

peripheral vasculature in the tail region. The larval tail is almost two-dimensional in 

contrast to more cranial regions which is advantageous for automatic focus plane 

detection. For this reason, our group uses a lateral orientation of larvae which 

combines microscopic access to the vasculature in the tail as well as the mCherry in 

podocytes [67]. Automated segmentation to accurately detect the region of interest is 

crucial to analyze large amounts of imaging data. Here, we developed custom codes 

to automatically segment and measure the fluorescence in the vasculature and 

podocytes of the screeFi strain [67]. After system calibration, a 138 compounds 

epigenetic drug library was screened for protective effects, since recent findings 

pointed out that epigenetic changes play an important role in patients with 

podocytopathies and diabetic nephropathy [68–70]. 7 compounds had an initial 

protective effect in the screening experiments. These candidates were further 

validated with a higher larvae count [67]. Out of these candidates, belinostat could 

be confirmed as protective for larval podocytes in a dose-dependent manner in this 

injury model. Belinostat reliably delayed edema formation, reduced podocyte 

depletion and prevented proteinuria [67]. Belinostat is a pan-HDAC (histone 

deacetylase) inhibitor that has an FDA-approval for the treatment of peripheral T-cell 

lymphoma [71]. Interestingly, nephroprotective effects of HDAC inhibition have 

already been reported for acute kidney injury [72, 73]. Additionally, it is known that 
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HDACs do not only regulate gene expression but modify immune responses as well 

[74]. Furthermore, belinostat has effects on GSK3 signaling and the Hippo-pathway, 

which play an important role in podocytes homeostasis [75–77]. In order to exclude 

an injury model or species-specific protective effect of belinostat, e.g. direct 

interactions with MTZ or the NTR, this drug will be tested in rodent models of 

podocyte diseases in the near future. This work lead to a patent filing of belinostat for 

kidney diseases by our group (Application number: EP22179045.4) 

In summary, we established a high-content, imaging-based in vivo screening pipeline 

to identify and to study podocyte-protective small molecules/compounds by using a 

well-established zebrafish disease model. To achieve this end, it was necessary i) to 

establish an elaborate image acquisition, ii) to generate an automatic target structure 

segmentation and iii) to subsequently quantify fluorescence signals by custom code 

writing. Direct application of this high-content screening system led to identification of 

belinostat as a substance that prevents podocyte injury in a short-term treatment 

which suggests the modulation of important podocyte-specific signaling pathways. 
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